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ABSTRACT

Nodestrsuogtveamaodappbdbhgunder gr ounids yipnifcraalsltyr
achieved by wtilizing .gr®wmhd iprefnrea startu cntgu rrea c
cylindrical objectsegwltihc la ssmigtphgiars ,t hcecea brlaedsa,r rr
hyperssthalpeed feat ur ewar IHb weoredi,t iiomng,eanumer ous
the shape of such features, further 1increasi
Radar recor di reggss od oonsekn syhes chos i gam aslles ir epr esent i
time registerretereédebyectimevibdadant hggrbhppnaac
that combregaeenhcwedi stributions (TFDs) with
(CNN3¥ wutil i zeenda liynz eo tshdyeppeetdoofl @aat ur es wi th the
twoay travel, tbmei aTWadépt dj amegltaemddern cmdlt eo@dn e
V.

I n orderatdeedpviee¢e dapesiysygetmubdDl ) dbPRd data i s

utilizing a GSSI UtilityScan GPR system acr
Rij eka, Croatia. A dedicatmadprleaxheslei ge oprpa@atto
frogeagraphic i nGo)fmattihen GPYRs tseum v(ey | i nes, ¢
generati on of bounding b ox shra@teat i oak | efcd

Additionall vy, synthetic GPR dafawgeprersatedco
i nto the trainiingstphiromess ss9 ttyo ainmcriangpgeove t he

utilized model s.

The proposed syst esmt agse sftrrauncet wor rekd.h alsy @tu ht ew
onllgodncwel@® OLOv)lolbx ect detection model iI's emp
| ocal i zat i esnh agpfe dh yrpeef rl bescdtalinosn ¢ hwi skeicomnB st age
refl ections ar e anadtytzeendt Hsopre cshpeaatpirdd pss ed oae o
to as-FCaS&8hhe proposedgmateavaspadtiadurBs extr
Xception backbone with | ocalized spectr al r e
fused vihe aa -avtutlodsnst i on T e c le & p iersemsneehnotsh b t t he




proposed hybrid architeboobthe t bhen ssitsatnednatlloyn e

standal one spectr al model s acradsisdaal hg fobhe
assumption that spati al and spectral repr es
i ndependent intodmagroondboonfraberucture.
KeyworGda®»und penetrating radar, undergrou
object detection and | ocal-firzeaguemc y ddeiespt rlielaut

spectral feature fusion.




PROGI RENI SAGETAK

Nedestrukti vmpoediszmapgondmpamneejenflrapsolkta
su vagnosti za sigurno izvolenje gralevinski

se svrhu kao pri mar nafl atkevhan csleo g injfa aksa rriuskttiu rgae

cilindrilnih objekata kao gt &ase esejeaewnut akab
zapiemaBsc arppoj avkgwijzuuahalkaj ke hiperbolil kog o
realtneirne rusvk iem i ma, bpojphuat d i aonpema <ti i tl a, at e
prekl apanjzenad aftlheksui jrma obl i k znak wiowe knuahaj
kompl eksnost anal i zelLeist pr &kwirlimd einmt enrag reantaa d
temel j e na prekl apanju hi perbol e i hi per b
nedostatkom prostornog zakljulivanja potrebn
girenja elektromegneubkong ohjakat as.t vadhodno

i strapgprveppapuegeni hi bridni pristup temeljen
vr emefnrsklovenci j ske di st r ikbiunt injeeu rso ndsukbi onk i mm ekgoa
se 1z hiperbolilkih =znal ajki precizno proci
vrijeme putovanja signala, dubina ulkopa, pro

U svrhu razvoja sustava temel jgenoorga dnaar sku

podaci u stvarni mi suovkjpeotliunpe pp @oigir s k og Sust e
UtilityScan na vige mjernih | oMadadlpeinjae np ojder
namj ensKki protokol za oznal avanje podat aka
geografskog informacijskog sustava preslikal

aut omat sko generiranje anotacij bhajuu ®orbd félkeuk
hi perboli] kog obl igkeao r alpaddamticnio, g esnienrtiertainlik i po
progr amskeelpeokdirrgokmed gmad tasck y u ukl jul eni su u p

povelala raznolikost uzkoaraikéat énipo bmoddejlad a ge
Predl ogeni sust v j st makivios kn amkjve rkao dvi j
fazi k oyrOLgOtvelrl xj eno d e | za detekciju i l okal i z

IV
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adar sk.kspapi snent al na evaluacija doka&azal a |

performanse | stabDEMR smo.ddlelddugsju ®sa RaAzi
detektirane refleksije anabpektamplbne@omaokuj 9l
unakrsnom pagnj é&m, iPomaezdviaongee nGASE® ega integrir

adar s kog z dzvaopji esnae pomol u Xception okosnice

-~

reprezentacijama dfre&g&dencmjiskiwnhr emaeSipsakjbawungiej a

ovih potpuno razlilitih informacijskih dome
Eksperimental ni rezul tat. pokazuyjseadna spaédlkoc
prostorne i spektralne modele u procjeni sva

To nadalje potvrlLuje temeljnu pretpostavku

kompl ement arne i djel omil no neovi Doedait mor m
istragivanje je otkrilo kljulnu zakonitost:
uvj eboivainl kom kompleksnogiu ciljane/gl paopamet

di stribucija se pokazala optimalnom za proc
promjera cjevowwmda,andok deisltBooirimpti mal mastver
procjeni dubine N&kpopaljjielpkkid pprein osgu sktuagva .u p ot g
na t ergemnykidpad&dimma, | i me je uspjegno uspost

radnim uvjeti ma.

Kl jul ne Ge o1 aodipairs, ni par ametr.i podzemne i n
|l okali zacija objekat a, regresijaf rte&kmelnjcen a |

di stribucijespdlktzrnglaniph ozt alr amjok i
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NTRODUCTI ON

Modern technol ogi es ar e itnoc rperaosviindgel yc iutsiezd
tter standaridnfoofr maitviomg atnhdr ocuogrtmGml) 2d0ajt i o n
e context of smart industries and communal
ctor, t he i mpl ementati on o f modern techn
ficiency and[ 8n7i]nDiemiaziel eld o sdsoecsu ment ati on of
derground infrastructure serves as a funde
ese systems and the str ab&piwevelranmi terdfai
i sting dat a, which mostly contains infras
aracterized by | dwldqUptdatyngnduchcdheanense
e sae nttcaes u micrmg tdryd chal l enge, which can neg:
w capital 3.Fjuv d shtemanotr & , costs rise unneces
ecuting mainten®©®mgeniandd i datavemtiuonmder gr o
deed <critical for effective system manage
erational etérmientyasandcltaong sustainabil

Ground penetr atsi nwgi dreaddya rr e(c@RgR)i-d eglt ralsc tainv ¢

chnique for sUyblsug 7tk dhi ssumeehopbdg utilizes
ectromagaeesct EMgcoErMt hahacges iisnifc88pf th
cordingly, radar scans consi st of a serie

f | ectreedc eei Wderelt abryytddar6rig The r el ati ve contrast
e background materi al and the wundergrount
|l ocity of EM waves, which i s twhe hkey tfhac tsc
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[ 9.Fhe relhuvmaeempunt er i ntfeorradtniteer pfHGli)Ag GPR
documented bottleneck 1 h7.89eWhphlysi GRR datgaadc
physically standardi zed, the processi-ng and
dependent , funcmamwmalng siagnad @uaosciessi ng |l oo
nowl edge and experiencp9B8iddeciloypyashgpemahaea
emanding and i nefif ntghiee ndte,v efl wrptmeenrt eti ¢ caburt aogn
an processhasdt gRelkcgpheé dattaancements in art.
nd computational hardware have allowed 't h

ystems, which are striicntclrye arse gnugi raentotdot sp roof c

= 0O 292 O o X

3]5Neverthel ess, estimating the descriptive

-

emains a si ghb.€&Joampritexclsalblsaimdgeace scatterin

~—+

arget features; t herefore, tradi ai oomaar mppa
f GPR [sli®gwah sl i mitations can be particul ar]l
eometric parameters | ike whipeh, nenldii laenelt emi
irectly encoded i pl3sl0dmpdredesri gnal acdtes dusae
ybrid apppoaelt hiemo mhsitrhee si gnaltiinesiggletincy o
i str iToRuDisii drhs t(h e addeaeppt d BIBIGOtNYD gonf@t i on of t he.
esuhodsesismul t aneous estimation of multiple

O o o « O

-~

i nfrastruct uraeorilnd ceonnvp |reoxn, mernetasl.

1. Rel ated Wor k

Facilitated by tAkechpiomd ohegwnel b pnaeetnht ondgsf ( M
are progressivel prbeeng GPRI daed. modmel ionfg t |
met haordes support vesgt,orarmadhicned MFWNaliveeBawy
cl as sam dgieenre,t i c al d&dri Db mmeg tGAQ d s have also d
applicability in the <c¢classification, detect

Therefore,sesabhemethrodi rect | earni ngb5df feat

I n 1995, during a perisodtloé fTienewedesadre
ANNt o analyze GPR data was[ Jivautsiherdt horye eMo | y
|l ayer, fully tondetteetd héeewepmnrlksence and t he
demonstrated the neur al network's ability to




D. GtAfRmep :Bamrenli By stem | CHAPTERNTIRODUC
Underground I nfrastructur ¢

Overall, this preliminary research wfaer a si
automatic detectionl mft lGP Re aibh) jecRNES d etcht @ o a -
significantly due to computational i mi tatic

| arge tr aiFmirn gt hdaa tNanseaatmsp[n e A ell oped a seri es

I mapree ocessing steps in ofdeeut alGPcEentasloyeskihs g
Aroyre@®04v,Bb egan itnot egraegsnt of stoenauwut o matiocnma
i n GPR images. Theausfaab\VeM fZohranlganedtmiane f eat ur

classification. A linear SVM was used to e
separation mar gi n, reducendthaen ammsimber ovafde m
generalization. Following that, the SVM cl as
classificaom@nt amado sldeaatvieon | 9 Phepobbsedea mbvel
recognition system for the classification a
I magery. Foll owing the preprocessing and se
perfor med i taergeetnievtdlcy owpsiimg whaitlie nt Hea aemeavo s ikf
mat er i aac htiyegwaeem®)¥ M cl assi fi erGPReigmaogndp,exi o f
the experiment al results show thatmather ipalop
detection alnmd arecergntiad iloomcate undefrJ@ pacdhda i n i
mul t i | afyoerrwafrede dnethwyp &r b @l a art eS€IRe cdtadtioan.t o t r ai
radargr awsawe)e. pr8processed to enhance rel
which ti dpandiedladioepasgke osi ng onel im&lfff ect i anhw
used asininpg t.duaes eds of radargrams were rec
ensure that the detection system was as sens:¢
possi bl e. Suhcasr aeéd Appb 0D & @adudh p ma tsthalpaed refl ec
det ection

I n 2deElébp convol uti onal bergamalt dnodtewbrskesdl a(tC

anal ysi s anaddepsrpoctees stihnegg r wi despr ead[ lilste i n ¢
their research demonstrated defepat@ndiess 2abi |
di mensi osalanGP R MBU rdleads ixfpyl s i2Wel Ohazaredsappl i
met Bbdr -trien®®l underground tar gbheotr n@de tGPcR i dat au

i nvesti gat ed 1llBy7 |[Tzhoen gr eeste aalc.h r el i ednehanaceat
which included cabl es, rai nwater well s, voi d
dense steel. rFeoirnffoeracteumeentextracti on of t he

Dar kNet 53QL @ hgiomiatshmel ected for classificati
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Experi ment al results indicated -ttihnaet dtehtee cptrioopr
classi,witchhtamnav e(rhalgfe p.r&&9 sarmd Fairrt ehcelailmio r ef,
et [ZldfeDLmet hod for the automatic detection
bars in concrete. (0B6 debasetacgesgwhiah3®Pel
collected on residenti al buil dings ngsheer co
mul t iddbtoexct or ( SSBPgf aC.hdaEe@anudnnm e AUELNfe .uTde
which proves that the proposed method can be
i n -riemé . Fedgh ethailrr resemodhbl pregenemafohre
and reconstruction of under girnoeurntdi atla rfguestisan T
generate the poseeviimcfdhrematiimnt lod LdPRondd mod
net work i s hyped btod i a¢e tf & @ttBasrceasmangi ee kriengai tobnes G@HF
i nt ¢roe sthbrmaac\ke no yaendd ptr helal ied e o h sttoandet er mi ne t h
ofsubsuolhjpeet s. Tuleer etplriersé nme chiagral i GRR modul
reconstructs and visualizes the 3D wundergrolt
resulted in an aver asgcea m cfcauataByes ode t@aec HIARON D
et [aIBhtroduced a technique designed to ident
parabolic targets of variousmesarmreaverTdige ppIroe
(mApPof 83. 17 %clfaogs spatgtleern recognition, wher
within concrete struct ur eYsa neacghuicelivile2ggria pach& @ d s c
at wet aggebsur f ace pi pe detect i-ONN admaor Ki hmhti
mi gr at iTh,CNRNRD perforometdegbhyeecl assification

l ongitudinapi pe peesgclamavinmgcanaoyeofhl!l hppr oxi
and i mproviCiNdN dwerabdDt 6 % fboyr e xrpalnosivteirmsge 3
geomet rBoetsh pi peangpesse wene Iden gictthedlo xvaila, a

search, after whi ch Kirchhoff mi gr a.tBlyon wa:
comming YOLO models and BBOWPRhemageesedarar
i mprove detection efficiency and Il ncrease t

According to the comparison results of wvario
chosen to conduct thefeapsd THenthbbseat modebo
valote %.Training reliable DL models requires
to achieve satisfactory per[flo3p2na p ageerdeFaart itvhea
adversari ailbasetds de6ANd)arning framewor k whi
Fitris generates new training dat a stion ga€dad rse snsg

stage DL object detection model, it aut omat i

4
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Bscans thr-oeghtd apAcectododn.ng to the experi ment

met hod outper f orontshagr he mex ih®dis m@ Pt aC/éd. eves a
While the previously discussed technigue:

initialtlgrgaetntedgiyons, raensaiignnsi fiinc atnhheilri ma kialt

charact er i-zlea pheydp err @fhoH ead toiclurse soefar ch ext ends L

det
est
v el
Suc
by
fro

ection and | oshbhpedtrehl ettt hgperbdha i mpo
i mati on of icnrciltbidcranlg | p adreapmient,e rcsy,l i ndr i c al (
ocity, and the i nGRRseuentveyn lainméeé eambet weer
h parameters can potent isahla pye db er eefxltercatci toenc
GHPWRper bol anoffittesmmé@gh 0 d foaf mrbd meimtfiroggnneadt i o n

m t heseNerveefritenetliesrss. a revi ew otfh atth eo nd xyi s

l i mited number of resear s bmetshoelsaev es psewd o @ scs fcu

The

resear ch 900ff f Rirst iac meett haold. f or esti mating

anBMwave propagation velocity from GPR dat a.

ove
t he
Acc
out
wi t
aut
nov
me t
di s
pre
i nt
see
of
YOL
pro
spa
me t
reb
DL

rrexisting methods by obviating the need
reby eliminating the i mpact of wvelacity n
urate estimation of velocity | eads to be
performs existing methods in terms of acc
h noi se lannd2 Orlabw, [d2ddropto s etdi. nme rteeadhni que
omatic recogniti @n samgadnatAPrReisdnagt ao.f Thhyep earubto
el clusteringialboygatiet amdt odehtti ciyentlyget
hod successfully handles complex scenar.i
torted, or intersecting hypéRhboltheireflkse
sented an automatic met hod of hyperbol a
erpreting GPR i m@dbbls poepr et adowmibd g amd telsd
king est, mamdeé thealsgedr ittrlammsvmetskRibd. €eser mpoi
rebar di ameter in facilities[B88bEnggGPRed
Ov3 algorithm. A comparison of (Bpwathsdat .
cessed thwawghumbequminglyati on to relocate
ti al ppowviitdie@nss)uperi or ascccaunr accayt ao.v eAc csotr adr
hod achieved a mAP value of 93.89%, demon
ar area detectidnuarfpdphcamat ed ant amd toimarn
approach for underground infra&shtuctedar e
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corresponding to underground infrastructure
mi gration and binarizati on weurret heemprooyee d Ztho
[ 13dbgmonstrdukdr adenoecti on and quantitative
featuressdan GARRa Beheg .f i rst step, YOLOV7 i s ar
and identify hypesdaoiilsec sfeecaotnudr esst & pna pfiehoee o & £
fitting technique basedTlap porrpeavd hoaursrhsy uwea retci
i nversion of depth and radius based on sever
GPR system characteristics. Research results
estimating the deptuhndandnfmradituwu ¢ b btrhaen drpardgavri
trajectory i s apemngmenetuhd clddfviaetvheero, tshuech geomet ri
are frequentwogrlichvadri 8w m& atredigi]ln epmesadd a mode
estimating the diameter of wundergfrasatimdFo@arige
transfornmp@UFEFTata initially collected in th
frequency domain andANNt iHxipzeerdi memt devedlecg i a:
effectiveness of the proposeduappr2hmjopoisedes
a met hodol Dlgyrbeaesdd nart i ng the burial depth a
A parabola model was wused instead of a hyp
effectively obtain the symmetry axis of the
dat as, uwae d d 2 nigntpahtar ttroe mo mye u(rla$ T M)et wor ks f or
estimati on. Radius estimati on,CNd\isaskédhenher
aforementioneandepddi teisdananat.GRRtheit idca ut cedsst at
were genegpt Bbabxfusviamge i n order to waloipdateed t
met hodbeéeaongdy .[L4aBih t hei r rdaeathomopgbvicdenpar i s
hyp

single optimization problem. The authors exa
tra

er bol i ¢ -haynpde rtbhorleeec nfant ti ng model s by math

nsmitter and reodijwevenr witamen ethe bantahna

permittivity on the performance of madobhemat

guantitatively estimate the perf orvnaa nucee) owa st
proposed, and the evalwuation was acclhredi ngl
results reveal that various parameters have

rel ativelitnho[eG8datlr.odu-Eednmndé&ERR anksd vadnemeur al n e
architecture designed for the automatic extr
Bscans. The proposedubnedrhfoadmd otgyr d eotc arl @ zesn s

t he mat hemati cal shape paramet®uch aasoappt e

6
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enables the determination of keyEppeamment al
resul ts i ndharamer teahwttonm@mRR cal ly and efficier
fromcBn i magery with a significandt-atingneoveme

ar t met hods.

I n order to addrhHosus ¢st3g@égubcptousread a nnieetghroidt yf, c
the width and depth of hidden cracks i n tunn
tifMmeequendymaiTriF)wi th aErpar amemtedlwor esul t s
accuracy and generalization capabTHdiotmaimhor
compared to models trained onlCoynwi tdbrifeagt tuh
practical applications informatcegyhiabdoutathe
is often unfkw@¥mdukcaiedetanalanal ysis oonthat t
concrete specionienk nwiwnfa tdsi faegneeld elraaver dept hs r e
t hoeb | iaqmgd ee tpor oddsuces velocity oveCaersddgnadntolny
the authors proposed a r el iBaubilledimmegt hoond tfhoirs Cci
He anfd4pjaéesented a new technique based on h
data. The technique performs estimation of E
and burThée depohwhati dmcafstehsd ioisin caleaindgdaen ocdr r e ct

index 1in classical mat hemati cdlbot mbtg] st de s m
proposes two fittingomodel snodal s{kp) et hptoi
knowl edge of pi peline di ametleirke amaded mMdXt2¢

corporates pipeline diamepersand ampeownea 8

n
n
ccubBach. capabidiidgrniafdieggareteenetns , yapsi coalileyn ttarte .
s

SV

a known prior in standard wor kfl ows despi

-

ewdbr !l d field settings.

1. ResedMocech vatHymotamaes es

The exhausetriateur e review presented above
body of knowledge: at the time ®itbhabed sgseal
that | BWBEsocagesnul taneousl!|l y epsatriamaettee rt hceh acroancptl

underground infrastructur e. Specifically, e
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address the simultaneous estimation of buri a

the intersectaGPR angleaph ipiewe enen d

I n order to address this gap, theDmain go
based csamalklne of estimating the descriptive

and the surrounding medium by integrating T
aforementioned goal, the following research
T Uilizing deep |l earning techniques, it i S
detection and | ocalization of wunderground
T Through a customized deep neur al net wor k
estimation of underground infrastructure
di ametaenrd t he i ntersection anghlee thaerXgweete no bt

from whEiM hwatvlee vel oci ty of the surroundi ng¢

Based on the aforemensconeertdi hyipwitdenbesdbmued on

asoll ows

T A protocol | abeblaGRR doant apr eci se ageogpapihal
i nformat (Gd)S system

T ADLbasneoddel for detectumdhderagqrddudrdc ar uzauren

T A hybrid moddlhded ®cr iepgt i manhdaeygametuards i onff r a
and the surrbasdalm@yn mendd uUGNNSs .

1. Besearch Methodol ogy

Thmai n goal of the proposdd gree f aarnoattvoicskh t
the fipestf detagget i on and | ocalization amfd unde
the secestesesgei pti vet pemfamstenusctore and t
medi.Time rs5t step in developing the aforement.i
rewdrl d GPR ndathda s research, daGaophysical i $uw
Systems | ndNashG8JUWNHIL I tysfAcan GPR syst em. Af
| abel i ngspgatimeldink preci se a@&loSs ptaot itane r@RP r
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|l i Se@ammppr oaciheesntdense€tti ons wigbkbnebhppedi ogi |l
boxes in the cogaogaemsp.onAls ngn GRGAIBidtognrad | ,| ae/ae
annotiastainawral |y validated and rpeafriandde |lby sdyonmahi

generated with gpr Maan csriiemus teshtiniceem s s by t wwanrde
ontroll ed variatiGRPR od tpa1y sp rc ebperf pa eem shehdee 1t g .¢
f the mohdieclhs i-net adesan@aes iomgiexepronent i al g
uncapmhi.¢c at itchre fhe sit alsddaapbedattan train obje

-+~ O O

s

l gorit hms to -skhepedfyfeadatypee HtoHansd®c igatoaidh d
infrastnutharededrdt ®tdag@e,d I-sohcaapl e dztaudueshsydp e r b «

to train a hybrid DL model that esti mates ke
cylindridcameaEeMewave velocity, and the intel
survey |line and the taspgaeinet) entsedoheabiyadin

by combining detecfrom ¢ohtphaebrsf owlnmabnsc BFsBesy al u
perfor mekd oludivmagl o Jiwmit tdlen e-candonr eg@reesit e metr
applaisedappropri atlen faddietaicohn,s taa-{dtertatd intigisomaad e |
i mpl emented as a baseline for parameter est.i

proposheads eDd syst em.

1.@r gani zation of the Thesi

The thdgiuctiusedchathogshegegssnivebduce the
and met hodol ogiicesaels efaorucnhdat i on of t h

Chapter 1 introduces the brreosastectrc hatpiroml £
reliable characterization of wunder Bracslerdd oinn f
the resiedhercihnfgiaped | i terature review, the cha

and formul ates the wbrfesm@mdrmrsadi noguthy motnige stehse

contributions.

Chapter 2 provides the theoretical backg!l
context of sulbsuroftahceer d evoa gdishgsi tt he principl
propagation and t he hfapremdatriedn ecft i bpperasclox i
tar gaich. refl ections can be mat hemat-fcatiggecl
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model i s presented. Furthermor-wprtideG@Rapdtenrn
well as the generation of synthetic data.

| €Chapter 3, tharklhidugrddlaeipzessd awmidt h isn atglee p 1
framewor k aMoer eprperseecnitseed y, it includes object
and | ocal i zsihnagp eldy pfeerabtoulraes i n the -brretbteda
model s for estimating the descriptive par ame

st a.ge

Chapter 4 introduces TFDs and TF anal ysi
signal processing component required for thi
chapter, TF rmrseprc@&RResik ah s ba sere$wn

| n Chapter 5, t he proposed system for
i nfrastruct urcehapst err edecedueereai do. ensd atkldel mevt hodol og
t tew®t age fr amewortkh,e whitcehg tiencctlewdsehsg ped bbé at u
with Cohendsn cadadsist iToFnD,s .t he per f or mance evall
i ncl ude skftoh ed -wesled shsif toinagtnhsee t @ct i onnaofl degyeets o

oriented metrics for. each stage of the frame

Experi menaraed preessuelnttsed i n Chapter 6 al ong
of the obtained perf bfermamecneolriike r p éadfft de ascha @t sa |
i sresent edand odnpacgwrsdsed, together with-the pe
fitti nus embdaeslel i ne to support direct-basarpar.i

system
As the | ast section of the thesis, Chapt e
main findings, di scussing the potenti.al [ i mi

10



CHAPTER

PRI NCI PL &R0 WND
PENETRATI NG WVRAAEBAR
PROPAGATI ON AND
SUBSURFACE | MAGI NCGC

GPR often referred to as georadar or gr ot
tool with apwildefdrtahrmogueg ho fGPR was initially aj
geol ogi cal materi al s, it has since proven eq
wood, concreffeBlyamwdi bsphe&EbMwprvepagd&GtPiRng nt er a
subsurface structures and produces reflecti
propdreffyes cal ly, a GPR wunit consists ©®hea t
acquisition of subsurface data can be descr
transmitting antenmwhepesati athes tkél|l gcbobaddpo
scatt @eroedchtofsfources (both inducedfber wantsas!H
reflected or scattered energy then propagate
receivingo6Raltaninae pbamata e mat ggbii dtlioGsyst or e
el ectromaginretn es ppoires ¢ ytadnda ni nafplpuleinecdkes t he pr
wav.esThe contrast in relative permittivity b
i nt earf dsetoper opagati on velaomdst yhef pEMmawayesontr

11
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reflecti oln6Ajenmngeaticontrast in relative per mi
mi smat c h, resul tinMmdei debtemhameanr i1 asd dqreatnite di .a
by the Fre$néhb] &R Raatthiessthmasn I s consi dered as t
of measur ement ,-dirneeprrseiscennatli orggpdacuecfetee atedt bat s ¢
EM wsfvreom subsurface st rfulczldnr eod hetr -swoa ndrsig $ eaan|
onegi mensriegpnraelsent ati on of EM swgawnl t aampéli t ud
(TWT)of the rAscayuempmssleas®$s Acquired al o-egaa,sur
al so known aAs -Ba ama careqrtam.n priolclewsssthrbaetieldi zi n

coordi natse sshypswgamea 2. 1.

Survey line

e, _ Cylindrical
....... i / object

Electromagnetic
wave

0 X

Figurhe -B2ccalneati on prao GePRE i b xXisy B & gne

Accortdeingg rtthe GPR survey |l inaxis, rwpreéesgse
TWTOof HNMweave i s repr-&asxsiGf®Redabg ahe ypically
we ak, deep reflection echoes, which require
enhance signal qguall 1filyeraendorient edrepfroertea bfi U ri tthy
standard preprocessi ngFitrescth nsi tgeupe siz & redeedip id i thie
which is a reference posicnan)i nt htahte maerckosr dtehde rr
transmitted EM wave | eaves the transmitting

[ 1310 t hearey,0 tsihmail d coi ncidtechratwe ettt hei nr pmn:
various factors can Actbudnaoel 2t9% e Yehfot-ical off i

12
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zero determination met hroald adre pemmfait gopunrnadta doens,r |
i nternah thkawmkhslobsonf as,eecahdi nigons a varie

-

ported i n nt hoe taltieitrHmeegd upesi ti on i s deter min
uri sti c -boars ecda ltiebcrhantii powreesr. 0 Aifs eac d¢ hreattelme d

d -fhriuvgedgn cy r anoduosm dreoitshee effective b@ag®dwi dt h

e
e
econd step i s upasad |fyi latperl yiim go fad ebrq ntelor cgyyt tde |
n
his way, the signal is restricted to the de

4 92 u =

most efThicrieexnppdmenti al gain function needs 't
f osri gnal attenuation withhensirkialsi nhyg [0Z28]d de e
I n ot helry wwotridlsi,zi ng such an approach, the w

depths are not overshadowed by stronger shal

The folhswam@egenerated within a homogene:-t
the case from the influence ofl nstadhmm@laenxs env
as wel |l as thecawomr aesp cfdignhdie B2 e?t col umn
i ndi visckcwmanls oAbt ained at distanc-esaafr@mpmieegsens
recorded amplitude of reflected ENMowaeeuas va
Ascans are recorded alamdg ahiegsedviey s$-eqqeend
scansscaan B s createdcad usnhowrd IFmgdhel Ri @ise I |
arrows indicate tshcea np otsh ati ocno rwi et shpsomnadrsh et lo® w rh ¢
in the |ITehglaontdumdall i gejdec ta he tdditesaa hdai amet er
of O0. lanuptliesw® d hdiine lae c-$ p anciebhharlefl at i ve per mi tti
burialOdeépt matdee sGPR sdwervewntleidn@er pedirdiicall ar
obj.8thtese parameters directly influence the
Additjowalkhyt he survey | ine is perpendicul a
pi pel i ne,¢ ehaytpuerrebsolap p-s & @vowietphvienh et hter aBhsf or ma
mul tA-spclaen si nBy3d ®an enables the visualization o
the i1 dentification and i ntlemr ptrhees@niednafnebur
zero correctmed i1 orodtehpeetridndvliuseudacl emeaoste baontdh t
t heeimwavkehi s waysartrhei egrilsygnal s -srceamma i annedv i psri obvl
i nsight into how they may Tafef eddtrreee evaevbes s q
part o6i gthhedtEM ravels directly from the trans:t

[ 4]
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FigurBsam creafhleaf tprdicdemsacyasnr e cacdr ddeedst ances
0. 0, 0.5, and 1.0 metshrsws whh 3-8 c gveiudh ht misimggh t c
indi c aaithieogao f bceor r esp-sad'hng A
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Directarwawes al most i mmedi ately since it tr
Ssubsurface reflection. However, the detectio
with weaker reflected signals faomaishawawve b
to the part of the EM signal that travels th
[ 4] Such signals can reflect off the ground

reflections that can be misinterpreted as ge

Sandy or dry soils typically have |l ow rel
velocitiesri owineoramoicstaysoil s Isd oGP Rl oavnp Iwiacov et
the dependence of vel oci tsy nicteicrseby | i nbmpencEt

accuracy of deptrekefestetmatcbaracteristics of

of the cylindtbsesal cohpgett sag dlahoive esti mat ed

o Yo Y% b
4V
in which, the EM wave velocity is defined as
0 &)ﬁ cE
7

wheTWTTepr ¢ tevmtiasy t r aviehEeMt wabd e p ® t vees| d hiet y o f
waves sipnacies,ereeHeat i ve pésmahndsrvdloayt,itveeadper meab

Wheaonlktynwe buri al depsbwiptatl amet édrerfiigxarda met ¢
deepy !l i ndbrjipocatlda c wi(id.eer. , oy e rolpcelnn, ¢ wheafrleeacst i
shalkldbw ecsa ynerl(fdowe mprr eef lceucrtvieodn . VvTihsiusa |l d e/h ¢
demonstKFiagwemghe whea3  a) the buri al detphbebr i al 0. :
depth i s.ThehStasmeegendrmhtasmdgenebus amedaumyv i
per mi opf,iuBiitey | @a ndr iwd &alh @b pdB cabmemetadaPR, samd ey
| i onrei epnetrepde ndi cul dlhetwziemde colpjeedtoir omerdef or e,
grayi sh wuppers csaescetmoovne do,f atnhde itBndej uTsWTeTd saccacl oer c
Thebserved variathgperbot sepsrkehapeicdbdgdinbye char
i geometricwhbatlke kKtédegt hcreased distance to a
travel time to change moreAsbtoewbgdavi yt hf dhotrc
wi dening of the antenna radiation pattern wi
and further affects the amplitudé¢2d8mnhd det ect

15
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o

=

N

I

)R |

Two-way travel time (s)
Two-way travel time (s)
w

0 1 2 0 1 2
Distance (m) Distance (m)

(a) (b)
FigureComhpadrofagperbolic diefffecentosdutatah de,
homogemedoiwsint helaati ve permittivithasdofaa®met dhe
oD. 5 nendckritshe GPRo s uUepneergpdelnidniec vilsar ,tloether iodl
depth is MRMed83bfimemmerBe (ground surf aberiemst he
(bt)yhe burial depth is 1.75 meters.

Thelative permittivity ofnt hdexoéps wrpfagad |
velocity of EM2whYWetBRaf)beenwords, it affect.

reflections fsacuwibe. wave nvealheciBty and relativ
relathed,alfower value of wié¢lariesel per mi wi dert i
and werce®&duch bdeemon sotrr aitse dwh etr lelei dowrred a2 . dept t
met etrhsey | i ndr i diad meosbegjrecb met er s, the GPR su
perpendicul arwhivke hel athij eien o teaamc airnsd nvdi sttya ni cne

(b) is 21. A low relative permittivity, whic
signal to propagate faster, causing small er
horizontally. I n contrast, awhmacthe rd arl r ewsi ptohn d
medium | i lkass®e cldwpnr signal 6s travel ti me t
movement, therefore resultinngabhen@rdowehehy

of relative permittivity and the correspond
geol ogicGmaererval ses serve asubsuefacencentlp

16
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@ 2 i
£ E
T T
5 3 ©
5 3
% Z
=] o
g4 g
5
Distance (m) Distance (m)

(a) (b)
Figuda€omparoifsomyperbolic reflections for di f
homogeneous medium. The buri al depth is 0.55
the top of the object), the cylindrical obj e
oriented perpendtng | laderé giter vtehtet iovijteycti.s 3, w h
relative permittivity is 21.
estimating matkkadsead om m@B RMdriue afveeyslhjbavtba.t
parameters such as the cylindrical object di
and the cylindrical dedpietcd hawi mgtanc oinmp acetr
resulting hyperbolic reflection. l gnoring s

t he i nter grcatnatdiadm ofoA Bmocrhea Iplreencgiisneg.mat he mat
t hat accounts for theseipatrhemefte@elrisdwengheees

of cylindrical object diameter on the result
2.5. i nMMshteaneegenerated wutilizing the foll owir
meter s, a homogeneous medium with a relatiyv

oriented perpendi asgl(aan)c,e ot hteh eo bojbgcetctdi amet er
i mnst(am)c,e the object di abmetebsersved 6t5hanet ar s

prdawwmces a slightly wider hyperbolic reflectio
surrounding environment it becomes esvciadnesnt t
represents a significantly more challenging

17
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TabllTy?d.i cal ranges of relative permittivity
various geo[l blgi c material s

Mater i a Ul 29] O[ 2 7] Vel oci ty
Air 1 1 0.3
Distille 80 / 0.03
Fresh w 80 81 0. 03
Sea wat 80 / 0.03
Fresh wa 3i4 4 0. 1&®. 17
Sea wat g / 47 8 0. a1a. 15
Snow / 8112 0.0®. 11
Per mafr / 47 8 0. 1a. 16
Sand, d 315 47 6 0. 1. 17
Sand, W 2030 10630 0. 06. 09
Sandston / 21 3 0. 1d. 21
Sandston / 5710 0. 0®. 13
Li mesto 47 8 / 0. 1a. 15
Li meston / 7 0.11
Li meston / 8 0.11
Shal es 5715 / 0. 0@B. 13
Shal e, / 619 0. 1®M. 12
Silts 3130 / 0. 0. 13
Cl ays 5740 / 0. 06k. 13
Clay, d / 21 6 0. 1. 21
Clay, w / 1540 0. 0. 08
Soil, sa / 47 6 0. 1L@. 15
Soil, sa / 1530 0. 0D&®. 08
Soil, 1lo / 47 6 0. 0. 08
Soil, 1o / 1530 0. 00. 009
Soil, «cl / 47 6 0. 1L@. 15
Soil, cl / 1015 0. 0@B. 09
Coal , d / 3.5 0.16
Coal , W / 8 0.11
Granit e 47 6 / 0. 1L@. 15
Granite] / 5 0.13
Granite, / 7 0.11
Sal t, 516 477 0. 1aa. 15

18
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le—-8

0

Two-way travel time (s)
w

0 1 2
Distance (m)
(a)

Fi gusQ
buri al depth is 1.
relative permittivity
perpendi cul
0. 65 meters.

175

Two-way travel time (s)

Distance (m)
(b)
ompaoifsdgperbolic reflecti adnsamedrEhdi

meters (measured

ochndhehdo®@GPReseaovusgy medl
dm t(a)t, hd heb jda atmeh eerre a ss

Within thehBdPcanewr ®dti on process,

l ine and the cylindrical
values of the parameters,
75
(a) and t he -sccoarnr e(scp)o,n dgi hnegri eBal su sittr aitsi o3n0 ( b))

di ameter, are 9, 0.

Bscan (d). The demwastmwmat edd fé eamplte aslgl es
reflecti o cwinthiAnsimaél!l Br

a flatter apex, whiekseal as amghenarosaert oed®0e
Additionally, when parameters such as
the real antenna system are introduced,

mat hemat sense. Therefore, from thhe sr efoernrte do
hypersrsthalped refl ecti

meters, ane nO.il |nuestterrast

ons.
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Survey line Survey line

Cylindrical
object

Cylindrical
object

(@) (b)

Two-way travel time (s)
Two-way travel time (s)

Distance (m) Distance (m)
(©) (d)
Fi guBliel @s tort ehtei @abbgelteveen t he GPR survey, |l ine

al omigt hceor respoendhmg!| Bti ve permittivity, buri
object di ametaasx, alb.e7 5d enfle.tdeerdsiet er s, Wi it édns ptehcet i
aforementi oned parameters fixed,gdiahde(ént 30
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2. Mat hemaioidedy p e r 5od ppe d

Refl ectil ons

The hypbdapelda rehteotdtuord i n t he previo
mat hemat i c aulsliyngohet dhoermakt @ o a | model Aridfde ed by
mod el includes all stulcdb umaraa medteeprtsh ,o fc yilnitnedrrei s

angle between GPR surveys |l wekhaasem@marcatliionndr

transmitter anAn rielcled svterrataipare ninfd sdhumede@l i

X X

Antenna Antenna

Cylmdrical object

FigurRhysi cal | ayout of tHerGRRtheanaun e€emé n tme
hyperrrsthalpeed refl ections.

The il |l detmoastmbmalteshori zont al position of
indi astead, whhveee ti cadx prosagdédnms of TWTT i s
and Thearmpmetepresemrtds a theewlfi ndr i, whiT>xa@bix c
correspond to the transmittBasamohdFirg@Gamrd v2r

Figunheh2pehbped refl ection can be mkalhemati c

h C®
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and

, . O ii P wOET .
O 1 - WOkl - 0 hgd
O i wOEI O i WwOEI

wherOer epresantsgs anbe fromTX htto trlaesmiyiOi edr i( c
reprdsaeingtsance from the cylRMuWirsiheceal oobfj gcoft

wav
top
obj

r ef

for

Con
al i
par
an
ach
red

ach
res
Mo r
can
not
i te
amo
sel
app
pre
des

des

etshmeerd i Ot andsbuUroiraltrhkeaptuhed from the grou
of the clydefmidmaemncgateh @bbejtewcete)yn a GPR survey

eddt i sahf of the antenna separation.

Ther esemttehde mat i c ab c anordbstised yb h e t-shtea pheydp e r
| ecowewer comes ado nphuet @dodnspth @dhfet yno d e | can
mul at ed -faist tai my pper dwll em, where the objecti
| wd®,ng and under the assumption that t he
si deheef agementi oned, a mat hemapedatbblbyveect,:
gned witdsheapedhypétitbol a onc dm,c aliye dwiwii d thi tnh
amet ers cd /. 2hee rded tdeersmifroehdend | at ¢ oms icadsar & @

optimization task, pr ecwhbfeicto@Qprthipemiaz ant iiosn tco
i eved by wutilizing specific algorithms t}
uce the[&KBbjor function

Many iterative algorithms reagluis®orcaerf tu
i eve opti maBl2a] peaer fsormma nccaes e s , numer ous pal
ulting i n many possible combinations whi ¢

e traditional vagplpeebachesnteupharamegerd se
be extremetygsarmdnpud mdti ionedd6l]igmufcda aiplplr @ a ¢ h
converge to the best solvbibesashqgquup&dbdm

ration is not based on the evalwuations f

unt of time and computational resources

ection voafl.upésnameotingr ast to the aforement.

roach fwaloypshi anmmgtaen on sel ectwealtih&asend xdn s

vi ous evdllwaBt]T lbins rweasw, tad posterior di str|

ctrhiieébet arget function Bawebeanod@Bt@)amc zhaed i o

cribed as an iterative algorithm with a
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func[tli7o)ds a result, tpher 8B@magtsin awnadanp efsi omde [hee pf ttoil
valiuemsfewer iter@rionseamompaapeppraaodoes seAcc b
Wu etfl22BO is used to solve the hyperpar amet
results, the proposed met hod pr ovMldmotdoe |lse ef
Borgli[16h &aheir resBQGroch awttiolmazed thiyger par a
of CNN models. Wi th such an approach, the re€
Victori a and 1Mah addateham research used t he

optimization algorithm in order to enhance t
Cl FARIat aset. The aubB&oorrs hcyoprecrlpuadeadmettheart s el ec

I mproves performance.

Consi deheef ogpgement i cm@d be concluded that B
statistical momdaeHl it mgg <satnrda tdeegciiessi oinn or der to
Thereifrorehi sBQiess eatticdhii zeedopti mal Pprad masnernt er
converdgenapy otclkded & tafng-shgpedb oweiétlhel crg ¢ taolinese B
BO process can be described™ s tampbwd: afi as-
points. These points can be selectedarandon
Gauseprioacnesst ygegPrt@i kiypz eedhe s ur r o gcaatned enkoiareel d, w b
[ 103]

"Qox "00d ®hQahn h )

whedeador epresmephan f mend@fiseant, andsovfagr anclele funct
@ wis often assumed to be zer o Qdauein® tphe okerkm

function that defines the covariance bet ween

used kersmalerxgsb nkheet,neolr i n ot her wolrld9s], Gauss
s ~ s P ~
Qadw Qwn c—dAm weE h ¥

wh e dies ptalreamet et et mahes t heor atdeachd yosnhh i dcihs ttahnec
anm WAETrepr sgpundds Euc | ideeaasnu rdii ;g atnlcee da spsaiinri | a

opoi.nt s

Determining the next sampling point is ac
t hat bal amdds btehtewveternadcexpl orati on and expl oi
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functions include expected 1 mproveM@InOl6 ( EI ) ,

Thexpected increase in the objective functi
measured by the EI, whi[ceh2]i s mat hematically
0@ Mawdo Qo ht h (4]

wheiQe represents the curreniddDdensdt @edbstelne eex ve
taken over tQe.FumdcdretrmontygafiCBsdd

Yo ¢ ® Q , wh C8o
wherewand wrepresent the mean and standard c

at poiwli cerrespondst hmd laaepaE someatdeir@xip| oi t at i

The evaluation ofi n hiigéga bnjse cwiitvhe tfhuen cmha xoinn
acquisition functaion,s etl herca vedule Al it et wiaw ienstf, u ¢
"Qwi sal cul ahteedsiwminthdtded t o t.h €l heex iusptdiiarsde ed adtaat sa

ut il i zetdo e frti e dGePf In@TRHeel pr ocess coinndilmugtees 1t e
repewmpgaeasltt he acqui sitioonnnafwnsamplini nrged pi enicenni esn, t
of he surr odhatsg Wwaeo/dseulr.r ogat e model becomes mor
the objective function, all owing the opti mi
optimal [ $09iundeonBO i s andeiftienriantgi vset poppepui enegs Sc, r
unnecessary ¢ o mphyjp iasttadoppailinigmwdrraelthezahdi ng t he ma:
number of ea@hl iueaeviimgrsa oconverfguerntichee rt h rmepsr hoovle
becomgl i[| ®i2H 1 e

On the other hand, scal ability, comput at i

of surrogate model and acquisitiodh®WhuBh@ti on

is effectiwowe mbde mataevi onal p-domeamspnaln dpad
complexity of the susirgmgiatiec amomtdley, awlsioc h ncare
optimizat|[ 8MAlcppod&nangei dqallQdy i ncr enausmbnegr tohfe
eval uuathieossirrogate model fitting process ani
al so i ntroduce c ®hrep uctvaetriaolnlalp eorvfeorhneaandc.e of B (
selection of t Hhe haeauquiofguattdetoinoand elboarmh of whi ¢
consideration and parameter t udinngs uimmaoywyden
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strat éaqil@aalcliyng exploration of unexplored re
areas, BO can significantly nedbcad et Htdhenwmple

2.Rcqgui siRe avworr | odf D@ P R

Uti l Geopmlgy si c al SurveVyYt Syst ¢ BchahwmGR R( GS L
2. Bewobdr |l-glcanrsecqui red throughout tThhee dGIRtRy o f
equi pped with a 350 MHz antenna in which, a (
separati onTxbreRxavetainst 0. 1d hmeserasi al sampling
i nst-pameetser, i ndi-saanngatdaacGOi Aed for each
t he dat apaoghedsdsiittiioomalilsy a@dtsho p@BRab dlh mavi ga
satellite swhitem, (IGNSSymbCmaat oan wpaohi ttihoeni
(CROPpPEBEpPyi des-lcevretl | metcair acy.

Figur@S2Il. 8UtilityScipped@PRishs360@3.8¢MHz ant enna

Theubsurface surveyingocatpensor mbdchtras
of 1&xlanmMdpresenting underground pipeline inf

I n order to capture different perspectives o
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i n tmariene | i nes bodorreont ahs ) VAdrdtiitd aoln,aldryd diha
conducted in a mesh pattern, with mulhtei pl e
spacing between adjacent survey | i nkwe rtacmge

di fferences i n t eBrsrcaaantradagmud treeids e maohedées oasyva
of heterogeneous and complex subsurface envi
type, and modihstswer ep dopretcaritg.s af fect the propa
waves heangd , i mpact the estimation of buri al d
bet ween the GPR sur|vEYHBH e nuen daenrdg rtohuen dp ii pnef Irianse
of met al and plastic pipelines used for var.i
heating, sewage,etichehawat € epxalssititiicoangse nadf t he
stored in city infrastructure recamdcégd.,alwhitdlh
The sreecor ds mared d tegidé&luymevntt édéd hi ghngdeecicoenehr uc
reguliami onder to olkbeaspdhatsatske per @PR. survey
pipelinecgopmrosheéei anal yzaditahged -owiesnec &1 isodd war e
geographic inforhmat ecampWweipegmeh® GHESo)ma dietri on
arepresemt &d ghhhies 2a®ea corresponds to the Ur
where the pipetlt erdeep rheisgehnl s sgrhittetd henat i ng syst ¢
highlighted ithebwaéerepuepeéygt system

FigurPei p2el9i ne positions of the distrwicthiheat:
a wi deri saurada zed usand QKa®Bs soft war e

26



D. GtAfRmep :Bamrenli By stem | CHAPTERRRNCI PLES OF GROUN
Underground Infrastructur¢ RADAR WAVE PROPAGATI ON AND S

't I s i mpberatannhoinipe pedfi nesdsri oasepal posbésr
withhe same | ocation, however ,t ha@aswosipmpleil ¢ inte
are shAddvint.i onal | vy, as shown in Figure 2.10,
surveying at 4 beaSiemielddhreedtponiecvi @us exampl e,
represent the pipelianesaingmwdsphad ctore etsipiomme rt o
GPR sur vRewr tlhienrensso.r e u lo revdhaitsama ok ot ke exact in

points between the GPRSschveayn lexnesnsave tshiev

cruci al to ensure that pipelines are inters
di versity of rehl edtdiidn ori g matpuorseist.i on al I ni
coordinates, the pipeline records wuswually i
di ameter, and material composition.

Survey

Figur¥i uabDiGRR isonr wdyi ng alt ot afhiesemrlhe ctked miec
reprstsheentdi strict wlkialteknéithwey slhierme ¢ bwatespond
suppeywbmi&khi nner | ines ar rianndgiecdactieGPR msmeshe Y a
anthe wlidaomartkhe 1 nt ershbeecttweoenn ptohient&&Rd suheey
pi pslAddeti onal | y,mas kwewkdh adcikmew.28 i s
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Therefore, by integrating GPR with GNSS and

records, precise pipeline annosatdthoniean
i ntegration, a standardized protocol for ann

First, at the chosen sluorcvaetyieadrny, tthhee GaPrRe a nc
pattengurcomprehensi vEhese pad guiarnesod a& reage or ef er
the corresponding GPS coordinates, which ar
recowidshcus on the area of interest, each pi
with each GPR survey |line inlforalecr @ osidredg eirs

the GPS coordinates ofultahtecadnan glheeebeéi waempoi

survey |l ine and t hMorpa opvedri,nei nifso rdreattea rommi nseudc.t
pi pelinaradi saanesttear ed. Thi s process is iteratd.
in the area of intlemestddravieo beeanc exafmuiinleyd .
shaped refl ecdgdam, wtheée iwnertthiec aBl position of
even when the burial Theetithnder tkenionmtny faroins ase ¢
chaacteristics of the subsurface composition,
soil. Therefore, the conversion from TWTT to
I n such cases, the relativd Ipyerensittitmavtietdy bvaasle
experience with Hioncaall ys oials caonn daidtdiiotnifsomua l qu

i ndependent domarienvegixwfdiamea wvndadnliuld &d rgnSouteeht 1 on s

protercsourheas t he raennfoulalty oamlsictamad wiobbieghewrd

5

t girgedipei paslThepr ocdBscad acqui red anhaornkgends ur v e
Figurei abl@ck,iasrrprwesentedl tincdgn ghheesendlth
preprocessinghapée hgpkekebbians are baeeby vi
correction has not been applied, the vertice
perfor misgrtoh enotrirteleea N of the raw data at 1.
in Figure 2.12. The amplitudeguarfdntdhyt hree tvuerrnti
axis is therafbirerexygrlid&gede( ahe. digitizatic

the returning EM wave according to the conve

amplitude values depend on the ADC quanti za
magni tude. A-B a h yaz idmagjv etahles At h a't the returning
compl ex-sarad imommry signals, charact[e3r3i]zed by
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le—-8

0

Two-way travel time (s)
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Distance (m)

Figur &npr dbtBesscsaend acquired usi ngqGiSpppe ddtwiltih y
MHz ant emenpar esent R 8mar skweirdble g c K i aer ow Two Fi gul
hyperrsthalpeed refl ections can be foumkwsethwe en

thepes | acatBdhdhnoseconds
le-8 Distance: 1.5 m 1e-8 Distance: 2.0 m
0 0
5
1 '£=- 1 ::;-
— — —_ =
w < v i
° < o -
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23 53 >
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Figurd&ds2ah?2 a
correction. T
approxi manees ¢.

cquirddl)avetdndR)aml®cenetefr-serad t er
he agpleapedioonf® fthheee t hvyipseirbbloel awi t hi
c@rmhdsn
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I n -wemld apgglhiesseegmdhtssemnt ain maol seplasmdover | ¢
componfhetr €f ose methodol ogi cal | ¥ Fajnuasl,tyisdissed hit ®
approach will enabl e a more comprehensive ¢

spectrall] @&Joperti es

Af tepl wihpegepr ocessing teChlpitglored udggasaelr i e
annotBastceads hown i n 3FTlihgeur @ n n2atla t-sehda pleydp err ebfoll eac |

correspond to the district heating system, f

Two-way travel time (s)

Distance (m)

Figur3®Pr2processed -anodn aaoquated ®8sing GSSI
equi pped with ar e3pprOe shztviengmie in e doZzh8a c k ar r ow
FigureTwd. bdbunding bog awistohbibae ctedrmeseMBc | osi ng &
hypersrsthalped cefrespobodi ng to underground infr
bel ong to the district heating system.

The reflection enclosed by the red boundin
corresponds to a burial depth of 1.13 meter
bounding box appears at 24. 40 nanosteecrosn.d sT,h ec
angle between the GPR s @gf @rytainenmoeeadt redd tph e ep i
86f or t haen ngorteaetned pi pel i ne.
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Utilizindesbei bbdvetandardi zed protocol f
1596 annotations arsec agnesn,e ryaiteeldd iancg oasns alvOebrla gBe

annotati oms amer TdhireseB annotations can be wuse

|l ocalizing undergr ouwmdveivef  astnrniodtaurieo ne b jteha
detection and |l ocalizati ohhpaarrea medter aletsd manait
Speci, fiocaltlhye esti mati omctodr e ngaer gmetuenrds | U a lt
pipeline diameteand EMhevaareglvel beti wgen t he G
pipeline, 732 anmhbeatieonmas ntcag Bé4usedotati o
mi ssing or i mpr.Asulseetpacfamehierexdaltimaded annot
where the pipeline diameter information is
avail able GI $nrse@otcibks. absnesce hefn dahrediaanmeott eart i
unsui bablsaupérvised regression. Similarly, a
i nsufficient b.urThils dteypihc glrleycicsdownmr s when b
solely on operator estimation without verifi
t he piSpelcieneé.uri al depamsestamatconreegponden

annotated apeshafppedhe eiypethbhoha and the know
i mpr e@ai suen vpeariadmeetder valuesswowind moidetth @dlue i n
training amrdoeesdsat aati o g lsyu @mnedtae onui bndgstr rea u c e
mod | predictive caplaWliils ta ddinr eucntsleye no bdsaerav. a b |
t hescBan dat a, typically identifiable through
hy persthalpeed r[efd4]fheoaetor e, the estimation o
achieved by incorporating TWTT t o3p-€@Bher with

The statistical di stributions and pairwi
underground i nfrastructure fpamgamelhe. slvdearrtei cva
positions ofkhapedhyeklr ot o nssc aap edxaetsa , wi et xhpirne
TWTT, range32f8r oano 942. 1902 nanosecondsEMdepenc
characteristics of the subsurface. The buri
meter s, whil e fhemr02dbi & me tOe r6s | nweataeyrl sy., Adhe an

the GPR survey | ine antotgBee npciopreplaisnse nrga nag ewsi
i ntersection geometries. Il n order to provid
di stribution and overall char agerefr gusinmteht st,h ea
resstmwmari zed in Table 2. 2.
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<
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Pipeline Angle
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Figurd8tatilstical dviisteriredtaitomnarmd ppaiof t he u
descriptive parameters. The diagonal plots r
buri al dept h, papgl enbetdwamet ¢ he &PR ,survey
wher easditahgeo noaflIf scatter plots il Inusitpsathkeettvhee
al | parameter combinations.
AccordTalgl ¢ 02. 2h aasd hmee alMWTolfT 23. 1606 nanosec
deviation of 6.4493 nanoseconds, whiMdsti ndic
pipelines are | ocated at shall ow t ol.n@o5d5e5r at
metand a | ow standard deviation of 0.3004 m
objects are tightly cl ust eoriends,t baascieeshi demnh b ed C
to 1.3 metped i mmerme@eae metaaafy all.u2e0 WAt Mearrsnt er g
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range of 0.11 meters. Such a narrow range su
pipelines of omceanwsibthteddbt t 81 Pe27c metOar $ hien o
ot her hand, the angle between the GPR survey
of 7Xahd83@ standard edeVhat hbgh ot p{80r. 2804/8r t i |

stroanwdgests
perpendicul ar

t hatr ef h eartreee@ ®savidtey
t o Tthhee hpe apveyl isnkeesw oifn

o the

survey |
lachree taensgal | e

met hodol ogi cal consideration, t herefore, t
appropriate validation strategies to minimiz
recorded at angles smaller than 50

Tabl eDex.c2 i ptive statistics of thesk&keyg g@dgat am

presenting the mean, st'dmemecentdielvei,atm®adi anmi
percentile, and maximum for TWTT, burial dep

n = 73 TWTT (1 B“E:n;’" dipgrﬁlgt'ie An gil U£e

me an 23.16(¢( 1.055 0. 2074 73. 163

std 6. 4409] 0.300 0.081 19. 214

mi n 9. 2324 0.400 0.025 19.®O0C

25% 17. 387~ 0.800 0.160 53.00¢

50 % 22.19¢ 1.000 0.210 85. 996¢

75 % 28. 204 1.300 0.270 89. 007

ma X 42.19¢( 1.950 0.600 90. 00¢(

Il n order trel anadonsdenddtsapii pedli nesaPperaamener
correlation an8bwbsitatist pjeuaafnameitieosd bot h t he

directi oesandc ibat iweasrcsonafi nuou[s8.&Jari Bblusesr at e

Figure 2.15, the correlation analysis revea
TWTT and t he buri al dept hO,. 98®iBB N dheoekeliat
mat hematically described with (2.1) and (2.°:
TWTT and buri al depth in a standard | inear m
However, from a parysespaiant ,antdhirse setar cvhgrsetor r e
precisely, the simultaneous estimation of T\
calcul ate the EM wave velocity for a given
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correlations are observed between TWTT and p
and pipeline diameter, botlhnwotthern walde, ofi

| arger outer diameters tend to be buried dee

-1.0

TWTT

-0.8

Burial
depth

Pipeline
diameter
1

Angle

1 1
TWTT Burial Pipeline Angle

depth diameter
FigurePearlsmoOn <correlation matrix il lustratir
pi peline characterization parameters such as
bet ween the GPR survey |ine and the pipeline

Howevieeopseépaedherfnects the charactemnicatti @ s
surveyed and shoul dunbovemdal Ttioeamhpeprest e tl ataisor
coefficients involving tt.e057Mm0y|teo pl.r@3IrBI)erc
TWTT, burdamd @iepdalhi ne di amdtelacyt edne aogl ¢ | at a

GPR surivetyet f@aepspel ine.
Accor dtihneg atfoor ementi oned analyses, a key |
di spersion of par ameter val ues. Il n system d

estimation of undergtrioluindi ngqnfsach rddt asedn
and poor | ysgdnseartdhoenzmdst chal |l engilhgwhpiacrha me t
the descriptive statistics revealed a heavy

ensure the robustness of the fina$i nsulsateinon
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software that can be utilized for the purpos
data i s chlliL®iergepfravtaexh particul ar attention
58 the synthetic dataset can be specifical

i ncorporating the missing characteristics.

2. GCGener atSy mtnh eotf Dzt &G PWI t h
Gpr Ma x

Il n order to addire®cisdhbsie cadh alnl €& @a sr eergxair tdyi
antdhuender r e p rodcseer nptaaptepl e nnagm eatl eél beep s us cmul at i on
software gprBaxusisngtdii thfe ereainmengaetni n{eFDTD) me t
solve Maxwell 6s equations in 3DJ11Alptr Malxg s i mu
soft warne twaasl | syp edeivfeil mgreldye [ flarngGPR t i s applic

of EM wave propagation probl ems.

Al macEbMslkepomena are descri ble®d9 ]blyh eMdax w
represent-oadset paftialrsdifferential equation

t he f unEIMmentdalguanti ti es amwvdoaot h elshpeo sedf uorr gee, d

Maxwel |l 6ds macrosegpresegdat noparti al di ffer
system of unitsol cawe pekavwad dwepengsdax we | |
| aw Gaussods | aw for magneti[sA,] and Gaussos | ¢
n 0 TS T
T P
n "OT'OL') Oh
o P p
N mh P G
nJ0 Rh ¢po

whet bBe variabl es aHEree pdred siennetdst atsh ef Bidliel@adowise € V £ imk
magneti c f itelsdttidmers(isd)g,d énTajgonre ttihzei n®i hdetcdt eAa/
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t heel ectric dispi &aaeldreenptr e stceerhtd us(hiCd ainmpuesset
densdisaAPmngdef i newsl umee el ectricd) charge densit)y

Maxwel | 6s equations ag WU megad leuheadt, fbioeulndd e d
ontinuous functions of position and ti me.
particul he abhogempntbamedso be solved subjec
he problem and [tlhi&HeniFDd®hod osdli veosndaxwell

numerically by discretizing t h[ellddrt icrhuocsuesn
resol ution, deYiaiYd ¥ida nbdy tteloeptoepmmd tsii &les, i s cr uc
di scretizat iaorAD WD | tnw tieedsbid lotseirn t o a r eal repr
probHewever-wor hdraepplications, the discretiz:
duecdmput at.Hemale, c ordded eHDTiDs essentially a di
of the real physical probl em.

The simul ati oA nutmoldiezZle soft hheh eb wiolmmer ci al G
realistically i nrpelceemevnetr tchhea rtarcatnesrmistttiecrs. T he
specific physical g @ cemesttrryu ca nudr dew botf enlt theedw abgat wi -
the simulated wavelets andwormldd as$ ulom eogpradieare atn
enhance the realism of the si mul at-énomi,r itchael
Peplinski mixing modeé&lL, 3wlkHehfr g Pulddimogl eflange
created in such a way derives dielectric pr
fraction, c¢clay fraction, bulk density, and v
di stributed using a fralct@adt esttoltdhastt ar dlor h
subsur f ace Beansveidr adnmretehtessnettiuopn eddat aset of syntt

igener at edt hpgh ywa rcyil n gcayrl @ mealtr a ecsad o folbg escursr ound
medi um. Simul ationkomongénmel@u$ wo osispcaécpeme et t r
where the soil has a;aman shted retr orgeelnaetoiuvsé smpe rl mif
a realistic model where soil properties var:
Pepl i nski mii ke nayo mpouwdted t.i on a l domaion .i3s8 dnef i n
0.3 2n 0 mhekwanadi recti on, wnepatical vel ycranidz a
m.Such high resolution is necesfsraggueinncyo rwae
propagati osncadnred ssomdl Ifhert erlogepappbessioig bou
reflecti démas i amgdasn de,d peormfae it | y( ANAH jceh eadp d laiyeec
to the edges of [tlhdeh e otmpmda awii rochaw pmariamet er
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the FDTD sol vesc@®&munesefbobheesacmuAati on,i &ancomp
adaptive approach basedAsesnat, hdadiehpuatr gded p tohb j it

fully captured without running the simulatio
The cylindrical objects are model ed as pe:
metallic objectdhwi kleyhii gipuntefplae @amiavier gedeh]

di ameter, and armrsglre elyetl weerns athlhen gt @ RIBIY jnvaa it yaixn
t hese par amet ercso Vv edraatgag edoi fveeprrseisteyn taendd par amet ¢
I n the case sofmuh sacte goanrt enemedddle das di edpadea i C
with a fixedwlpianlipe s imi Saictrgp s&Z1 t h es cgagisfeorra ttehde B
heterogemabasi ahr aceahr bgpexn dasastevned atsa i ¢ di st
soi l propertcesr allsd tBegd EmaBetealn gexmal atbBomr e
randgmiherated for sand fraction, clay fract
volumetric WwWad erardfgactiom &.hled. eDS5p&GEPHMetr er s a
2.92 ¢ %B6. §b¢annad. 00L 35r es pMarnteéohed ns.t achastic di
of materials within the soil i s cThret rnaulmbesd b
of materials wused f oer$ rtohne Ialatcasadd@ad ihs ttrriamuwsti it
i n soil properties.

The simul abegwngpBoAaaessacquisition where t
antenna is moved acr.Astse golfiei Gkbnsf aucses dirne elp2o0n ds
wi tthhe spati al s & mned-a dnrgb RliRInat tear svecarl i boefd i n s ubs:
Accordi ngdans 6r & generated ,fesubttC hgsmeatnea b
| engt h. oExp2ermm ment al a2 emd Banrg ishowsf ftihaitent f
di verasghey poefrsthalpeae O | escitmi o msfeotuon dt hwi t-vhd 3 RiRh e r e .
dathacor gihneglsyi mul at i otnh rporuogche sas sipteecricafitieeqdt fnar a
(0O. B, 95 mi ameDefsnmnd(ldngftegse netrlaey et het i ¢ dat
A tot &2lsyot h-88 aingseBhey attwd hr e pr eisnesnttaahttievset r at i 1
homogeneous and cloetdeptoepssesetodidd g dbel Z2hh6 acteri
of cylindrictahienebpeetasséed!| | aws: buri al dept
di ameter o&ng@l a5bent waend t he GPR survey | ine
of eBBboFm g2 r £6i t( agan be seen that the backgrou
constant dielectric permittivisthyapthr awdH cuwtt

clean and sharp without fading or Mom&e@ewnerc,ur
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the shape ofcatnheber epfelrefdettitoeny mdéeé s emiabedal mo d e
subsection 2.1. The aftdnegmemnsthalpeed ries | pads $iolm
a function of theiobgpeavdgtedepnid, ttheameot ¢Bs
Suabi mul ati on repr estehnet sc | awspeedriduer ceta |l emd n arcical r
an object is |l ocated in a nearly homogeneou:
dry, sifted sandete taé sctoboeodnbt betd, cbher bacl
heterogenzoanrs Boguridid.llka& (wWo)X h smaldcausedrec
by the fractal distribution of soil rpbredpaer t i
shaped reflelcaadront hhaosnmomte ne@o us solidckslhhteh g eifd
geometry requir edanfdoarr da npaetrhfeentatt ifciatl wmotdhe |sst.
by the complexity of the mategi mediamd ethede
that the heterogeneous model successfully mi
dat a. Such complex redwlbet¢tdi snd uat e oespetbhte @
consists of numer ous mat emi atlyspi miaX e du ntdeg gtr o
surveys.

Il n cases whesbapbd WdgpHlebsildadlanpe hedescr i
byanal yntoidsetdarladi ti-bneaati sgr met hods may f ai l t o
estimate the parameters of[ %Fericsydha shdhre,i c al
i mpl emenklmet bondef for the parameter estimati o
GPR data i sDEwmddmpddjell st afieedapabl e ofl ilneeaarrni n
features thamaocdenlaswhemaeashl]ly capture
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0 1 2
Distance (m) Distance (m)
(a) (b)
Fi guifbel nd.t afscyenst heti ¢ data generated Tlkeéeng g,
cylindrihaasl aolj aenet er of 0.15 m and is buri

e
a edb5orientation rel atTihee mubat hen@®PRepueseqgnt
environments: sow) ahelmatgieme opesr mi tti vity of 1
sobdsed Pemplt he ki mi xXi ng model
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DEEP LEARNI NG

The owvesaddrckhf |l ow i1 s structtuwetda gaes au tcoonmapt
framewolrthk s framework is specifically design:
underground infrastructure | ocated wiTthei n t h

i Il ustr dtriacme wepfrwenh e-i glumiet i8laalilays,eta c ewotrdidni ng
nstraeceuwtdieldi zilhtgi lai tGSSd an GCHRs yisst eetsd aaicbeh & isehved
o baustti mati on of underground timéresbyepgus @l e

-~

omkewedvor €dl daetaab ickagsnedd paoor |y genénalobdiemg tr
address thisi maolmat ed usyerdt H ent ipa whodrtll ael Bieldad tab r e
any model training prowaerdlud eGPB od @t & han d ctqlua
undergo necessanyr pameptr bcassohgt abd prosesst
devel oped system, the processed and prepare
detection al godeistchrmsbuebdsv@icrnc ihtohd rs&@ . d h aopft er . T h e
objective of this first stage i sshtaop eadu troenfialteicc
withimctameTdEet anodel s@aper evoamaated in order t

performing obj eAcftt ed emaer cdtsi, o nt hneo lideepteedc treedf | heycpt e
i sol ated and Thethet pytr ogfe stetigb.] feict stdedteadge o

provided in the forns of shosedi hg boeapcobbe dc o
t hescBan. More specificall-ghaped eaflhe dteitcer,t
segment i s extraectcad fbracmdt lbhen drhiegliemaln.e b a d

The absolute position along htehegppnocedlbr axi

vertical ar e a saibgonviefi indhderutelryd d £ ctt heonr esul ting
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the hypkRrapeod af eat ur e. I n this manner, the ex

structur al information necessary for accur at

Real-world ﬁm‘ \ ‘
GPR data *m ' Synthetic data

=/ eneration
acquisition &

Data preprocessing & annotation
Time-zero correction GIS-based labeling protocol
Exponential gain * Expert annotation control

.

Band-pass filtering + Target variable normalization

A 4

Detection & localization of hyperbola-shaped reflections

A 4

Estimation of underground infrastructure parameters

A 4 A A A 4 A A

Burial Pipeline Intersection

TWIT depth diameter angle - a

Fi gurFer a3melwlor kibeasleld system for the detection
shaped reflect-soas fHabm, GRRomg with t he e S
infrastructure descriptive parameters.

Geometric signatures isolated in this wa

second stage whHendeulielaimeeveprdkrga me tae mMmatdddei .mat i

The estimation of descriptive underground in
DL feature extraction backbone integrated wi
di ameter and intersexdmmplnegaimgyiseéroane prodvHé¢ etm, a t

optimized via a customSuweh gadrt ealp (MSEa d o sgu if due
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all ocate greater representational capacity t
i n this case, the pipeline diameter, and in
eval uation of t he iPLermomdenledarachiotsesc tnuurletsi p |
backbones, as described in subsection 3. 2. F
i snvestigated by directly comparmionrd dwidtahtcar ma
those trained on a eombsuobkti datrgemseelt yz g niare o/
to validate the opti manp btackatoan ec acmmd s igtuir aar .i

3. DetectiLomaland@&yliiomd roifc al
Obj ect s

Underground whiepnel s unressey ed watsi | hyzpsehrghposbdaR
featur es -awd d i plrhdefeialt Bsr .edsueapmearhe refl ecti on
EM waves from the piupeleidtress®;f feeqg etsledy t hde
objects of I nt eSienscte vimnattehidse treecd @ aarnchand | oc:
objects are of  csrtiatideaar|t ionmg cerctta ndceet,a ttiwao me d |
YoOnllpo®ce (YOLO),anRkReraSiindieat & €4t an s f o (DREET R) .
YOLOv1I1l is employedtaoeef ¢teameindsddedpahii loint ywi
comput at i onTah a devfafnicceide nccoyn v o | eunta bobnbaul s t b ahci kebr oanr ec
feature, exwthidet iadn t he $ame tOemegntbe mpihichiod
framewa®lk t he ot De&EMTRhand-at Rest isenif meohadeirs m:
capturanigenglependemaxiang ta@thbbaht @t Bmodel i ng
effective in distinguishing tshheapeampfleecaxt uac ers
surrowrdil mgi cAaclc olradyi enrgs .t o pr eavMigoou & & vhensse A o wh
strong capability in idennt fads[ihtdds hALBs cur
Ther efhcerye,ar e wes $idppetdeadn ase deqntiuziesgiotfhiimt e |
t hBscambal gorithms oshapéed hypatboéea precise
bounding boxes. Each boundi ngs hbaopxe dc of netaatiunrse ,
coordinates representing the horizontal and
andvTTr, respbhetrawl pbounding box coafdiemate dd:
in order to estimate the actual physical c ha
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advanclemeae maaen i n
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par i alc k
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FigB2%tructure
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hi gher

Sever al
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Input

 CEEEEEEEE—
Conv

firsusadéd gdOL Olwhdtc ht, hoef

ency,

v al

architectur al [
wi t h
onal bl

viil

tiitmeg e perl eesaesret e d
sthep YOeOwasl| ecnt tas®egnohi cant
bot h architecture
feature bette
i nE 6.8Ibhxe b f de tdenetritoovioe eascoct usr eade y
D & rhpee rYfOdrOma i ane mmoaelad uoaes t he

Bsaimeg t 2 2n%

net wor k
extraction,
and
ues
f ewer

par ameters comp:«

nnovat.i
2f a€BPk X)SSPansdattiha
patrraldtdr espditaagidar

ons support
si ze

wi t h

ker nel
ock

nehwwnki n2sFi gur e 3.

Output

Neck
Head

=I Detect |

Conv

if

Concat

C3K2

Conv

Concat

C3K2

di agram of the YOLOvVv11l networl
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The C2PSA component, for exampl e, I ntroduces
mechani sms. As a result, the model can focu:
i mage. Toget her, al | t he af or ementeiadruede c
representation and information processing, t
and interpret comp4.2]XT hwei 9 nalo vian fi mmmatriesul t ec
perfor mance, especially in scenarios involyv

objegéBPddi ti on, YOLOvI1I1I is also built with s
o f model s that rangéfifcomnsmahher versesounsce¢
i ntended efmamdhiagpipl i cations. YOLOvlltnat sonl
proves wuseful in several related tasks, i nc|
pose estimati ondetaem@i5ipban Astaeduonbfeetd framewo

solving diverse computer vVvision tasks within

3. ReXAil mBeet eclriamsf or mer

RTDETRan be seen as a rather didifreceentt a
i ntr ocad u-teieashet @ ntdr ans-bas emdr fkrlanmavwars way, t he ¢
l i mitations traditi obnaasledy aarseshadtifeactddwdroeesd ¢/dh D
However, this benefit c ol nmepsa ¢Wiitch edesglihgnn cphraa
original DETR architect ucrreafeleidmiannactdeosr miamed nn
suppr € NMIQomporbegyneélsy i migp aornt i t e ndautccehti-ooge t o p
predicitri edmtslityh.e ot her hand, in practice, sl ow
computati onal opastmi zandukrarn dsl3dhasdei expest
especially retsitmecdepleown®&me rreel@dmre,qumary . DET
have been proposed to overcome the aforement

The devel oipEdRt f ol | -RWe p a ptthveoefsisr. st step
processing speed without sacrificing detect
accuracy without saft8®Bljeiargc hpirtoeccetswsrien gi tsgpeele
pri mary component s, including a convoluti ong:
transformer decoder wag hs aeRwgu3i eT8e phyldriicd i et
and the -mhoemahi gqugry selection ar eDEToOR.si der
The hybrid encoder I s desi-ggmeaelde thoe aetixepceedsipt!ii on
i nscal e i nterastabes fasdd¢mk.50omssri atehrabnsy e
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menti,omeadhitectural separation enables effic
mai nt ahei mgdel 6s ability to capture both | oc
On the other h-andj mbhequecgrtseailecyion i mpr oy

object queries gr6odvhied etdr atnos ftohremedre cdoedcearder i s
predihcetatosner ef or e, It iteratively optimizes
classification | abel d 6&aBiyd abl o uorwdiinngg tbhoex acdo oursdt
|l ayer s, t h e-a cfcluerxa ebyf Bt ssapgepeodr t ©®©ET RN WHRi ch ena

adaptation to diverse computational constrai

Efficient Hybrid Encoder

CCFF
F5 E -g Output
O Tty 0 =
T o lgl B [=| B
o e B O |3 g |& GO
[ am 08 0-%- 0o
OO o 18] g 14 @
DOOOOOOO i R BE
| O |§| O O
s
54@ usion E E
33,/ — —

Position Embedding
Conv 3x3 s2

Input Backb Image Featwre
P Conv 1x1 sl

Object Query

Figu3r8cture di-RETRIMFobfdeéeheth®@F eads t enltiabaat u
i nteracti on, whi-$ealCEFfFeartfiee sf t®i cnoss

3.RBsti matndoear gpgrfmfumast ruct ur

Characteristics

| n orpdeerrf otrom esti mation of the unMdedngr ouno
scans, the output in the form of bounding b
al gorithmUsBsngedddreiewldd nregi ons of interest
signature from sBy noba ntdhagy g r e enkednettcebcnteends tr ke gi or
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adeep |l earning maedenlul daeamtieiiomastcit air eq f Th@rTa met et
buri al depth, pipelinet d@&PaRnestuerry, e ya nldi ctamea nadn g
be performeds setting, each croppe@asbapgmdnt
reflection and i s pairruegadh wiatbhe | cso nftoirn Ttlohues fgoruc

estimati on prsoccaens ss ergemMeinetss oonhaB are cropped
coordinates obbaecéddetuechgadremaghdsd esd eftyrp ee ¢
reflection, the correspondi ng csBeignnteen tt hies aebxst:
position along the vertical axisthlke gmgpperchamlt
shapeatur e, s uc ht aiinnfeodr nohu ri iomg T bsh er ewxat gr papcitt hegd
hy peaxsthalpedt ures preserve the spatial and str

nfrastructure characteristics estimati on.

DLmod el architectures utilized for simult.
nfrastructure are: BemseiNeit einXNalplv 2 wans e sN,A SIN

pretrainedar dackibloineed asl heatdee eEatsactesst
Y

retrained weights, specific formataneg apé
represent-edamselsi hgd &®yscal e) data arrays. Si
expectchtammeed ( RGB) -d mprunel,s dampenesditnpglliec at ed &
channel s. Restricting the network input to
di mensi onal mismatch at the initial convol ut
of the pretrai.neurtetaga umer & g dthlaes e@xtemd st endi sB

to match the specific impdal saraplei tpheoetewrtae.l ml
mu lvtair i abl e wr epattdeemaenti oned model s, a cust
i mpl emengteadn damac emaoa gplictmdddesbagred t-wvalowe g ut
par ametuerhs . a modi ficatsiomulalalnoewsuas ffroerst t meée i
undergroundchafaaféediDdescoe®m moide | c dreddahsee d
foll esewigmnghageghfobal average bavéer hgtodn® efcGlreR I
(FC)r adhyepout aldayen onaht RE bayPphgwidnEEra l

| ayeeacsbnt ain W2& hreeurexcns f(Reldbddt inktatniccumTohe
dropout r e awlpdwiiidzdat a onat s of 0.3 in order t
over fitftdlnlgerwiTrh@eyrsoifst64 neaReolnW adftthmati on.
Finahd yguttput | ayer we amtlainrearf actwihnnecahmdiise § un
t hsei mul t aneous$ hfeccwyrr etas riagneett T@frasu c t ucrues toofm tnhoed e |
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headhiosvn i 84, Fiwdm il @v ear v hdeee pofl ear ni ng model a

provided in the following subsections.

Deep learning model
architecture (backbone)

( Garp |

( Fc (1235 +ReLU |

(FC (128)~ReLU |

[ Dro‘pout ]

[ Fc (64) + ReLU ]

[Output (4)+1inear]
Figu4®t r3uct utbe custom model head 1 mpl ement e
architect wraes afbdre melgtriessi on. This design er
underground infrastructure characterjsamndgs s
the angle between GPR survey I|line and the pi

3. DehseNet

Il n 2016, [HuBapntgr ceducadd t he dense cohlel ut i c

net work offers several advant ages: It all ev
feature propagati on, encourages feathhe reu
aforementioned is possible due to the dense
to receive direct input from all preceding I
| ayers ffionr vmaarfdeemdlanner . T hwes dfemrs edicroemmtecd ¢ oes
from the | oss function and originall54s]iTdnal t

way, the training atiarhpr oDiuged .4 md t dv@n vhe rgghe necfef
robustness to overfitting, ar chiatslkhsd usrter uct L

of a deep DenseNet modsehlowni tihn5 tFhirgeuer ed e3n.s e bl
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Input

Conv

Dense Block 1

Poolizg
)
@ Dense Block 2 @
e &REF |

Output

PO(;iing |

Dense Block 3

FigusSrBotfurae deep DenseNet Twahbithopel dgase,
bet ween two adjacent bl ocks, change the siz
convolution and pooling operators.

3. Xc2ption

The Xception architp2ploei pespasseudbdyarchio
i n depptelpvaicadalvel uti ons by ref or mulhaa nionwa ttihcen |
ut il i zess edpeapctahbwiesleut i ons as the fundament al
modul es are replaced by depthwise <colmvwol ut i
subseqgaemptoi bt wi se convolution combines info

dept hwi s e convolution perfor ms spatirThek fil

underlying hypothebBasnalssameésspatitalcrosesrel a
can be fulTlye deéemptutpwiesle separabl e convolutio
compl exi ty, | owers computational cost, and
equi valent or [p6.¢RTtoerf apceirlfiotramiaencger adi ent f 1l o
configurations, the architecture also incor
convolutional bl ocks. Considering the afore
s

ui tableibaos a&appticaguire a balance between

Thetructure afchnt Xcepkiegpgmise sh.obvn 1 n
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Entry flow

Input

Conv 32, 3x3, stride =2x2
RelU
!
Conv 64, 3x3
RelU

A A
l SeparableConv 128, 3x3 |
!

Conv 1x1
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SeparableConv 128, 3x3
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o+

¥
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RelU
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RelU

SeparableConv 728, 353

¥

Conv 1x1
stride = 232
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RelU

SeparableConv 728, 3x3

[ MaxPooling 3x3, stride=2x2 |

o+

19x19x 728 feature maps

Figué® rcotfmXeepti on
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Middle flow

Exit flow

Al ¢ hictoemwtod rue i

19x%19x728 feature maps

Y

RelLU

SeparableConv 728, 3x3

¥

RelLU

SeparableConv 728, 3x3

RelU

SeparableConv 728, 313

=

19x%19x728 feature maps

Repeated 8 times

19%19x 728 feature maps

stride

r

Conv 1x1
ide = 2x2

A 4
RelU
SeparableConv 728, 3x3
!

RelU
SeparableConv 1024, 3x3

[ MaxPooling 3x3, stnde =2x2 |

o+

ar ab & ot¢olr onvead d alpg i o n

NAS Ne t

Zoph

i rect

i gh

einf
el |
Bres

y

ented i

on

opt.i

n Fi

mA 0

gur e

SeparableConv 1536, 3x3
ReLU

SeparableConv 2048, 3x3
ReLU

+
Output

on

comput altampeal ecdat dad bbBeamudthor s

and

[elt 3p8a]k s enn taepdp hasabuctho nat | scmbd gl daschnt ec
t e irmdemt rassle ta rod hii tnd cetcuara® Wwieedsoc b h e |

empl oy e

da&til dsetonb afhoer eCltFrABRn s f er

7.

orcemeaded emagan iy al gor i tthhmemsstareonseldut i
swirulkct mraspr edefhe edASNatr cair cstpiatceect ur e
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>
Q
=
g
=
o
Z
ImageNet
Architecture
Input
[ Conv 3x3, stride 2 ]
[ Reduction Cell ] x2
x N

Reduction Cell

S
-

Reduction Cell

—
__

Output

Reduction Cell

Figur@vearview of the -DNAS&eén dddiead &b lgadtehght
| mageNethi tenf ugamrd tti loen s torputciNinueBlA&doofn vtohleut i 0 n &
cewi $ h B =or5 ghiludoednkiosyCfl iFedd® .
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I n order to maxi mize performance and comp

mechani sm systematically analyzes architect
types of modul es: nor mal cells, wbekhsprwebic
perform downs]l@amahismhger abl e convolutional <cell

net works with different depth®dgBEhepreff oremana
benefit from the NASNet model desi gn.

3. Ef4 1 cient Net V2

Tan anhdlMleroduced the EfficientNetV2 f ami
parameter efficiency and f-awakAeSvt topitmnimmgedy
scaling Byrianelgu eM8nCgpo fkmwosbed e i nverted bottl e
bl ocks in addition to traditional MBConv bl o
trainitrngeg training ef fRusM&Convcamrpbaceéesnct bas
pointwise decomposition with a single regul a
more efficiently on modern adtel oevatraldd when
the Effi-ciehaNgetWwraychogecher with the-desig
MBConv bl ockki gulTehle3.wm oigmessi ve | earning mec
i ncreases image resolution and regularizatio
model to |l earn from smaller, | ess regularize
[ LlO7EfficientNetV2 is therefore appropriate

and rapid model deployment are essenti al
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Input
Fused-MBConv E
H, W, 4C ) .
MB-Conv4 3x3
MB-Conv4 3x3
E MB-Conv6 3x3
L HLwWC L l J
[ MB-Conv6 3x3
Output
Fi gu8®t rSuctures of -Lt h(el alEfgfei)c iaerncthNetteMe2t ur e,
t he MBConv-MBGaonWwubleaodcks.

4 layers

7 layers

7 layers

10 layers

19 layers

25 layers

7 layers
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For statiohaergtatgsaisalr amabmspteant at hpo w

t he
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thro
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ti me
t at
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i gn
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i gn
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i nfo

I i mi

entire obsecgathastpam odary signal refe
i sti cdla omrea phrigmeeasr i ati ons i n statistica
ugh differsemndh céharampkertaeadecd | uctuation
|l ati ons, or the preseht&hef ecfuoch ewomladéd s pe
anlcd GPRNngat ast atriacnmamyg b eshierrg Ik e rcuol mpion e nt

si-mgrheonent signal I's defined by one ins
, wWith chirp signa&ns tsher witrheg oardp aan étnyt prindoar
ionary signals consist of multiple si mul
i ng . Theqaéocgmenti oned factors significsz:
al analysis and interpretation. As a r es:s
rating and tracki ng oflvheer |naapipni ndyr acwobmapcokn ea
al , asachsiastr ahefi @dmner iienrh eorfefntb ettrwvaedeen t i n
usmdyknewn ( Hei s év@dleog [I2.3milth) ot her wor ds
rmati ooeiitsheresthe cttiede td o maihre @rf otrreenefnrtd c

ttcamni e particul ardogmpamdsittatmadoinamn i o B s malat

i n which the starting point and durafl.éh of
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Il n o rodveerr ctoonteh atlhl &edhddhsasyr,e i megemdwhedc h all ow sim
|l ocali zation of signal [f2&hutrlissi ah&dpt adr f i tmkee
of -spbati onary aspege s.bw ttadnéh t ysi & nT FgOisa dOmahteincd s

cl ass.

4. Wi gn\weirlDI st ri buti on

A odiemensi edmoardai tniimecgmalbe mapp-ddméns$ioomalt
tifmeequdicgpresent atWi grvéd diengditsh e[i DluKati oins ( W
considered aBF@at hCormdeamdmiwd/ Iaisss .o bityap pletgh e g
Fouri er ttd heisdmanmdtsant aneousfuawt o omi.8BElédaR)i on

stanbarder tofasnisdgindailgi velnl:®bly
Y'Q i 0 i 0Q Q& g

The dfAFt hé 0si ghath correlates the signal wit
aroundwittiméta ekpg e$slietd

t L ’ 1 T rz \ T
o ot i 06 —i°"0 —nh 8
C C

wheire@represents the c¢ompliexAcccoonrjduignagtley so ft hteh
definehee &Fxourier transform of 1B8Bhe | AF with re

® 0’0 NQ i o giz o %‘Q 0B &

Mat hemmanopgeart debys ahersesldMhresser v atmeomnaf fr equ
mar gsjitniankend frebuébhcyaglvabalgnemer gynd frequenc)
i nstantaneauwmgr 6up{ddioene,ver, it i's i mportant
t WévD does not -rseagdtsifwi ttyle eamnds mcprporsesstshiaatne pr o f
desirabl eud otro TtFhDem tquddedker aMvViDc f or mul ati on, t he
al so knowtnhe ranss , c raorsé€sr @ sesr enrsa toecdc. ur centrally L
component st,erimse T FAr maputthoe e nt at rcooompmfnenh e smghai
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oscill ate perpendicul af 4.8]oT hteh er altien eo f c otnhnee ca
oscillation i 3 HRprsapaonrctei donea |weteoh etrifasc h nd et att & ¢

mani fest adg efranst ébred weerems di st i nc-tecommpoaaestd
nolni near frequency modul afThevnewak bt enaesohgt
terms can cretahweesdaflfiouketpeesetani on of compl
smoothing the WVD wutili,bengelt htelueh cu rntveanrn tnegd fcu

terms can [bkd4d]Jattenuated

4. 2moot hed and Nseéluado Wi gne

Di stri buti ons

Thesemdo -Wilgher di st r iibsluetriibvppd(r PWV D) ng ¢t he
procedure used for the WVD, but Jiutnk@ti toem add
t o Itahge var ilaAJH7es]ionfc et haep pvli ynicmogv he | ag domai n i ¢

smoothing the distribution in the-tétremguemay
oscill ate al on[g4.6]lAe cfor eRyW\gD ¢iys adhediSilned as

¥ e o~ o T T ,

0 WwohQ QTIOEI OEQ QB 18
While the PWVD swpgrnéedsads nfgr e quendyi em s, It
oscillating i[n2.Fhethéemmode recheoapplicati on

the frequency r-eeplfmtth eomatoifc atlhepraouwtear t i es s a
include r-eaaldnéss puttihmeg nvari ance, pr a@gdeorbwdti o
energy, time support, instantphdpus frequenc

Il n order to addr esesr msh eo fr dimai nfHMOODEL hireas sp ¢
Wi gsWwerd | e distriibututdiyl i(ZpdPdNdDdluci ngsemoobldidngi
wi ndQowi ndepemode®nthi ng in both ti machlin@héd eque
SPWVIDex pr e$ 387 d

5 e ’ Lo , ©n , \ ’ y T rz Ja T s e, D
YO 0w 6iQ Qft Q6 oi o El o) EQOQ QB ™®
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By adjusti agdt Bdrfa ptelmag tissandtoOwesne i s abl e to c
smoothing in the frequencly8.5nikltIlt eodhde daoimad n s
bet ween the 4{evels aihdt i &f ercargeusesinl ctyiMw ge estmiv et ,i otnh
SPWV®at iksdy emat hpernoapteirctailes suc-lands frefubeeasy,
i nvararaghlcoebmé wdyplreoivirgp duced i[n4t9d]o we v etmhcee t i me

s mootchaiunsges t he rmarsgi mdl tdared ttiime support pro

4. Beduced | nltienfef eqaeaaney

Di stri buti ons

Unl the SPWVD, which applies sepadaroaklaen s m
di stri buutiiolni adgBspPgh dent whereet he smoot hing i ¢
tidmag variable ratha2®&8uthaantappsogohl chasgests
i ntroduceTdFrieptres ¢imeatt h@®@nambi gaeaptigrsigghnetmati wo,
di mensi onal Fourierherassim®d misarjildy mali WWD, whi

i's equivalent to a rectanguagard dsimaoisont.0 p @ g a twii

effectively averages the | AF over th[e5:71]Jag in

$s

6 0 @HQ L i 6 iizo - QdQ QB 1K)
SIS S

$s
The BJD atteneatmss stlgemi €Erocasatl y, espe<cially
ter[nbs6 ] The ability to reduce interference whi
boundaries is consi derMat hae nkaetyi caadlv apnrt capgeer toife
BJD are reahdesspghiué&meynvariance, preservat |

mar gi qmlad mgkrignys,t ant aneous fregqumencsyuppeprdyp fd

support, and r[edd]lced interference

The next di stributi on hazh aAd iFNbasrdk si nd itshtirsi bn
( ZAMD) , al so kmhvwampeas di se.rcbDmei dAMDCIBY) obt :
smoothing the BJD i hhea hai 9trreigluwethiE oenp deensteanrt gaa s
throug# hapeadn&er nel -lded idonEE@gmp & hoe & PhVevhe ,
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t he ZWMes -sae pnaorna b | el ikmdirinee |s mtohoathi ng of the 1,
regi ongswddFgehway,he distribution etfdrems i wkillye
preserving the finiThet DA#lesagp@adr3t] of the si

$s

%o 0 ahQ Qft )

N —+
o

I

o

@)

[oV)

—

pe

The ZAMD satisfies sepvreorpaelirnakestiah oo exsasnhde ma tmie

freqwemndy | nvaup @orote, mammpednuacle d i[nltdelr f er enc e

The ®@Whobiiams distrabuoedomded CHDENdes di str
utilizes an exponesepal alkleelnaeg , d[dw2dknceh MEVED n o n
kernel jointly depends on both the time and
and frequency smPartdhieagemoo! posisdlet stamremscr os
attenuat itoenr nasn dr [egsudt] bunt i cotnher Gworedsls dHek begernr
but | ess interferencleheatG\V¥Dndaffildhehd and vi ce

— T ,
0 wOMhQ — Q i 0 EI 0 EQOQ QB &

Unli ke the SPWVD and ZAMD, the CWD is desi
Accor gsiompadl yoef mat hemati cal pr operecta lense-sssad itsifme
freqgwpein dy i nvari ance, preservatgbobwmBr gtyi,me
i nstantaneous f riemwermntaigldi lgietdyu,p e d e1i@\d yneortfaebrleen c
l i mitation arises when the signal contains
support s, intehmchntaeséecerossef Seginicy massidan
of -t owqguentceyr mg pideey etdhe sl ow attenuation of t

t he -taeurtnos may be distorted adlatcdmrsegqurearcoyge r
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4. Rl nfFer equRaeagiyesent ati-ons o0

scans

|l bhis secti ohFDLehamppd i®ldad s GHRudarAsd. dRaet aal
are cons-stdartednaoy duecéepeoenddart ¢aie s edumiplyieoxn
Subsumefdaicac her ef ore, byditmamsi omal TAL drheihm,n e
addi tpiodrealt i aslpleyf tewast@uverues. ener gy |l ocalization
over ctainmeb)e extractedThefeematcuaree shei gmpihbgadat a
t heesti mati on of wunder gr ouThdB-sicnafnr asshtorwncltiunr eF icg
cont aihrei Mmogy-peapod as, efilseautsieadn f or Hbwe®We€rf pepr es
furthernprepl gseéssieqgi red to enhance sas gnal
descri bed AidrdiGh copntadrb yZI.F Pr it dhrap iHi dtbieom t r ansf c
i n otradketrai n the correspandionag Uaerda lryetpirce seing rad
readl uedaA that contains no .Mbgsaspgrparcee sfsriemggu esn
I's essent rtaylp ef odri SMirgokeurti it@nmssduipfpatetodime gdt i v e
freqguency Tcoo nmpuorntehnetrs .condi ti on the data prior
scans a@aeeateeped and tapered LUBWNnYapeplluikeadyi ovi
(smoothly attenuating the first and | ast 5%
artiFarcttshe TFDs requiring independent smoot
CWD), Hammi ingt iwliTihzto dv.e mpeprealt raand wi ndow si zes
scaltelde tmear esttofoadrddlp Tn t reqgepAstdii tviedkyat hgl whet
parameoerthe CWD is stedr mosBdpheeseBh ol ngr d&:
are afnerwat dged,TFnaglpuensga braeerwege n 0 atnod 1 i
ensure stable feature extraction by the hybr

- ® HQ & Qw

® A ——— —— h @ i p T
: a W a Q

wh e e WQi s t he MAdFEDmanaindaute omd ¢ bou MO
represent §FDheadatraiigitnhael s aammédQaoo s a hdd oo

are the minimum and maxi mum val u®lsfeoclolmpwitnegd
analdemesnstt reotmep u taantdi ocno mp ar & b roni| inhcFeD s WV D,
PWVD, SPWVD, BJD, , ZAMDshaud. a8 WA4s. 2 he f undame
di stribution of CBhegubess c Hpa doav,iadhebse 4t WD )hi g h e s
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TH esolutionrepremenihteteclédgm be seen that the
| ocali zationsbapeterbdfypbecbioba €86nnmhaabsappn
with the center frequency near 350 MHz. Howe
t erms ar eetgweneenr ad cerdp don eByt sa pd | yihreg sa gwmiand ow
|l ag variabl e of( Fi lgeirleAF 4s tlthe eashSiV . |12y )arnt me nu a
that oscill ate al ongheé htei e erqeuseonlcwt faxn sr.e mditr
resol ut ter mef iasutsd i ghttlo tdleeg oVBMIEE.d lemo mdar et h e
preserves the sharp -sdheafpiendi td perx 6bsh tatrdrei uvdayrpcet ri
addi ti osnmdotthiimei nwitnldeo wSP WVAD. 1cFiamudesd.l 2cs) i n
i ndependent smoothing in both 4tkems$i meeanmdn
entirely supprreepsrseesde nitmme i menod®Fhi ng comes at

bl urring wtfi arh.e Adcicsotrrdibngl y, the sharp edge

potentially masking spectral features necess
TheBJD (&4 .glud eameévéakld) a horizontal smoot hing
suppresgsrmsoswhi l e preserving time support

boundari eeprEseatmbnenvertical det ai Dueompar
to asbapeddé&reirmed -1 agtdemai mecFutrgnde. 1Z2AMDNd 4. 2
provides a balanced-teaomprsaunipsy etsesd mwe emdde AUE o
From t he preepsreensteend alafhohe seen t hat-s ZeAavitDi ned i |
effect observed in oFheayV Isynoiobhihzidngli anrebpo
function in the ambiguity dtomai @QWERgdntlefo lalnedd

4. Aafchhi eves a balanced result. The distribut

terms atwhihlee s@&mertviimg -tehar porcadutzat i on t han
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WVD

Frequency (MHz)

Time (s) X 10
(@
SPWVD
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. 800
:,E
3; 600
% 400
i
200
00 1 2 3
Time (s) < 10®
(c)
ZAMD
1000
g
§ 600
= w0
&
200
00 1 2 3
Time (s) 10
(e
Fi gurTé D4&. DAFs ctahoneq u i ade ds taatn c e
SPWVD, (d) BJD, (
wihit n tshcea nA at 24 . 4

PWVD

x 10 x 10°
15 6
< 5
D= &
)
g 3
g
3 3 2
1
0 0
Time (s) X 10°
(b)
< 10° BJD 10
6 6
5 e 5
N
4 % 4
z
3 § 3
g
2 = 2
1 1
0
Time (s) w0
(d)
}%100 CWD
6
5 N
s
4 e
2
3 5 |
g
I et
] 200
% 1 2 3
Time (s) X ]0-8
()

e
0

)

n

of (&) OWVERt e Is)

P W

Z AMD ,-s haanpde d( fr)e fAVWeDcg i Tohne (F

anoseconds, whi ch
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D
1500 PWVD <10
1000 e
5
800 2
) ) 4
2 600 Ls 2
= > 3
2 2
5 5
= 400 1 =S A
L 2] 2
&5 =3
200 0.5 |
0 0 0 1 ) 2 3
Time (5) x 10 Time (s) . 10-8
(@ (b)
SPWVD 10° BJD o
1000
5 5
800
= oo 4
= =
< 600 3 = 5
5 5
o 23
200 1 1
0 0 0 1 ) 2 3 0
Time (s) 10 Time (s) x10®
(c) (d)
ZAMD %100 CWD <10°
1000
5
5
T 4 =
Z 600 2 .
& 3 oy
5 ' 5
= 40 =2 X 5
p 2 o N
&8 =
200 ] 1
% 0 % 1 2 300
Time (s) X 10 Time (s) 5 ]0-8
(e) (f)

Fi gu2TeFDbst heschan acaduisrteadncaet of 2.5 meter s: (@
SPWVD, (d) BJD, (e) ZAMDOht abobHgytphe rs@hidpae dT h e
refl ectswin ha pgpotad@b@manoseconds
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DEEP L EARBA SNESD
SYSTEHEMRESTI MATI NG
UNDERGROUND
NFRASTRUCTURE
PARAMETERS

This chapter deschbhadeds ft ha&mewaorpko seeas iDgn e c
baseline estimation of wunder ¢greonudn doiipneflrianset rrue
the preliminary detectsbapandrledbelsBaancGPRr o
dathAdt er wards, thas s stbd att lead aareeh earessehdi rhbescst ur e
attent i-omecstpraatli of usi Fmwshnlempyor derf CAu@S tth@reougt
mu kdtoima i n char astani sdtaiteag r lkotfhiedB nstdruthd tanrcehd a
architecture. Branch 1 onpygspirmppepseds&@PRROEB s
formatted to a structural shape of (HwhWch3)
can wutilize any sui tAbl éeéheosameuttiioneal bbaanl
spectr al domain by pasodi (d2DFD$4wi t6,a 19di men
featureTexsymathesi ze the indepehdglety elad purres e
vechoienst egr atreamst siveaan daodhy na mi cmogdaullbed f usedn mul
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domain fadterevararse processed by a custom r ec
estimates four descriptive parameters of un
pipeline diameterThaogois#®uabbeevotrikon sandlleastr
5. 1.

1
1
I
A 4

Detection & localization of hyperbola-shaped reflections

*a

Cross-attention spatio-spectral
fusion network (CASS-Fusion)

; \ .

Spatial domain Spectral domain
Cropped GPR B-scans TFDs
Shape: (H, W, 3) ) Shape: (120, 64, 64, 1)
Branch 1 Branch 2
A 4 A 4

N ™\

Spatial feature Spectral feature
extractor extractor
J J

P ——

Cross-attention & dynamic
gated fusion

Estimation of underground
infrastructure parameters

Custom regression head

Burial Pipeline Intersection

TWTT depth diameter angle - «

FigurBhéeé.dropamewdor k for undergroandhinghtesh
t e

[
h -haomain BpaBosahtospewldFrDsl vi a-Ftulee oQASIRt wor
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5.RropCysoftst ent | eSrp et atailo

Fusi on Net wor k

ThE€ASBusinen wiosa Kk mdlotmai n DL framework for
esti maftoiuorn uonfder ground infrastructure descrif
from two compl ementary repr esentsataino ndsataoaf, tah
sequence of TFDs c¢comptwtceadh sf rwam hti me ctahme.d icW hodouy
motivatidmmbomn dwal on i s grounded in the ph

shaped r[ed.1l]elcdec @dBn sdat a encodes the geemetric

shaped rredlwhitclmndescri ptievset i pnaart ®&rde tbheyr sa csapa
extr BBowever, the estiibmaniitend per ft hremasmpad i al d
al one, since some, potentially i mportant f
characteristics such as resonance patterns a
i n tshceanB pi Y&SI0]VEDsegsbyt mjeoprnets eTnR icnogstcamt o f
expose spectral features and provide inforn
i ndependent of t h[e9.8s]d &teiFdIA EBenp cneestgnnsriks | oh a

feature extr ascctaonrs ,p rao c3eB scoangvi oBl euctt ii(odBriadllS AMSAT M
spectral feature extract o-hepdoactetsesnstnigo nT FDI  osce
comput ess psapteicatlr adtt ended representations by
spati al ma p , and a dynamic gated fusi-on me«
attended representat i omo nwnietght ii abrndeit reecg r esspsait oi ne
[10,20,21,8 2]6

A visual representation of t Heusdatna npertemoa
i's shomwhi guhe DHpputascanacBopped according t
the detected anshapedliektdebypenbasadbschi bese
resized to the fixed spati al di mensions requ
within thbhighlugddan tté@xtnAasitieephi n tshcea nc,r ogpgcehd
vertical column of éadam, car s eggbnad 9 Ditwda v ;é ot
recording the amplitudsevoefr atltheofr ewhlieccht eadr eE M
magni fi.edEawibeawh wi t hi n-stclaen ¢ sopepxeedd aBt ed as
processed i ndependelnhd yn u miseravmagfu tefs ni$ trtsaomt e D .
i nstdaenpceendi ng on the widshapfkeiiillkretde®mnect ed h
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Full B-scan detection Cropped B-scan &
[ & localization ] :> [ A-scan analysis ] I:> [ TFDs J

Figurva sbua2l representation of th€udaba meé war
The workfl ow i-sshbd pmpa ke sr ehfylpeeathiodms t-9c pmnodiuace
branch 1, while at the s amnsecansmei netxab rTaFoDcsih nf@o.

I n order to produce a fixed | ength sequen
t hescAan segymmeecisardppredpadaded to alfi xed |
If momé20hdAans ar,¢ hav & xleaolsveeids equal ly from b
right ends of t he seeguwemcse.arlef afveawdrabti Ran z
symmetricall ynobobtoh &0 as @ &l so f-s ht ahpee dhryfpeea i buod ea
at approximately t h-el eampnenhef splae i rads slatmiph g
ot hGGPR wusedesniast ibth@G tsp amceet, e whait chh he fi xed I nput
12 0-s Aacnosr r e s o npdhsy sti @ a | u rmmediyh ee ¥wiiemnetd wo fdes i g

provides flexibility for use with GPR device
Utilizing a device wihbtaesemplt elngrwichd semlyvtae ,
in a configuration whppeosi tTiIFDrs vesdtoduip ryw iterhaeorwly, 2 @
t hearamng popaddieadh.s zenadlilgawsatrienor gy sitgesmg r o
with different spatial r essaonteu 4fie oxigesdht o nipetr s
After the TFD f esrc aemasc hi noft hteheselg2ulenke i s <co
together agighdwmsiare toHfe the illustration. E
resol utiond odsi@dg bilinear i nt ercphoa nanteilo na rarna

Structurally, the 120 generated TFDs are st
stacking process produces the (120, 64, 614,

CASBSusion architectur e.
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Twout puts are extracted from the spatial
aspati al feature mWp ) @i daghl dotbhad d splwaople pofor ( M, el
single vector that encsod@&bBeampluenma slga ywdmr o b e u
of the pr daucsdeod Gl &wmonr ki ni gFhi eg usr pee c5t. r3a | branc

the TFD sequence through a hierarchical arch

~—+

he THosi tion spaoceoblsditihngm8Dwwmel s sequenti a
crossam posi ti obBisL YT9Nhse.g i sppat ke@nsor of shap
ccepted by the 3D CNNcamwo lputoicersale dbltdialosi,g h
atter niB@drcvhND r mR e LibveatxiPormo | Tineg 3tDh.r ee di mensi o
D convol wixit@matolsési t emga@amalaxA s and both spat

w T 9 9

mage sSi mulAsandlbreesshwlatw,os Wclcearsd updtyt erns t hat

across nesgabopbeagt Aons and &otobesvinhbethE pl
practice of increasing representational dept
doubMieesh eacho6dIl@8Ra.t(c32 nor mal i zat i oanl aayfetrer €
nor mat hazcetsi vati osacdricsts itblue i bat ch di mensi on.

pphnhneasymmetri c ptolodr eshyz eprods grlyv,i M2@A-st2hhen r e s
osi Ki.Bmi sa waAscabsi 3idoentsgiawded | e t he spati al
each TFD image ané t®dwBEedh faomadgrmmettrsi c ha
physdicsatlibnecttwieoemm t he TBRDAMusE stmpatin eant sa.8 qWheinltda atlf

T Q

axis must remain uncompressed to support dee
the spatial TFD axes under goo rdpsmmedncstiroan a | fi et ayt
Foll owing the 3D CNN, the output t eatismmea of
d stributed wrapper, -lwalyiech | apglelpie e g e thtiséc \asnda me e
posi.tibirrssdi st a iflbauttecdhe d laypes each spati al vV ol
third convolutional bl ock into a flat wvector
channels into a singd@&m.lDheeportserntadvi ohFPper
within the I mage c ocamtiafifnesr epnhty sTiFc arl e gmeoannsi negyn ¢
characteristics. Therefore, flattening pres
proj ag@omtileelarn which shpheat die diamregliiovna r faonrd o |
the regre3beoRCt hangert s fioncgamwitrhege rtelbdy-aflvlaaatetne s |
wei ghted combinati omBebhgaconstataioned tathee

as interchangeabl e, as gl obal pooling assume
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/ Spatial domain

Cropped GPR B-scans
Shapc: (H, W, 3}

Branch 1 l

Spectral domain
TFDs
Shape: (120, 64, 64, 1)

l Branch 2

Multi-head cross-attention block

FC(512) + ReLU |

»|  FC@56)RelU |
* Spatial residual

v
Add

v

|
(
(
[Lrcese  tinear
(
(

> Concatenate ]

[ Fc@s6) +sigmoid |

i Spatial feature extractor % Spectral feature extractor ",
o N A 2
: o : P v Conv3D 32, 3x3x3 5
A 4 A 4 [ Time distributed — Batch normalization
: H H Flatten H
: [ Spatial ] [ Global pool ] : : 3 J RelLU :
H feature map : : . ¥ :
: I Time distributed — i
H S FC (256) + ReLU [ MaxPoolzD222 | E
= ST . ¥ ¥ :
2 [UOTTIPRN S [ Layer normalization ] Conv3D 64, 3x3x3

4 & A 4 - ¥ Batch normalization
~ | S : :
A Reshape ] [ BIiLSTM (128) ] ReLU ;
ZE (HxW,C) H v ¥
S fl: [ mistmazsy [ Maxpoosp 222 ] i
Z| i Fcese+ Fease+ |t | | v
= lingar linear | Conv3D 128, 3x3x3
‘?) Spatial TFD Batch normalization
g projection projection L RelLU :
5 [ ‘;/1 Iti head attenti ‘ ] y
A ulti head attention : [ MmaxpoosD122 ] i

i v i :
— H ., N

g Add ] B
-~ H F s smssaEEs s eI EEE s EEES A IEEEEEEssEEEEESEEEEEEEEEEEEEED [
3| L
% . Layer normalization ..‘._ ................................................................ ,...’

1 : y %
=Nl t o :
<
=9
v
=]

5]
=
=
)

s

7
vl
w
)

-

(@]

FETTITTCTT T TTTITLLTILYS CELTILEIE I
o *

\

: — *Gate :
: Layer normalization ] :
i [ gate X attention_features + (1 — gate) X spatial_residual ] :
: Global average ._.'
pooling 1D T e e eeeeanae
Aertion R :
s, features — R v .,
. ot R - %
tereeesssessmmrrmresmmrererreenn. . ; [Tc@o ru ) 2
2 < i
[ Dropout 0.4 ] g
: EZEH
: oL
: [ rcazg)+reu | gﬂ
[ Dropout 0.3 ] g E
\ '._.‘ [ Output (4) + linear ] O:" : /
Figur8tbhudture of 4daheéept opmeostgraatlr offusissiioonn ) ( C
net wor k, Il Tustrating the parall e-heagatrirats:
attention block, the dynamic gat ehde afduusi on me
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A tddmetri buted FC | ayer with 256 neurons and
each fl atteneddivreecntsoironiant Tofhea tF2Cs @p rsop éeeed .i 0 n
pur poses sidmuretnanresatadtliot v n o erpp ecte nlteaskn g no fan d

a nloinneagpetcasftki c transformation that maps r

representation space sWAinhabmael featsequeayeal
the 256 feature di mepratiiposidgt owarcthi md the Bi
di stribution fromTwoidtaanlgeduBi b§TMrlaanemsg,.
units per direction, are applied seHacemti al
bidirectional wrapper cofldateenatoens LISHTeM @auwtdp u
directi ovini c 8T Ma oz2thi@men Liud palltatveod ot hec 80 A
posi.Biodltesy er s preserve the afl3uG patoiua lprug tolseéertqiue
than returning only the final state. Process
to use futusedefootmmatti ¢m) gli@esencodisngahdf v
This process enables the dadamdetnr ys t asfthalpyeder be
featat Beornltyhatnhe | ocal history. The output of
i nput tattkRetcoonsd| wadkli.n the hybrid m

The @toesnti on block i mplements a single t
spectral TFD features are for mut bsgpead iaad o uweert
extractor) are formul at ed asdokneayisn aantdt evnat!i uoens
each sefgpaoasketion to selectively aggregate r ¢
scan. Before the attention computations, bot
subspace of dimension R2&épewtech [Isneahipved
projected spati al seqguence serves as both t

attention operationprolfletcboi des «ofonai st erta
for mulTO®FO®n pr ojeeacrtnisomee ctiddkc remapping of the
ithbhe queryisthompader,e representation used in

Theul#dtdad ameéeemamiosm i s c onfkiegyu rde dom&ndisti ho nd
and an attentionTheoplhwusi cak ei ofeOpdetati on
positions computes a soft weighted combinat
weights reflect the compatibibkictyny pbesweéewont b
spdtifaeatures at esaccahm.il o caway . ont h ec anhrdieiBa ti s a
freqguency conteingeaitdfiaonphar thiyyeleadro iwa ft Ihe ctthieo n
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corresponsdhapfe stghdel balamemt hat posc &Fmwodh oiwn ngh -
the attention computat-pooncesgsgiamgTahredt teemah omd
resi dual connection addcsd adhk toa itgher adt tTdrDt iqa
ensures the original spectral feadwriesg ae &r Ip
trailnayner. nor malaipzpdaticiecors si st he 2 9 6 Fof eeaxt puarned dai nm
r{eProject t he whoe &Ca I tahyee pFaleResutraoniist ldJc t i vaanaon

t he s ec2dombe uwiothls naacatdi yaa tei catpo | & aecdhs pdp d gnilet i3dNn s .

The 1 mpl emeihntévaa i mes iodfual csan ndeicrt e cotfnIs d vipan doi vei ndt
stabilizes tthteeead st @ifmii wgp.naefl ude t he modul e, a
poolingntl ayreat east ttelmel e srpepeatr dleat ur es, repr

out put of the bl ock.

The dynamic gated fusion-améemareidsmepombie
ref er reaetdt eemot iapsni tfheep it a bv ercd sofdiuugahl t hi s tmlee h an
net wor k mddpltéhtecescyont rilbrud a mhmaf efaedet anem si on b a -«

f or eaicrs tidoprauetp vielne spatoinaleecm ® wines att hat the g
representation from the spatial backbone is
cress enti on produces Ssubopti mal out put s. T
concatenati-dnmehsbonbhh2bépsesemaki ng the gate

~+

he att ensdpeadt isaple cfteraatlur es and the spati al re:

The custom regres-di mepnbBeadamapsseder2p6es

di mengpiaoamet er output througti mwosFE&€nhhyeysr
and regularization. The use of a single shar
gui dédhe network to |l earn a wunified represen

-

el ationships among the parameters.

5. Rval uati on Criteri a

Il n orédeal uadte thestpgepdgadnewwwok, perforn
separately for the detection and | oualingati
metrics appropri atFeorf ofri resatc hs tlaegaer noifn gt htea sgkr o

i ncludes object detection and tliolciaZzPerdeai s0 0N
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recalclal auféraotnendt mieer of true positives (TP),
negati adé o | (I[ENGY

and

nim 7 s s YU
YwaWs Lg
Object detection accuracgmtesséatritberogerlan
bet ween the predacdetdhdédogndurmdBmnadmatgh eomaxt i ¢ a
writf®&m®m]as
v 6 s

08¢ Yo—F———h L&
Sy o 8

whebe . 0 represents the area where the estim
anad 0 represents the total baorxdeas o chwee rceoch t keyx
object detection, the classification of pred
threshold and a confidence score threshol d.
correctly i dent i feidd scctoihoen edxbcheeeedis ctlhaes so,p etrhaet ipc
and the spati al overlap with the ground trut

threshold. On the other hand, a prediction i

loU falls belewhothe (lgqaualiedattihon error), if
object c¢class (classification error), i f a b
background noi se, or 1 f multiplaeurmdutnrddtnly do
I n this | atter case, only the prediction wi
subsequent duplicate detections are penali ze

fails to detect a geasgndithethi d6bpecbouwtdi ng

obj esautrdsoundi ng area or i f a generated predi:
the operational detection t hr ersthaod de dalncadll a:
S nce an image contains an infinite number o

correctly did not aoverdy chi ggh boluaasid n g mialxa n ¢

mat hematically wunviable for evaluati on.
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The mMAP axxoqab & aids udragdinsgi on and recall at
across the ranked | ist oftipeisiiPctalacn Hatl&Fdmws:
[ 8:6]
60 YQOOAUQOOadi Q0 QhQE & L8
whedreepresents the index over the ranked 1is
confi de rbaud seqardaahtel yiArPd iv\edlrdee sad wevrear g ead | eval ua

t hregshmolodbs ai n it he mAP scor e
aouﬂ & OF 8

whebeeprdhenttotal number of évaéenattes tllod d\h
precision cH&lhc utlhaTdessh caed .t ihas.i3b)e fh anveal a val ue
bet ween 0.0 and 1.0, wher e hi gher val ues

perfor mance

Fot heecmwmndage of the proposed framewor k,
underground Iinfr@BWTThO,cthiuri plar den@ti mmedaetrd ndr
the intersection angle bet ween htehigasaGR®Rr rmwlr arte
as a regression problemR) Meancabshbil atenerofbr
root mean squareti perdeti (M3} BoOokl ows

v YY B w ﬁ
P YY B o o VS
P -
Vo O T W wsh u&
and
o ey P . "o
YL YO z w w h v&)
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wh e d e notthees o u n dv atl,muethhe cor r e s p ostdhi en gmeedsrt i anfa t
observed ,t raunel ev anlodehss t . ame’@®’nges from 0.0 to

value of 1.0 indicates that the model expl ai
| ower MAE and RMSE values correspond to mor e

I n bot,hkf et dgveasl o slat i on pesf artonbleessd2 e dnat o on
model sb&6 peRefcoorgmainzceeds as a 6V ahudgaetndenrgad g rzaaa d ho n
technique divi &ke g ufachiedOsAlat eswar dst ot he model
eval wtaitreeds, each time using a differeiklt fold

folds are used for training purposesovilde me

|l ess biased estimate of model performance. B
thavtery instance from the dataset i1 s klsed f«
ti nels21]However, i n pr &kateipae,senh s -od d |dabaete icwdene h
computational cost and the stabillint yt hoef ctahsee
t hi s r5dsod adr-wadnr o s{le=t ibadmp | oy@WwWden dividing the d
folds, it itsr &insiumgdandavaliheati on splits pr

di strwbuhi omspect to the range and variance
TWTT, buri al dept h, pSpeaekitmat eigg metealu,ceand h:
validation nsdthheaest aygssematically different

pur poses. l gnoring tCberledsfublireagenmt o omams & aé aahic

Moreovpet enai al sour ce-bafsledla tfrari ahngeavkoa kes iam |
whemcBaAns acquired at adjacent positions al on
segment are distributed across different f ol
iI's perfodimethi et wc3a8t i ons, -aalgirdatpieadn cstosat egy
order to prevent data | eakage. I n other wor
|l ocation are gr oup ed aitpnptaco atcthe emasme efsoltdhat t
exclusively <cont ailnosc aitn sotnasn ceenst ifrredny nmuincsrece n

providing a morfé hreabidet e gethiemalt e zati on ca
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CHAPTEBR

RESULTS AND DI SCUS

Thicshapresents the experi mewsitaag e eDsLulftrsa noefy
for automated characterization of wundergrour
addresses the detect i osnhaapnedd Iroecfall esaztaimas nosn wioiif tl |
the second stage anaolnysz etso tehset idneatteec ttelde rded d «
underground infrastructure, namely TWTT, bur
angle beGWBamvekhel ichyd i amd i t bpei pceldji edcet. Al & .h,0
synt het g enteleach apr i mar i hsge cton ds wsp pagyret, its i mpac
calization performance $Sisnad shy p«rpleali anefnit ta
e wmbdwlsyed approaches for estimating desc
frastruct ur et hmah eh epmbart ti icoadiigdnxcpee roifmesratl aulalt ye d
weal d GPR dradearatbtir@as m | i mi h @ t maorinds otebof mot i v

>S5 T 0 <

e-bBkseadl uAfi toear war ds, experi memtes awicthh tmwlttuir

nduct eworolnd reerad combined real and synthet

(@]
©Q O = oS

seline model and training configuration.
CASBusion hybrid architegtratesisspav dl@ladtBe k,s
| ocali zed spectral representations derived
descri pti vlen poarrdaeme tteor sensure statistically r.

foldvadogdsati ed tboremxlpewti meme s. The perf or ma

stage is quantified using precision, recal |,
are eval IRAt eMIAEysiangd nRM3$E. t heemcdmpt amewemk
val i dat @aad qan rfeide|IGPR datoaic @ mc € 3t avbahrdlesdh aapeeprlraoct oi
conditions.
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6. Refror mance of Cylindrical

and Localil zati on

Theubsegxrntaeaxwemnt s the first stage of t he p
detection and | oesdlaipzat ircenf | eefc tsicygapeso dva & end nb w
buried cylindrecdAlcpoppgpiétitrisdé O v 11 x-D&EAR BOdel s
ar e tfroari ntedins btoa ik model f ami | i e sa ¢ htehgep roexsée nvta |
the | argepdr faoordnmi mgs tmo dé¢lt havwghi tsectahveghi ant
comput at ifomradpe®dtr emai ned withianalchcoedpdlabl e
training 1s performed wusing itnheb cAtdle miVa eoepa 1
effectively decouples weight decay from the
typical of adapti.Decbepalt nhgg we a g é tunpedeabtsegss f r «
advant ageodunwhmgn | arge pr.etasainedemascheées$ embd
regul arization indepenfdlemthypengpardameatemagan
model snchempeddeértimyned through a grid search

model, the grid search is performed oteer t he
N gt Tttt Tthpst thodt Tymo me nt @ bnddr®ouv, b at ¢ v wlipzge and
i nput | magieo T regstdRl curtxichpm gyt For -DEAR RbDdel ,

the grid search i s per fNomdumednd: o vgr T st mp t i al

mo me n v urBdT®o ofkBov, bat ch~ shiige and i nput iNmage r
ptnetRenxcnnynn | nc dodeti,ght decay and the f
factor are fixed at Dhée@oOoODbnahdh9pédparazmeteer
each model i's selected based on tHHelvdalcirdoastsi
validation procedur e, iwihteh htihgeh ecsbtenibmdégiPaatiiacknd er

for all subsequent experi ments.

Based on the goNMNQLOGwaRmhxhtrasul Bapandng r at
moment @m9 cef uFEorl -CRETE-Rt hieni t i al @& mmhormel nrdgu em sted
t6. 0aaa@. 937, r €slpewid d stlidhdey x i mum numbiesetoft @po
300 with early sttopppmgvemidbdeedhfi mi oerdefr 4 i
YOLOv Bl1xnganwiitnhput | mage 6rdds oll int it dorE TaRfa s@4 @ f
batch size otfhieBpusts uUumadewhesb gl2dtait@an aiug meaet att

i's performed exclusively for tleeham@gdeltsdet

74



D. GtAfRmep :Bamrenli By stem | CHAPTERESULTS AND D
Underground I nfrastructur ¢

gener atapgab.i obinba dsrredt e an approxi mately bal e
bidirectional nature of physical GPR surveyi
applSced.ing with a factor of 0.5 and transl at
rewdrl d variations in pipeline depthscdnamet
To simulate | ocal clmancomaearda siimga ail s degp laida
of ,Whi4does ai ® na wlagempn oipxe d ntchree adsiever sity of obj e
andont ebxatcukaggr ounds e nc o u.rHb & e gngdor sdauirg megn ttartaii onni
di sabl ed in thehtéraasitni In@ epoaclessofaodstrebihi
bounding box precision.

To investigate the | mepax@tersafmennegudthtwebdt a ¢
scendrni oasl.| -f ohdev'afl 0 8aat i on | sawdndii Ztean tt oe veanl
benchmarfk hsecte narYiOd Ov 1 1-RE BRmo ARelr € terxacilnuesdi v el y
on -weal dAdabhaugh thei ggmeéehated plat matrhdy fo
estimation of underground i mftrhestoodt wsrcende
synt hetd eamhliani eadb-adr | d tdhaer ai é@dathon gi svesti gmte th
detection and | o.callti ziag iiomp @retr & rotr ntaa ctelme h a s i
5f ol d-vand o dsat iummrc hrasmigeemdn i nc | udi ntgh es ysnyt rhteit @ tci cd a
added ontlryaitno Thigh esped rs$ mfr mMa@Ilc @\n 1 IDXET-R mo dse |
achievedatbs, weltlhccasmbbnati on of r,aasehocawind isny n:
Figurand. Ei gure 6. 2wi trhe specopgriesledrysi vei nnumer
Appendi x A

According to the experimental results, th
a precisidMn0o.od2d8778@&call of 0.7502 N 0.0317
MAP@0. 5~0. 95 of 0.5112 N 0.0154. Addi tional
training set within each fold is experiment

mMAP®. 5, and mAP@0. 5~0.95 of 0.7732 N 0.0400,

~

0.5202 N O0.0D39t hreopdDETTRNEaNANnNBE@al data onl

in a preciBion0é4180.78448I1 of 0.7335 N 0.02¢
and MAP@0.5~0.95 of 0.4725 N 0.0142. The inc
the training set yielded a precision, recal/l

0. 7K48.0328, 0.7822 N 0.0295, and 0.4837 N 0
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YOLOv11x

Precision Recall mAP@0.5 mAP@0.5~0.95

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

(]

B Real data @ Real + synthetic data

FigurRr6otmamgari son of YOLOv1lx model train

and synthetic data for deskrazpeéednr ahldesdtaioahs z
dat a.

RT-DETR-X
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
Precision Recall mAP@0.5 mAP@0.5~0.95

W Real data @Real + synthetic data

FigurPeré6o2 mance c®mEg®Rr mpdel ot rBTned on real
and synthetic data for deskRrazpéednr ahldesdtaioah s z
dat a.
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Analyzregulthe, it can be seen that the YO
RTDET-R model across alTheveaé¢saltedr emarned c o
wh etthree model s awertdadaéed onlyeal on a combi
d a tFao.r the YOLOv11x, the use of t he caonndbi n ¢
MAP @G0 59 fipr owe fa®.n4 %ala.n@d%, reSpi@ct usebn. of syI
data i n t hDP®ETeRa sree saui mMBMB @0i. Bpr ov e @le2Mt% aoafn d
MAP @G0 595 i mpr &v.e3meMlitt hooftugh the inclusion of

i mprovement in all performance measures exce
for both YOLDETRXx tamel &®ver al l Il mpact.Tlo® gen:¢
obsedeedease i n eptrlreacti swhoinl @ heshprtalvetsi ¢ ad gted
(higher recaliinY r cad trmeemagy nal soncr eatboeweiver f al
prioritizing recall may be crucial in wunderg
high recall ensures the det ecftfi oins ojfu satlilf ipeodt
an approach can prevent accidental damage du
Il n summary, YOLOv1lx provided more stabl e
perforimance contextAltfthahgl OEDRatdietnonest rRT ¢
greater variability i n performancecamealBer e

trans-basedr ar chi tET-RIreempwhoiycsh, RThat may requi
more complrerixn@itne achi eve compar.ablloe qcuaan s it satt
assess the detection and |l ocaldcasa¢ei amapwoirf ot
results are presented in Figure 6.3, alongs
scahs. t heashbee s¢ 0@ théyrpieorsthalpaed refl ecti oms are
confiderxe esgddo8ng won-csstfeenari o, YOLOv1lsxk succ
two out of shiapelypedbelcai ons. Abthohegeh dtehec
refl ections are higthoerl otchaagnu ale.i 7t , ¢ vinbhelea tauoreleesh e &
attenuated and distorted.
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Figuwr.edi sualpr esent at icoans e o fa nddehsswojbescstt det ect i «
|l ocalization results produced byc¥OLOY1Ilsxu.r v
i nstlan¢é) corr-eapendengchbiesnh out putscdgmrm)ofgro
survey 2 ngtdpancer r ecsapsoen ddientge cwoirosnt out put
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6. Quantitative Analysi s of

| nfrastructure Paramet er s

This subsection presents the quantitative
proposed framewor k, focusing on tdes cersitpitmavte
par anferteem sGPIRenablae a systematic compari son
met hodol ogi cal approaches, the evaluation pr
conventional baseline, through the -Flulsiroegr e

hybr iidt eacrtcunr e .

To enhance numer i cahceontvelrigleimime| @y e dihmet 6o
certain target v3pe aibflicicdTalr yp amr carmea leirz eech.l ue s
to the range bfedrwemad é@l. 0t ralaamdn olnadfe spuurrep oMAeE . a n
RMSE preserve physical meaning, the TWTT val
(060 ns) prior to cal culFadtriheg i nh e r gegsfi nema m o
transfoéosmhpf{soapplied imsarqul orf wasliwngs, rian de
yielding values in uhealadget hr amp®rp®drmpetba rse

remannor mali zed since their natur al ranges a

6. PeXxformance of the Hyperbol a Fi

After the successful det edtieacre sa n thribpoed a Inie
rewdr | d GiIPRR tdlae gf itrhset ndetoxateanph epei sol a fitting
t o estidag er itphted ve updeameband Tohhifsepséeseant sr

fundament dlotrmpmpgs loatcihng the Vvisuahagebdmeeflye ©

nto quantitative descriptive Hppeaimet ar §i ot
er f or me dneeu shionddod socgryiCth e gh2t,iems u b s ,eont Hwoera | 2d. 1IGP R
ata acquired throughout the city ®Bift tRinegkaf

O Q ©

ypershalped ifeattuorewmed noshatirad€sh contain full

c

nderground i nfrastruct ost amaehayspbetrpbeod chati av e
gener at ed oamehfelfe dttiebdp t beadezedti on al gorith

I n orderam ot iemalurfei t BO is wutilized to n

pi xel intendoteg @il eginmelny, pi xel intensitie:
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shaped cur v,e waltheer eummed cumul ative values i1
with the refRAddttit tacPasuymnogaeet model 1 s used
the optimizationcpnottasde BOpgoeachmBis initi
expl orathioon osveelpby 32 iteAatawvge opuamimerzaof ol
steps is utilized to minimize thleepseoedbadbhl| sp
i's defi nepdh ywshtchadod ptelc ¢ edurfweayddheenvironment

T TWTTnsBounds are concentrated within the

produced by the detecti otnhveeFr gociat hiohi f eacmi

T Burial( m@pumdsdyaraeni cally calcul ated base
TWTT aeanpglece¢ledt i ve pef mir stiihweid yoycrad alogies 5

138
T Pipelind nmjliamdteeddr t o t he amihgbe bet ween O0.C
T IntersecilU@nBoamglea Deatnvwde €m0

Aftefeaheres are successifglaygtiffiiteddysitrmg
MAE, and RMSE. Si ncealseuacrinmaanegda met dadh it Hhen @t
eval uated acr,osand htehd urlds Omticlhesl®erte presented

Tabl ePebar.flor mahE@ hyfper bol a f i twarnGgd Rheettarod on
estimating the descriptive parameters of wund

n = 73] R? MA E RMSE
TWTT 0.9917 0. 4582 0.5879
Burial o 0.1171 0.2192 0.2821
Pipeline -0. 8274 0.0872 0.1103
An gil (e -0.1169 0.1088 0.1432

Analyzing the @abtaigmed i casal ds sparity in
di fferent parameters caf( Ob.e9 9dlbrs)e ravnedd .| oHi gvha |
(0.4582) and RMSE (0.5879) in thwscaga sathT
mat hemati cal model ,.shhpedpegfbéecthehhgf@ilrg boel
of rtehaesdirads hel ped thecmesthodn@eméeé mfaer mahrec e o L
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TWTT are directthhepsdeti ngdboédupnding box ,coordi
I ,ehebj) ect detection. aThsd ,watyhral iozpatiindhreas i @age
precisely defined TWTT wi ndow Fiur tvhheiroro rteh, e toh
of the -dhppethorafl ection is wusually-schae, mos
characterized by the highest signal amplitud
t hhey p e rshhalpae d Tfthea tetdhosst.eiess functi on, which max
i's able togdombwdr gna xtionutmhevi t hi.n the defined

The estimation of physicalo obeeser icptail Veng
Esti mdt dur i al depth yielded a ,wewaikt lhc otrlree | vadli
R?, MAE, and RMSE of 0. 1171,SuWwc h 1voa2l, utehsa ti nbDdhi2c3ze
approach could not distinguish the surroundi
the pipeline diameter and i hvtaelrusedsc BRféd, aagH e
0.1169, rlespetchevewygr ds, est iimaetsiso na cochu r tah ees «
si mpl ebaseedn ne Theedieatsiooanf ar i s as lvfel esdoa it tyle r

ambiguity. As visually densohnaspterdatreedf lienc tGhoanp t¢
a shall ow object in apypeeawrimgdi dmnde amrcaphy Di ¢
a deeper objecThi®s @omp@lse ximeyiiusn. further i ni
pi peline diameter anud hi nptaerasneectteirosn pangraer,i | syi

the hyprapod arAef bddt omphiatat snghéatcsibne -rreeafll e «
worl d GPR data often f adeecbdsuwa rtead Thiygmaslu adet. ty
represent t he ¢ o nopulresxcBatnys oafri ent hsleh ogiwar sekhh @ . f

corresponding grohuaapled raudrhv ehy(peredeord)a, land an
can be seen t-bthapedtbapVemecboperel fitelce | wal hewe

pareatner s guesneedr attce t he esti mated one differ f

mar gisn shown in Table 6. 2.

Si ntchee BO adjusts all variables simultane
the i ncorrect combination of parameters. Th
produce a high fitness score, event atheugh o
underground infrastructure. Il n such cases, t
be taken into account wAne o veesrteisma tmang otnh eosfe E
velocity, which is a dgiromernegquwifr dshears uawveruam

depth to maintain the same TWTT.
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Tabl eQu@.n2 ictoartpiavyd son between ground truth ar

vi sual exampn eBidpurs et ed
TWTT (n|Burial(n P'p?:m;”e An gil (4

Tru Est| 9s Tr u Estl 9 Tru Est s Tr u Est s

(al21.}21.(0.241.01.2140.170.2 0.2/ 0.0/ 62| 70| 8

(b{38.|38./0.21.71.30.3 0.5| 0.1 0.4 89| 51|38

(cl29.]29.|10.31.31.00.2 0.2/ 0.1 0.1 89| 51| 38

(d{30.|31.|0.51.41.20.40.2/ 0.3/ 0.1 80| 52|28

Accordi hpbBypnessnt ed4d eemarn sgtutrbee e6BOh aty per bol a
met hod finds a solutionmibBatpsesephpsescaher @
the suBsywsifrag et r a-d e & r-boansaetpdt hnd e , It becomes v
explicitly model al | po-Basbldemsestclkeods i ascl ehi

such cases.

Il n summahyper bbka filtatcikregd asmupgrfoaclent Vi su
rel idakslty ngui sh bledwealn dcdedmtnlg,espiimel i ne di ame

Theesul ts ,swmhgdestt htthatpproach is a robust to
(when bounding thhdeext eotbbe d i amd elsohadpleidz esaerfél yepcet ri
provided beforehand), it is insufficient for

used as aappprawaddih omteo naaddicconstraints or proi

medi umbés velocity.

6. Pe2for mBeep béRagrienBgags ehi nes

Thexperi mental seeetndgs bfotmhehproposed sy
t hi s s ulbhsee crhd iom .if sotcaugiehessfs idmpafd @ scr i pti ve par al

underground infrastructure situated wiBgin h
utilizing the det ecdlapead dr dfolcead tiizoerds hfyrpocem bt
the framework employs DL model archhi ettt mate:e

aforementionddr @gapamet eeby epDeaBseg NANIASNELL L XC
EfficientNetV2L are i mplemented for the task

a customragrse gniean head, dsfo iéehmhausnte atedus tin o

83



D. GtAfRmep :Bamrenli By stem | CHAPTERESULTS AND D
Underground I nfrastructur ¢

per f or mangcrei,d search pr domediudentiid y cdrhcucd ic
configihatgoind search i1 s performed over the
al gor i t A QOAaod YR Q0 initial l edrning
mMinnm@nirg ndtp, and bwatthdib oxiTzhee f i nal confi gt
selected based on the wvalidatfiodnd -vpealrofgsos tmammc
procedure, with the combination resulting ir
subsequent Aex pe dii mMagmtys .opt i mi zats eolne caawabgdor i t h
training ptoogdb0€ epmosiihs,anad baant cihnistiizael olfe a

O.0Qx0ritical component of the training stra
whichmplsementpepdi oritize the | earnlUngi lod tmoe
standard MSE | oss, which treats al/l out put

squared estimation error of eachoroutop uatv elrya ga
The squared estimation errors corresponding

i mportance weight s: 1.0 for TWTT and buri al
i nt er seclTthieonweaingghltei.ng approach guides the mod
capacity toward the nlolhree vcatablehsp ogfi agceswe mgt
determined empirically to achieve aafma@hleance
esti mat i oonfe aactle patraivy phRu atmeetrehmeo rtep a 0 0 ead groe

ntegrates early stopping mechanitans b alnan caen

~+

rainingSemfltahheenmlyj ect detection aneé&r kbocal |

conducted in two scenarios in order ttohei nves
esti matmaoear gorfound i nf saslitnm ua kfluorl eda-parsoashedtt iea n
ut i lItiozeeddasamr =i st ent and robust evaluation ber

-~

egression modelwordrde GtPrRaidmmdead womlryeall n t he
dawhiicshhpeci fically generated to capture dive
i's combinedwonidteda . t Mer ee dlr eci sel vy, the synt hi
trainiwhg eshstus ¢ $ived lhiada wi ¢ mi deotl Weva® ogdati on r e
unchahlgedquantitative results for TWTT estim
rewdr |l d and combi nesdc a(nr edaalt a+ 2seyxipfrBeestshard) a&RsM SFE ,
i Il ustnr &tisgdb6, @8 d 6rBe slpect Clwenlpy ehensi ve anruemer i c
gi viefhalsBel anRleghrdl ess of the danacoasmpesehn
out performed DenseNet 201, NASNetlLarge, and E
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TWTT - R?
1
0.98
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0.94
0.92
0.9
0.88
0.86
0.84
0.82
0.8
DenseNet201 Xception NASNetLarge EfficientNetV2L

B Real data @Real + synthetic data

Fi g6%5Rer forenammgar i son of di ff erfeolrWT DLe snoidred t ia:
(expredseacraw®sRl dealnd combi nBsdc a(mr edadt at. synt h

TWTT - MAE

25

2
1.5

1
) "

0

DenseNet201 Xception NASNetLarge EfficientNetV2L
mReal data @Real + synthetic data
Fi guBRe réf.orcmanmpcaeg i son of different DL model a

(expressed aswMAEY aodosembeakbksdc a(nr edadt a+. synt

Utilizingorolnd ydateamlf or model t Ffsad omri0m ®abf Xcep't
0.0048, which is significantly hi?%shceorr etsh aonf
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0. 9R0QA. 0164 and 0.9209 N 0.0479, respectivel
| owest MAE and RMSE with the values of. 0. 952

Further mor e, the introduction of symifhetimc
effects across different DL model s. The | ar
where such inclusion of synt hiemprcayvdme mgte nefr

(from 0.9202 to O0.9505)MAsEndanad sRMSHE.f i Xcaenptt irc
already achieving high?péerDon9dd8®9cedl, Or ddd0e da
| owe st MAE , and RMSE when trained on <combi
architectures responded positively on the sy
while showing competwdrided 2p RO 09 M8@8AcB O06n00E65
on combined d%ataa gr el tdedc riemsBr emd &i0s 4 66b s Ar
EfficientNetV2L, where the standard devi ati
trained on combipkdi dpptaedwdaedccst gbiilm ty al
capability.

The quantitative results for burial dept h
reawdr | d and combi nesdc a(nr edaalt a+ 2seyxiphrBeestsherd) &fsM SFE ,
preseirt gd 7,68 a®d rBe £p e clthiev ecloynpr ehensi ve numer
given in TabBersi &8l. 3d emtdh Betsit. ¢ smcm iti llodmro stehvee a | e d
TWTT analysis. I n the case whworrd dt hdeat tar ainni
Xception architectur e reersfudrtneadn ciers t sceepepearr cerd
mo dsevli t20fR O N9®48089, MAE of 0.0472 N 0.0038,
Thi s consi stent pegrifvoernmatnicat i 8 tapeget &g, phy
fundamentally dictat edThbey atchhei ervaedda rr essiug rnt asl oe
baseline for burial dempttatesdli.unsaitacro mpgdmrei ®0 n t
i niR°vallfues DenseNet 201, NASNetlLarge, and Eff|
with corresponding MAE values Eonshet motéy
introduction of synthetic data into training
f oDenseNet 201 WBMode XpgelpetnisoeeNleye 2OfLi t ed tthhe mo st
combinedadaae¥iRmmr ov e Ak.nX¥o ovfe F dNASNet Large ar
EfficiermstyMeth2li,c data inclusion | owered over
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Burial depth — R?

DenseNet201 Xception NASNetLarge EfficientNetV2L

1
0.98
0.96
0.94
0.92

0.9
0.88
0.86
0.84
0.82

0.8

B Real data EReal + synthetic data

Figui7iPerd.or mampari son of di fferenburbDlLalmodedt
estimation Jernpreowonseédlearh dRcombi nesdc a(rr edadt ar. s

Burial depth - MAE
0.07

0.06
0.0
0.0
0.0
0.0
0.0

DenseNet201 Xception NASNetLarge EfficientNetV2L

wn

=

(8]

o

—

=1

BReal data @Real + synthetic data

FiguBPerf orcnmoanmpcaer i son of di fferenlurDlLalmodedt
estimation (expr eswoed dasanMAE)o mbd rneesds a(nr ecdadl t at.

The guantitative resul ts for pi peline (
architectmordsd aamdr eéalmbi n ed a(nrestapltr @t+s SseydAdhse tR c
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and RMSE, ar €i gpusge®@ba@acdi B. 3, Threespemopgn eled rys
numerical details are given in Tables B.5 an

Pipeline diameter — R?
0.9

0.8
0.7

0.6
0.5
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0.3
0.2
0.1

DenseNet201 Xception NASNetLarge EfficientNetV2L

[

BReal data @ Real + synthetic data

Fi gu9Re r6f.orcmanmpcae i son of differepitp®IlLi modeail am
estimation Jeanpreowvseédlearh dRcombi nesdc a(rr edadt ar. s

Pipeline diameter - MAE

DenseNet201 Xception NASNetLarge EfficientNetV2L

0.05
0.045
0.04
0.035
0.03
0.025
0.02
0.015
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0.005

[

B Real data B Real + synthetic data

FiguXI®e6formance comparison of dipékrpeatdDam
estimation (expr eswoed dasanMAE)o mbd rneesds a(nr ecdadl t at.
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Whitt ee gener al behavior al trends from TWT
estimating pipeline diameter provedvabues di f
across all model s. Whemwmnri daidme éh, e NAISINeit \Lalr \g «

achieved the highest regression pesftor mamde.
0.580>D.0875, marginally better than Xceptio

(0.5753 N 0.0527), while DenseNet A@MHi undenp
NASNet Large produced the | owest MAE (0.0358
best overall RMSE (0.0524 N 0.0028). Ifntrodu
uni form effects. For DenseNetp2Z2®lacandgpr Beepdt i
beneficial. DenseMptaOémehbow@®@tl 58A98%o( Or &m0 2

with reductions in both MAE and RIMSEQ. XTl®tH
0.0430 on the combined dathaedatc. dtd vae \ @rw,e riemdc

and EfficientNetV2L performances, I ndi cati ng
capability.
Thgeuantitative results for intersection angl

reawdr | d and combi nesdc a(nr edaalt a+ 2seyxiphrBeestsherd) &fsM SFE ,
presented 1y n5Fhbgur €8s 46. Yespectively. The com
given in TabAexrseBhidndandeBs8ction angle intro
similar to the pipeline diameter estimati on

Rel yi ngwoornl dr edadt a only during the training p
feat uact iexnt rcapabilitiedgf wo NODEIDB1IMO, ghlkshg i
| owest MAE (0.0577 N 0.0056) and RMSE (0. 07¢€
secthndghest accUoacy. w5610 &n OR0O72I, covbhkedeant
exceedo&nOR5914 N 0audg2n7edn toend tdhaet anscent . The i nt
data yieldsgpeai dhicteespoeases that differed f
depth, and pipeline diameter esti,maa icoonn s iAsctr:
i mprovementi si nobnmseearnv eRd . Xception successfull
achieving arfobover al 8 @43%atpRdDY@menm) ni mi zi ng

and RMSE to 0.0495 N 0. 0622 ecdyds@Nev7v201Na0s0
a substanti al ?2sgair@%bigmpreawihn @ . WHi0l9e Nt De 08\We
accuracy i ncreased, t his trend ma s k 6 d u gahn

NASNet Large and EfficientNetV2L benefited f

process, as seen from i mproved performance m
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significantly. Such an amplified variance di
the performance threshold, fundamentally wee
seci fic model architectures.

Angle (a) — R?
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Fi gurlPe6f @rcmanrpaaea i son of di ffer einnt eOrLs enmtdied n a
estimation JenpreowsédeamdRcombi nesdc amm edadt a+. s
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Figur2Pe6f drcmanpaeg i son of di ff er einntt ebrLs enotdied n a
estimation (expr eswoed dasanMAE)o mbd rnoesds a( nr eedadl t at.
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Analyzing the four descriptive undergroun
rarchy of eBEsttiimaattiioonn do ff fTiWTuTl taynnd bur i al d
stable results across al Fs darsedaiode @Omd@des |
pect Buehyciomspseté&pncwywance i s expected, gi
ervabl e -paaameaea, i ohnBrsatcltyepe bzecalf bty-he hley p
ped rNeefvleercttthilgotneescs ,sleo caad axe smbdraigt i cagar dl es s
t heypeéetbalped refl ectmeamlils cpr @dpaicptallcibry eosr
ceut ethieokDnL orfoldedds t o a more robust and ef

> O 9 »0 un o o

raneitveernn. t he strong physical relationship
the Pearson correlation matrix in Figure
bust and stabl e Hoewerwasrs,e oihn ¢getr d omimaatcieon
guires prior esti matiMnwawe meealsoaucaietme.ntProefc i
hy psehralpoelda r ef |l ections is thus crencocdés a
e velocity information needed for burial d
is evident that the models effectively ex
escBan.ldhatcao@ s r agphitpenlgi ne di amet er prasmde nitnst ea
ghly complex regressioivapruelsl em,nga s ge \firadenn
timating pipeline diameter i s exceptional/l
ten obscur ealnebiyt ysoinloitset, ke eabriyde opad i ina&l di am
guires contextual Fsnhtaeprepdr ectuartviaotnu roef rtahteh ehry
atur e, explaining the reduced performance
milarly, the intersection anigd ei beit weetnl ¥ he¢
he asymmetry and -ehapgatrehl edt hgpe,yr bwhiach
scured by noise or .iThcemphdtegined Yexcthaa ¢ te
ocess expl ai’nal bes hahdettth®lwde r \gd&reir & tiolmidtr y .z e
rameters directlisyhapreradoded liembhuppal {AMPThhp
|l i ably estimated, while indirectly inferre
re sophisticatkkuwr tshpeartmoarle , r esaosiolni megt.er o g e n e
pefshhalpeed reflections, which significantly

peline diameter and angle as evidenced by

I n every data configuration, Xception pro
hienderground i nfrastrulcttsurien dcehralryaicnigera rzahiii
Euited for isolating the di sshapedspafi &lcH
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from complex background <clutter. On the ot
behavior al trend. Whil e i4wiotril dl I dyataseéer parf c
most from the synthetically augmémtredeme atouwmre
i mplies that the dense connectivity pattern
vol ume of varied data to properFyrabdapmofer
introduction of synt hettiecd d,iammadfommoet hect s a
gener alCiomdt snp migth @t & c twoi gtehtwiveerla dif odre e ni ng ef f ec
bridges the domain gap Howe \Deras etNaarttgelrlt ua recs X
NASNetlLarge and EfficientNetV2L require more
the synthetic data MWwiitsholmé hawitarodius idrag aned s
mi smatch i nijparemet eo hrghitectures. Il n ot he
compl ex fceast udreemasyla a proportionally greater
i nstances to general iwone | @f faendt syealt heddrcodatlha
dat a i s Si zedt hteewawdcrolndp | d mé at dtiuwrftalt e model O6s
representati ohalisygatpdaetd ¢as a di stri buti onal |
a meaningful expansion of the training man
EfficientNetV2L achi evedwvoadmdp edtaittai valgobnaeh, e | g u
featur e aewedb lmicitor sived | do GP®aldata distributio

synthetic instances with subtly misaligned
di srupted the | earned representations ,withot
which is directly reflected in the sitgmefica
cresad i dat iTdhre faclhkesswvlkeds validate Xception a

archi twhethurter ai ned on @omhinmde dwhd a@tha stehte sy st

estimation of undedreguredwmpdedi.nfrastructure

6. Pe3 for marPcepoGredlissta ent i éSmp eXp a tail c

Fusi on Net wor k

The experi ment al resul ts validating t he
underground infrastructure descriptive paran
Building on the previously selected opti mal
aims to i mprove regression performance. Thi

| ocalized spectral f eat uSiensc ec ohrypdpuetpebdb | vaeif A g c v
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found ws ¢ dams @Sncode both spat pahblfigzadnen cy
characteri stcioonp, efrdesnaagnys heasre enhance the es
of the four descriptive parameters: TWTT, b
anglle.order to gener ategprtese,ntaitx eshpW¥Hr agt TH
P WD, S DWB/D, ZIWM anBDacC® apel ceBpgpaend s.efghneent s
propos-bdadabd pgattrn al architecture is specifi
rel ationships between t hWi tphthiyrs itchad samadt if ale gfue
br ammnh Xcenptdiedn i s util i zed -stcoanpsr.o cAds st hteh es acnre
spectr al feature extracti B |lvriancah cpusotcoens s @
i ntegrated wiTheBelLE&Mt Ungeresepresentat-i ons a

ead -actrtoesnst i on mec hanmesdne | wtha cdy rad rhioavas!| It yh ema p

-

equency components to thelihre d oparicacdepumnrde nfgc

h
f
hybrid architecture iIis pemnumommedttratreyyh ta
f

o <

ature convergence. The spectral feature ex

c

ilizing the same hyper pamadelt er swhkislt @bt h et

—+

e I mageNet pretrained fgpateinad ipthrasdedscidni ZXcep
aptive | ear ncionngbirnetde wd dthe devalrelrFokt owpnggt h
nvergence of the spectral branch, its wei

X O o T -

traction branch i s -syrefcridz en atdoa palaltdvw nf dro c

-+ O O @

i nat uhenehase, t he efntozen hyrbdt ietdrdaniardeidl iazrs dn
duced | ®a0®id®d guatdee t he model optimizati o
penalty wdiobWT B a&rnd phworfi gl Peéé i ne difaometehe &
intersectippl aadhei ghuish om wei ght Elhdi sMS\Wa y ,0 stst

1
()

model 6s representational capacity IS direct
esti mani owsdensuare the statistical reliabil i1
performance metri-tsl darwvalddeflt equdmtoimt &bt i ve
TWTT esti matbaselaicmn®sspdltiridag!| ,angdt aprrdogoldosneed hy
e x p rde sadse RAE, and RMSE, ar e, phebadt €d 1i, nrEis@
The comprehensive numeri cal dTeht Xeciel pst | aorne bgaisvee
achieved?ah 0N968806®. However, incorporatin
hybrid architecture yielded the highest over
RPto 0.9775 N 0.0014 while simultaneously mir
RMSE to 0.9628 N 0.0262. 1t is important to

extraction branch (without s p artfioarl mafnecaet utrheasn
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basel i ne?o(fe.0g.967dn NRO. 0034 for WVD standal or
neither domain alone provides a complete r ¢

features creates a highly synergistic model

TWTT - R?
1
0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92
PWVD SPWVD ZAMD
mmm TFD model mEmaHybrid model — Baseline (Xception)

Figur3®Pea.flor mance comparison of TFD, hybrid
estimation Jemnpressedi a6eRent TFDs.

TWTT - MAE
1.2
1
0.8
0.6
0.4
0.2
0
PWVD SPWVD ZAMD
mm TFD model @ Hybrid model  — =—Baseline (Xception)

FigurdePebf ar mampari son of TFD, hybrid, and
estimation (expressed as MAE) across differe
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The hybrid model utilizing “ofie OSPWSBD &clDi ®06
the CWD configuration 2colfosG. 97 5f7delsqpl e 6O 4¥6i.tgt
performances of hybrid model approach, t he ¢
achieved | owénfadc9®wm6d8ci e\s O(.RO0O60 and 0. 9648
According to the results it can be conclude
cont ext necessary for independeattemticosi Duo:
mechandges brhe domain gap in this case.

The quantitative resul ts for buri al dep

standal one TFD, and propcdseMdAByband RMSE, sar e
I Fi gurbes®@6BAhd C. 2, respectively. The compreft
Tables C.Evadnubbucingl depth estimation reveal e
with the TWTT analysis. The direct physical
t hobeut cdme. spati al baselinedmadelbb(OXtegtiaonh) n
RPof 0. 955Fromoth@7 tleesud dehrg tithatcatducti on of
further stabilized aerda mtighper osvpesdc ittohael ehsytbi rmad i
out perform both standal one domdionrs baiagrimds da

estimation, the hybrid model wutilizing the S

Burial depth — R?

0.99

0.98

0.97

0.96

0.95

0.94

0.93

0.92

0.91

0.9

PWVD SPWVD ZAMD
mm TFD model @EE@Hybrid model — Baseline (Xception)

Fi gurbePe® f brcnoampcaer i son of TFD, hybrid, and be
esti mation Jernpressedi &6eRent TFDs
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Burial depth - MAE

0.06
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0.04 - 1 g . e
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WVD PWVD SPWVD BID ZAMD CWD
mm TFD model @ Hybrid model  — =—Baseline (Xception)

Fi guréePed f brcnoampcaer i son of TFD, hybrid, and be
estimation (expressed as MAE) across differe

The configurat’?obnoOa®bbévéld Oa®WORG, an MAE of
RMSE of 0. 0.55RurNt e romoroe, the BJD and PWVD c«
regression capabPscbiriesof a®hi9&wid3ngl aOn OR 43 ¢
respe ddtoimeeriey ., a standard deviation anal ysi s
configuration. AlthoughR,he h2P\BUD ao/ltbire We anotd
the overall NMAEO1I® &I OB@Yi dendagdi Becaatl gns

The quantitative results for pipeline di
standal one TFD, and propcdseMdAByband RMSE, sar e
i Figur7es&6Bhnhd C. 3, respectively. The compreft
Tabl es C.lbn hmendc &s &6 . 0 f piprab meb(d eapitaibadre | t he
r e v elail reidtbay ¢ lminesv fonfg O0a.n5 9R1,0 cNo rOf. i0r4m8iOng t he hi gl
the paHawevheer ,i nttegpacti oal features produced
i mprovements for thi®uhpghtf gr mbbnagsleel Merped pbayme &
the WVD hybrid modbeéeRellioswesdftNOeFoUB® 3 h%e.r mor e

the same configuration also achieved the | ow
0.0051) . The SPWVD hybrwidt médakel Rc6d2e!l W fo
Experi mental results revealed that relying e
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that the standal one spatial approach, with T
achi elwiangueR ranging from 0.5983 for CWD to ¢

Figur7Pead.flor mance comparison of TFD, hybrid
di ameter estimédtiadnr expdiefsfserde mts RFDs .

Figur8&Pea@.for mance comparison of TFD, hybrid
di ameter estimation (expressed as MAE) acros
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