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ABSTRACT

The use of artificial sources such as explosives and mechanical vibrations for seismic exploration in urban areas poses challenges, as
the vibrations and noise generated can lead to complaints. As an alternative to artificial sources, the surface waves generated by traffic
noise can be used to investigate the subsurface properties of urban areas. However, traffic noise takes the form of plane waves moving
continuously at a constant speed. To apply existing surface wave processing/inversion techniques to traffic noise, the recorded data
need to be transformed into a virtual shot gather format using seismic interferometry. In this study, various seismic interferometry
methods were applied to traffic noise data, and the optimal method was derived by comparing the results in the Radon and F-K
domains. Additionally, the data acquired using various receiver arrays were processed using seismic interferometry, and the results were
compared and analyzed to determine the most optimal receiver array direction for exploration.
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7] YA Al D ohelRt SEEA R (HAP] '@AE '
QAL 5ol E8E 5 AR B4R E49 b2 FARt
o o ERskE olg3t Bt TP} ST WY % ehivl
Hoh

B 9 A FopoflAe simut 3oF 52 o|8ste] EH

YA 7] 252(270)2] 31715 o83t X8t HE &
JARE FE3}= SASW(Spectral Analysis of Surface
Waves) EAF7|HS @o] 4~35} % th(Nazarian ef al., 1983;
Stokoe et al., 1994). 18]} 2429 £A7|HS o] 8E H&
HEHIEO] Ao} A4te] Ao gHAZE WE eHkel qlot.
Aot B4R Yo AHHL Folr] 98] Park er al
(19992 ole] o] 2717]8 olgte] EHTIS 7] =5ka 4
/94 T8l Ak EAAEE 9ofst= MASW(Multi-
channel Analysis of Surface Waves) 7|¥-& A5l HtH(Xia er
al., 1999; Park et al., 2007).

I, AR OA Befolu 7141 AT 22 eSS
o2 FHTE Yot AL e D &F0=2 QIjEHl
o2 Aok =t} AFEAIYEY gtz sERtZ o R o
AR WF3AF AEel sl s FHIE o]-&sto] =
A At ARG EAAYEE Fotd 4 Qlth(Riahi and
Gerstoft, 2015; Dou et al., 2017; Zhang et al., 2019). A=}
F AT QY SHEIZLE QIAEHER, nAggle] &
A} SAIEAE 3 5 e Aol o

glorolut s, 7|AA F TY AFFALL 7+ T
ol SAlHo] WAsh= vHA, weAd Je S A &=
2 olFdts SAlgol7]of AT} A2]/F4E 7]l SASWLE
MASWE w-gad Ao 2iE 7|05k ®Hulo] viZ 2
835 4~ glon, BXdul 7HAdH(seismic interferometry, Curtis
et al., 2006; Wapenaar and Fokkema, 2006)2 o|-&3}e] n%
AF AE A7E -S54 (point-source) FE S| 7HF55E
Al ¥ 2 S (virtual common shot-gather) 2.2 W3 sl= T4
7 Hok g},

STt S e Edo]A9] AT correlation)
Axsto] 7Hge] AR 29 SN 7HE EdolAS A4
sl Hick. ehgul IRE At Fridaelola 2kt
AAto] 74538k, n XA (cross-correlation, Schuster et al,
2004; Snieder ef al., 2006), &5Z7](deconvolution, Vasconcelos
and Snieder, 2008), W2}A WS (cross-coherence, Nakata ef al.,
2011) & ot 710l ek 2 dAFolMe nead 2s
Aol choket SAT AES Hgele] 1 ANES wa
9 245t 2o Bn NS E2T )2 Sla)
Ao} RS He3lol AHE THEESNURL S B9
5] (Tau-P) 9 Fop-Tp5(FK) G0z wastol 1 AT
Moy oz vmat BE LAl s m2of o)
S27)7h Wl ) wret shgsh NS Mt AT
= 9ttt & dqtoMe A &8 =20 dis) o

)

"
oxt i

e

3 =) £47] R AR A5k, A5E AR
So] ol BT S HEstol =2E AYTESAL
Bg AWEL w2 BAsle] HHo) 27 i PP

(o

=&
eSS UEEE M 71&

BB AF 7N AR SAU] FAgHoln A5
9 ARolne, AstEA ok 9ol A $419 ey A=
2 RS} Btk B AToIE s TS LEAF
A% Ago] Agstel ) A $AY e ATESA
AGe SEshaA} St chRd TSk IS A
3} Futoiolol A 2 gstn, 1 AN vlE @ Byt

A2tg Y Egnt ZHd (interferometry)
nEAF A%F 27 e S Y 7Ee 7E

(reference) 5217|041 9] 3t Eg|o]|X(trace)s 2o HE 4
Z1719] Edlo|Ad A3 AAT= ZFo|tt.

d_(x,0)=d(x,,1)®d(x,1) (1)

A (DelA d(x,n e A7 AR xolA AL o] 7157
ARoH, d(x,,nE 7IE 7] fA x4 7158 A=)
o B 71E A7 SALAAA AR 7 7k 3
718 AR A (DellM d.(xn)= B85t MY 71e0l
A8d 7TMEESAYEES UElY, @ = e uist
o] 4] (2)9F go] EdH

a(t)® b(t) = ji a(t)b(t —7)dt )

WEAY AT ARE $A719 AZY A, e 0%
Soll ofaf Ao WFo| YA G 4+ et o|F A
71 9180 A1 (1)9] sk AN 71solN Zae Edelag
A141] Zol(ength, norm)© 2 ol F 4TS FYFOR
W AT ABESNA B Q) 2L & Yk

4|

d(x,,1)  d(x,1t)
®
|d(x,.0) ~ |d(x.0)

Al 34 ||= Edlo]29) Zo|(E+= norm)E UERdT
ol 77k AR AlSo] gt gdut 7MY 71
9] B84 AF3] A8l KIGAM Z3HEHofA 1 m 7+
of FA ALE SIUf ARt Y AEE FESIAT
(Fig. 1).

S 7Y T 28-S f8 = 2Rk JETINt
BEHIE 7|53 £2] A2 YA ARE Fig 2(a)0] =AISH
Aot MEF 7HE (sampling rate)2 0.5 mso|1, 7|E AJ7HS
5 solth. & A% ARE =24 AFF FAH9]F (random)}]

d,.(x.1)= (€)
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Fig. 1. (a) Survey area (KIGAM Pohang Branch) and (b) receiver displacement.
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Fig. 2. (a) Raw data acquired from traffic noise and (b) their
frequency spectrum.

o= Q3 EHTY| uhFo] FA9F R 7|EHo| Q).
Fig. 2(by= Fig. 2(a) A= tiet 99 AHUEHS =
ARt o=, 2 g F Fupa tf¥o] 10~60 Hz 9= &
1 4= Qict

AHA, AZrgGol A et THH 71eS A8517] A A
A= (Fig. 22)9] E4& ¢ & gofsr] A 0~12 k&
shsto] =A|5ItHFig. 3a). BHAL 7MY 7142 Fig. 3(a)
o] A7} ofy} 5 A=< Fig. 2(a)ell A&t o5
2 289 Y Ve A8 T 20k s27RY AnE
7R A G, ZAAE A4S HolFr] S8 HoYd 127 =
Alstgict HAIZ RO sl BHe-1] ®ghs ot AEE
Fig. 3(b)ell Z=AISHATE & $A1Y A= 7R ArndssE
R3] FHollA o|R|= ER(Tawyt 00l 717k 54 Pgk
of At 1t wEAF s Ames FAA S4Y
FEE 271l Fig. 3(b)ellA B uke}t Zo] e-(Tauy7} 0]
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Fig. 3. (a) Raw data in Fig. 2(a) enlarged to 1s and (b) their tau-p

transformation.

obd BEA gEel WEH 9o AT 4 grt.
e 20 WENFAT AT (Fig 208 4 $49 )
o felulat AEe MBS g8 WA 71E3 F A Ba
sk ZH 71 (D9 e AR 2 4 (3)) BTt A
W 22 A8 F ulmech WA, A7H9e] Tt g
A 71 F A (0] 7148 T AR 71Ee 9AxEe
289 AIR: Fig. 4] EASHAT o] 21E B A4
2(Fig. 320l ¥I3) 07N T15o] AL 5 23 o A
SA9 Peho) AR WAHGULE AT 5 Uk Bh9-)
wekEl A= (Fig 4= g 2 U7k Bhegle] 0 2
Aol Lrehdrg SRISHETE o]8 B3] B Al 74e] UA)
A2E o= AR A $419 oo AR HAAAS & 5
olek. SHAIE, i3] 02 o] F AZHE o x| So] Yk o]
Auhel QpARE Bol 37] wlEol, T A 71U olgwt
g 2 V1ol Be T leS o 4 lck
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Fig. 4. (a) Data after applying the correlation technique and (b) their
tau-p transformation.

Distance (m) P (sfkm)
0 10 20 30 50 00 25 50 75 100
— olo ' : L
-
-
- as
-
-
F -
"¥'0.5 -~ L]
-] =
.E -
-
1.0

(a)

(b)

Fig. 5. (a) Data after applying the normalized correlation technique
and (b) their tau-p transformation.

tre2o 2 A 3) 7|1&%E A3 A (normalized correlation)
7IHE GARR] H&5H3aL, I A= Fig S(a)ell =AISH
S}, Tk bk 7]¥ (Fig. dal] la) 1A 27104 Aze)
A%o] 773} FROM, A8 02 ofF AW Afee] 2
AU 2] uFgEo] HE oz AutEE AR HojZErh

BT}

[

ZMpAH 7HdH (interferometry)

2 AFoMs THIEEHAY Bee =53] SlE Ve
% Sh1Ql Fueoded Bl 2 V14 YA HE
shal, I AdE AREYY AT MR 71e] Al vl
SFua @b ERagd 4T N SAT Y 7
(Schuster ef al., 2004; Snieder et al., 2006y Z}=o]| tsl] A]
 Fo= F2of| HeH(Fourier transform)ye 3t &, 2]
o WakE 71 +17] Aao] Bd| BasE et & 27t
$27] AR FokaL, o]F o FE|of WH3k(inverse Fourier
transformy& F3te] A|7tFS A2E AA b 4).

d,(x,0)=F" {F(d(xr,t))* F(d(x,t))} @)

714, Fi AREEO tigt Fejof Wigh Fis o Fejof |
g, aEla *= 2 B4 (complex conjugate)s LEFHTE.
4 @2 BN Lol BT 1Y slee olEdew
4 (9] AZFIS A 7uE SRk ZH 7143 SUsHT

Zuigdel A3 75 Sgnk Y Tleold ATeke 5
o NEe) BAS AT 5 Aok A @] BuE 22t 21
Fow ol 2, 4 (9 ¢S WARLS 7 WA 2
AW 7]&(Nakata er al., 2011)0] Htt.

F(d(x,,1)) F(d(x,0))

|F(d(x,.0)|F (d(x.0))

A (512} §A181 Falo] WaE 71 Edol 1] A
Fom o] 30, 4] (65 Po] BE7] 7%t hu 7Hy
¥ 7|4 (Vasconcelos and Snieder, 2008)0] Ft}.

F(d(x,,0) F(d(x,1))

|F(d(x,.0) }

AFE 22 Furg et A, aAEYS, 17
I FE7]O] 719 Bt W Tes A7 F8ska, 1
AiEE v 248 5 o FuegY s olg &
49 MR 7le 3] (4)ye YAl A= (Fig 2a)0] 28314 Fig.
69 235 AA "ot FurF ol T A 7IRE 2wt
TR Ve A8 7MIEEEAY e A= (Fig 6a)2t
ER---u] HehE A= (Fig. 6by= ARFEY we A 7S A
&3 23K (Figs. 4a-b)et FARE FEIZ =2 =3 SHAIRL, 0
ojFo] vz oz HutH= wyo JHE Sl AT
IRl 71 Ago] Basitt.

4 (5)8] FueFy wAEGE 7N Bu H Ves
283 2= Fig 7o EASEH. Foedd AR 71
(Fig. 6} A8slgle WET o AgsA A SAd J=
g Hu FejE BofFm(Fig. 7a), Bh-1] H2HE A=A

©)

dcoh(xit) = Fl{

d, (x,f)=F" { (6

=
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Fig. 6. (a) Data after applying the frequency-domain correlation
technique and (b) their tau-p transformation.
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Fig. 7. (a) Data after applying the frequency-domain cross-
coherence technique and (b) their tau-p transformation.
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Fig. 8. (a) Data after applying the frequency-domain cross-
coherence technique and band-pass filter (10~60 Hz), and (b) their
tau-p transformation.

= 02 2Ao] U7t oS WFEe] tehdeh(Fig. 7b). 1
i}, Foge mAALS ES AT A9 100 Hz o]
X mFETS A A FREe] DFTS o] BHE
(Fig. 7a). D%} g B3E Zol7] 514 mAZLE 7]
% 2§ A2 (Fig 7ae] 1060 Hzo) mFah(band-pass) Be]
2 #gstrkFig. 8). WET BEES Hgage v nFu
EESESESEERE U R NCE EOE L P
MBS AT 5 UrkFig Sa). -] WP A2
(Fig. SbPIAE WEa BES 2§3t7] Aol uls) nFw}s
gol B0 02 THe % UL WEHULS AT
% gl

teoE, 4 (6 Fuqd BB 7N st Y
716& HET ANE Fig 9 EASH Fig 0 mFoks
e Fol7] 9150 10-60 Hzo) WEL} BES 2§32 Azt
ole}. o] b MFTL Fgo] Hx HFe H $4Y e
o 75 st Fehs WoiFn qirk(Fig. 9a). SHAEE, Fuis
9o WAAWE JPEel o AP ABY $A BE
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Fig. 9. (a) Data after applying the frequency-domain deconvolution
technique and band-pass filter (10~60 Hz), and (b) their tau-p
transformation.

(coherent noise)o| A= o] Qo™ (Fig. 9a), EM--u] H3-E
Az AT FAF ol sl 02 o]&f 9] AlZtthollA] o]
7h =3 loh(Fig. 9b).

FuES BT Y F B4 AFoE Yol
= 7RSS o] ARk dTo] diE g A7)0
eHdut MR ol Edo]AEY Z1IE Ao|7h & F9o
T 7PEEEAIY BEaollA A wES g1 4= itk
I 5 H5E7] 715 TR A 7IeARY AENte s
W Uipo] 7] dliol] 1F FgFo] LAs] ARMAA] gbe
A, w2 7IRE TP Y B 7IEARe SRR 2
Z03 747} Yo 7] wjge] JE gFo] &3] AR
I 9} AdETte] A Hrt. ojef ZE o] {2 wxpAYRS Tt
o] 71} ARE S o3 2aE =551 "t

I RMS H|& H|L

2 dFoMe A5AF e HAS A=V edn AW
71& H8S B9 A $41Y FE = vzEE s A
o2 B3] s, diE2Ql Atel gt HF RMSHIE A
Ab & vttt WA, HA] A= (Fig. 3a)elA A YRR
D)ol HHgt RMS(root-mean-square) gk 4 (7)& ©]-83}t4
AAkstaL, olg RMSIlo|gt Aogitt. E35h, B IR HHE A
Aol disf 4 (1) o83t AXEE RMS 3 RMS2eta
g ejgict.

>
RMS =4 |=22— )
n
o714, diz A TlolEl JFo|1, n A HlolH i
Zeo|t}. & W RMSH|E= RMS2/RMS122 A ojgitt.
H AoAs YAAE (Fig. 3a), A7 A 18 A=
(Fig. 4a), Fopg Y IAAUEZ(Fig. 8a) 28 A=, 222
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Table 1. RMS ratio of the proposed interferometry methods.

Method Time-domain Frequency-domain Frequency-domain
Raw data . .
Value correlation cross-coherence deconvolution
RMS ratio (%) 2429 49.9 16.1 31.5

Fupdel §27] A8 A2 (Fig. el dhl4 B RMS ¥
£ AR, 11 gk Table 1o YeR RSt AARt= 2] 7
% ®Wo RMS H7} w239, gdat 7 Tes A8
sto] 3 $A19 FeiE g of B RMS B7} 2] Yot
ot 53], T nAdsE 71He A85Hs o #
I RMS |7} 713 WolA], Al S of&-2-H](signal-to-noise ratio)
7h 3A FEe A 5 ot

Ef-2-I|(Tau-P) ¥ &4t 2t HlL

£ dyelMes BT 99 AR JAFEE YotRr] 9
3 BF-1 g9 ARE I Z7](length E= norm) &2 Af
sl & EAF S ARBSETE YAIRFE (Fig. 3b), A9 S
3 g A= (Fig. 4b), Fopeg9 wabdw-g(Fig. 8b), 1
g1 FupdY FE7] A8 A& (Fig. byl il ALreE &
4t Zk& Table 20 Ueb It HAES] ¢ Bhe-1] 99
o] FAF gho] 7P B, v 2 Ve A8t o
o 52 FHEo] AXEERITH B RMS HIE Zatel FARBH,
Foegdd AEES 7|HE F85HE o BR--1 g9
BAF grol 7Y = A vttt

waka], H RMS Bl& 9 ehe-1] J9 B4 3 A3 v
nE 53, S FHo e AF s Als i Fukeg
o wAEYE 719 7]6E eAdn MY Ve FEshe A
| 9] 7MY B ARE ZE5TE T ¢

o},

o
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ofm

A1 K50

™
==
rot

x17| v

231 15 487

ul 5 2

AFAFo] LYk =2t ] s Rt 317
Hjgo] 7hs3sitt. & Aol Rt 307] i8S o183t
o] #5H A AF ARE Fueukr FHlA 24
sto] 2&o] #217) WjEE EEstaat it

BiZ%S XHRQL BEAIE TS X2 | FIt4-It4 FY H|d

Fuieahs Qelolq Uehks 94 719 AAe) 7187l
5o $ES et 350 $w7t SRS Bt
4717 M) e AT 4 gtk Fukeai Ge

ARt TEHAY BS ARE 75T TUEOR F Wl
Fejo] ABsk] B2 4 kA 9)

dy (k. f)=F{F,(d(x.0))} ®

A7, F. ok Fres Z42E 7219} Azt oigh SF2of] Heks U
B, £} = 4 oot Fuke g UERiG Futke ke
FHoA 94 719 FAY Vel SE)E UEE, 4
9t o] maAH.

Distance (m) Distance (m)
20 30 20 30

0 10 50 0 10 40 50

0.0

05

Time (sec)
Time (sec)

10

(a)

Distance (m) Distance (m)
0 10 20 30 40 50 0 10 20 30 40 50

(c) (d)

Fig. 10. (a) Background noise data, (b) raw traffic noise data, (c)
data after applying the time-domain correlation technique, and (d)
data after applying the frequency-domain cross-coherence technique.

Table 2. Tau-P domain dispersion value of the proposed interferometry methods.

Method Raw data Tlme-dor_nam
Value correlation

6.417E-07 4.045E-06

Frequency-domain
cross-coherence

4.088E-06

Frequency-domain
deconvolution

3.295E-06

Dispersion value
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W S ARE WS ARE BT, ool g
Sh 4158 2&9 Fig. 10 WA%S A= (Fig. 100, 2
AT AF YA AR(Fig 100), IS T 7] W(Fie
100), 183 Foks G WARLS 7 (Fig. 10 HE
AR EAS AR S22 7128 ARA Sy
ZE Z1et Foiske G MEke SR S2H) AR
2 olgsigon], Fig 104 ARe) 542 © & sefs)

Wavenumber (1/km)
-600 =300 0 300 600

Wavenumber (1/km)
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Fig. 11. Corresponding spectra of the data shown in Fig. 10 in the
F-K domain.

7] Y3iA 0~127kK] 9] A=E Siste] =8 B
= Aoll= uhEe Mup ol HolA| b= WhA(Fig. 10a),
3 ¢ wFAFE AAAES} Bt 7MY 7es 283t
Azols 54 olvAY o] AutEes Hde &+ do
(Figs. 10b-d).

Fig. 109] zpzof s Fuppubg FHoA o Hu}
S BAST Fig 109 Z42He] ahgagdol A (8) Zo] +
HO| Fo HekE Faf 424 Fukpukr 99 AmE &
Z31th(Fig. 11).

Fapp-ab GoA HIBES ARE ST dEHs 2o
FA| = WH(Fig. 11a), A82F AF 34 A= A% F
ol FHA 1, 3 AHEHOA Y% £=9] 71878
7Kl e BoErk(Figs. 11b-d). 53], Fut G4 wat
agks 7S 283 AR A, Fue-ak GFolA] v
o Mme YA Yool WS 1, 3 AREAN B S A
(Fig. 11d). weba), Fridemiss o] 2498 Fald 74 441
712 o83t SAoIA LEAF WE ofvixo] 7]ukg 5ol
Ao R 71EEUSS S 4 ok

Closet 4K17| S BRI 15 K20| FIp-Ths o H|Z

£ AT chofat 7] Mol A5 REAE
B ABES T4 Gl v Hajstel A 4
A7) Wi AE BE5TA St Fig. 125 LEAek] Lashs
=20 thal 4%, 4, A WREOR om o AN
$707) S BelEth 47 Wido) 247] A=eld 5
U3k A7holel Qe AAARE Fig. 130] EAISHGTh Fig. 13
£ A 52 AR F 0-12 7|85 BAF Ao, o] ARk
L Aol 3k WaFig. 12004 WEoA] B2 wehozg
Ftgich. Aol ol MASH: T Buiske] Py
(Fig. 1204 dAZelq 255 ko2 Aush Hrishpl
7] w2l Line 1, 2, 3(Figs. 13a-c)2] - AelH Azlel
wet 57} Ak QPAFOl AT, Line 49) 29 4417] wjde]
Bente] shiel] 77k Felrk Hlof Fig 13)e 2 Py

40m (Line3)

40 m (Line2)

50m
{Line1)

e e 40m (Lined)

Fig. 12. Schematic diagram of various receiver arrays for traffic noise acquisition.
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Fig. 14. Corresponding results of the data shown in Fig. 13 after
applying the frequency-domain cross-coherence technique and band-
pass filter (10~60 Hz).
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Fig. 15. Corresponding spectra of the data shown in Fig. 14 in the
F-K domain.
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