HA40E 2 HL T 5 AR 2 4R Vol. 40 No.?2
- 220 - JOURNAL OF ELECTRONIC MEASUREMENT AND INSTRUMENTATION 2026 4F 2 A

DOLI: 10. 13382/j. jemi. B2508374

ETBRERBRSEFESHEREM PEEREREN"

2 E5AE Rax' B OB AR AT
(L PR AR R R W# 61050052, PURS A RAHLE TRES2BE B#HR 610500)

W E.ROEEET 2 HTREIR % R AKHEK 8 OGRS R HE R I LA % TR B i % 4 A 2 S, P 4
T S (37 45 AR H A7 A MR A RO B 3 AS v 9 [T, B — b B T B WM 5 (5 R B A B B AR e v k. e B
TR 5 IR AR I AR 5 s R R AR & L RIS R A /N BUME A XS 5 2T B A 38 AR5, R ELAR R R
AT SR FR4E G 2 4 SR ER I A T B 0 1% LA 28 A A 5 B, W0 COMSOL {7 BLEGE J7 v il A % 3 R
0.55 1 m % PE BT, L0 L5 %05 W6 IS 8 1812558 AR 2243510 0. 042 1 0. 085 m, BEARBEM AT
A3 R 0. 058 F1 0. 820 m; 5 HAH 5 oR FIL Rl T 38 S Ik AH bL I 7 B 7E 0.5 m IR R P35 58 7 58 22 43 5l B IR 0. 067 FHI
0.063 m,7E 1 m ¥R T 43 BIFEAS 0. 222 F1 0. 057 m, FFFEESRFH 245 BT T4 & AR, W & 245 T 98 PE
I A A TR FHME,

SRRl JHLHIASIE ; WM I L R B RN B R E s PR AR R

R E 4> 25 . TU990. 3; TB53; TN911.23 XHFRIRAG: A EXRREZRSERE: 140.2

Imaging and location of buried PE pipes based on joint
denoising and mutual information time delay
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Abstract: Polyethylene pipes are widely used in critical fields such as energy transmission and water supply and drainage. Accurate
detection of their locations is of great significance for ensuring urban safety. In view of the problems of noise sensitivity and inaccurate
time delay calculation in existing pipeline location technologies, this paper proposes an elastic wave imaging location method based on
joint denoising and mutual information time delay. Firstly, an experimental platform is built and the signals received by the geophones
are collected. Secondly, the signals are denoised by using the ensemble empirical mode decomposition combined with the wavelet
threshold algorithm. Then, the time delay of the signals is calculated by the mutual information function method, and the pipeline
location is determined by superimposing the data of multiple survey lines. Finally, the feasibility of the method is verified by COMSOL
simulation, and field tests are conducted on PE pipes buried at depths of 0.5 and 1 m. The experimental results show that the average
positioning errors of the pipelines obtained by the method in this paper are 0. 042 and 0. 085 m, respectively, which are reduced by
0. 058 and 0. 820 m compared with those without denoising. Compared with the cross-correlation function method and the time-domain
superposition method, the average positioning errors of the method in this paper are reduced by 0. 067 and 0. 063 m at a depth of 0. 5 m,
and by 0.222 and 0.057 m at a depth of 1 m, respectively. The research results show that this method significantly improves the
positioning accuracy of pipelines and has important engineering application value for the detection of buried PE pipes in complex
environments.
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Fig. 1 Elastic wave legal position buried

pipeline schematic diagram
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Fig.2 Pipeline positioning geophone layout
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Fig.3 Pipeline positioning modeling geometry
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Fig. 6 Schematic diagram of the measurement surface

2 EF EEMD B &/INK BE/E S MR

FEIR b A T R A R v, R R I A B
R JRI PR A M 7 45 22 o DR 2R 1) e [m) VP 3 B0 J5 R B Al
FBIRES BN R RE A 2% L, DT R AR AE 10 0 oK
o P, T SR 5 Z B A i s 4 U 5 5
HEATREME AL PR, IR TV S 2205 50 b5 e s st e
2.1 EEMD BX& /N {8 P R [ 38

SR R A e e A2 R R B AL T AL e, R BUR
AU R AR AR PR AR . X X R AR
S W RN Ty vk AR /N AR Y N B Sy
fR2E DR T B R Rk e /NI A
AR Ry — BT/ il A8 i 1) BRI R I 5 1 | BE AR A%
il A P O OR BA (55 1 B RRAE . (H O T 3 B
PERL 2 | WM R X /)N i B 9 S 5 K A il 2 000 o v
B, 258 B Z 43 iR (empirical mode decomposition
EMD) {E Ry —Fift F 3 1 09 5 5 b 31 05 125 i o6 52 2R AR
54— 4 B A 7S BR (intrinsic mode functions,
IMFs) , SEBAE S RRIE SR O S W A ] . {H EMD £ 392 FR
I FH v 2 S AR S TR & [l B, RIAS W) RUBE (94 5 1l 4 TR
G M RO . SRR I, $2 1 T R B A
RSO3 D5 1% 1205 Bead ik 1] J5UR 15 5 o ACAS [+] R 2
FA e 30T M P | EAT 22 RO R BT A48 RG24, A5 %
Y TSRS IR

ASSORE AT RS IR AR 1 10 /N B B {8 D7 12 5
FI3E I (1 EEMD S8 &7, IR A G R 500 i
IMF 734, TSR ICHR 75 T b 265 oo A 0 234 5, i e 22
B4 5 A L5 A T A AR T SRR S

EEMD-/|NiJk 5 {1 3 e EL AL BR AN,

1) EEMD 43 . ¥4 75 {55 64T EEMD 43 , 15 2]
AT A v A5 S AR A0 AR U HE B B TMF 4 o8 AR A 0,
(DR EES () FImASRE N & 1Y = B 1 MR
w (1) MIES i HINIE T (2) UL NG5 H1T
EMD it A3 24> IMF 4345 (3) iy 22 B 75 5 g, %
M XN IMF 53 5RF35 (4) IR (55 257 i 4 2
A IMF 430 f0 1 N RA i,

2) KA G5 Fg S oy, RAERS IMF 43
5 FEA (5 1 B R B E — A BIE, 2 IMF 4r 51
HAHKE R B TR 188 & A S BA Y
PR RIRTEAS s 2, WC A A 55 e 75 Bl 43 1Y TG 3K o
i, T EATRERR . XA i IMF S E IMF () IR
SIFWRES (1) Z B A E R 5

3) X TR AT/ NI BB RN, (1) SRk 4
W55 R PR S ALY , A% Sk L HAT R A1
AXTFREEERY sym6 /NESE, HEXHE S5 T 12 J2/NEE 4y
itk BN ) RUBE /NGB 2R 2805 (2) A 30 T D UG A 3 )
325 IO A BRI, SR FH A B B A T M b

OEFEA, FEEZ/NBFES R IME 535 /G
BT A R AR
2.2 BREBEBRERSSH

TERCTERRIX SRAE MRS S50 , SRAEATIAE A 200 000 Hz,
REEFE R 0. 075 s, RAAE S W& 7(a) Fin, HE7
AL SRFEAS 5 R U B BB R B, i SRS
S#EFT EEMD 43 7RI GG 5 5 o AR BE Dy 0.2 (198
Hr A WE S IEUEAT 150 RS R, 45 ) 13 A DA B 3
R HER Y IMF 43R A 1 S ER A3 40 RES, W&l 8
Fis ., SRIETHRE RS IMF 4 8 5 R (55 1 B A G R
B,k 2 s,

<107

S {E/m
N O NN AR

fi
|

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

KL [E)/s
(a)
47
E 27
b
= 0
iy
-2
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
SRAEI )/
(b)

7 RAEAE S MRS X L
Fig.7 Comparison chart of sampling signal before

and after noise reduction



Hi2 FET A R 5 A5 S 193 PE 48 BUSRE 7 - 225 -
meW oM ge s IMF2 AR B ARG ZRE FE B E R 0.1, 3R 2 W0, g
oé*“u' ‘““‘OWF gy _SW 7 EBMATE IMF2 ~ IMF5 (IMF11 ~ IMF13 1 RES 1,
R e ARG RO K IMF12 IMF13 5342k (9 50 B, I X
3 ) . IMF2 ~ IMF5 IMF11 $#47/NE BB R 55 EAAE 5 T
20 002 004 006 20 002 004 006 R R AS R, WCETEREMRAE L ANE 7 (b) FR % E
, 10 IMFS S 100 IMES JE AR5 SRS 5 AT R, B MR AE S- BOE AR LR 15 5
Ittt 0 AR, ) O O T A £ W
0 002 004 006 0 002 004 006 N A o (22 Lot T P
JRWIEHAY G BIRE 5 BB FE R R 5, (HI%
S 3?%VQT§MWMM WSk AR AT 20 D I I 4 | [ B KA BE AR B £ o
ST om0 ove . o oo oo obe FIATRIAE B DA AR5 B 0 , 327 T T i
a0 MEo S0 IMEI0 R EIUE 5 N BES A A R m F L,
_(]) -~—~—J\/\/\ﬂuf'\ S 0 %——f\._ N \ /ff\/\/\—-k—--l
0 0.02 0.04 0.06 _50 0.02 0.04 0.06 3 g?ﬁ{% %\ I’;_FI ;ﬁ;‘ﬁ m%ﬁ&ﬁ,ﬁ{%
(])(XIO;V\ IMF l\l . 1(5) %107 IMF 12
J= \ 0 T~ = B o ks F 7 E
N e oo 0 o o oo 3.1 EFEEEGRHTEREZR
0% IMF 13 <104 RES - HARREAL T AN 5 B B2 (8] A AR
N {55 S I PSR, 21110 L £ B AR ™
0 0.02 0.04 0 0.02 0.04 0.06

Kl 8 EEMD 43 fif4h
Fig. 8 EEMD decomposition result

PSRRI AR T RS 55 A S
O T3 X0 9 0 E SR 1, B 2 £ 5
I TAER

x2 ZEIMFHEEHEXEREH

Table 2 Autocorrelation coefficients of each IMF component

HAHXZRE IMF1 IMF2  IMF3  IMF4 IMF5  IMF6

IMF7 IMF8 IMF9

IMF10 IMF11 IMF12  IMF13 RES

R; 1.0000 0.0566 0.0419 0.0305 0.0243 0.8720 0.9387 0.6345 0.2667 0.1193 0.0271 0.003 4 0.0026 0.0029

RIS B0 v () B EERIE B R v (1) o
SR I RS S B x (n) Fly(n) IS EH T
PEORCHE | A 1A 10 o i A28 32 55 i 0 5 A0 o8 4 A
P(x,y) FEHZMERNAT P(x) P(y) o HFX PR 5
BRAR(6) W15 (1) Fly (o) S MBI RM
1) 5(0) = 5 T Pleanlog( ey 0]
(6)

S b ARy () FER R TR T
y(t =) W TFRA TR AE T, #EIEE (o)
y(t = T) ZEMTERE AR,
Ix(1) ,y(1=T))= 3, ¥, P(x,y)log

xex(t)yey(t=-T)

( P(x,y) )
P(x) + P(y)

(7)

it AN R B SE (R A9 A B, HAE B KM

Xof IO A9 S SR T 3 A D i 2 A 5 AR TR VRS 5

B AIAEIR 3T B A5 S pRAIE (9 B ZE 55005 B 32 B 7 &

O3 R IR R B I8 Y [ A 52 e, — e, o3 A BOR >

SRR, K2 S RBUTRA AT Rk

B AE S R P T R 5 AT P R B KON, 2 i R 7

/N FE P R BNWEAR, ] A/, I =22, WL K% M

AR SCHR g A B R M A% [ S T 1 3 A A
e K EFE L4314 100,-0. 02~0. 02 s,
3.2 1Bi PE BEERBS A

FET 12 0 LA U A A | XoF S 85 i K1) O R
B RTHRAS B R ST AR 5 5N E S s(1) BEAS
SR G R NE 9 R, B9 WA, BLAE B R AR T
B 2]t B, 332 PRI Sk S SR I S T I S i 21036, HL
TEARTTARIEAR S AL R E S CEAR B R BN A
FER 1 AU I S S9N I 5 B 155 1) B B R Bl e
AL, WA (XTI A A s 11 246 XoF 1L B0 Ay 32 AG: Tk 4% 1140 I S 90
WA FHRIEAE 5 B [ AER T, | sk 2 S SO\ ik )3k
55 kAR 2% A B E]

X TR BT K5 kBRI 5 DA s R B R T
oy, A A A TS BRGNS S s (0) AYRESERT ]
T, SRR WBAT T SR GBS 1 DU & S S 9\ ik
{554 IR (5) THE AL 3 i [A) 7 s 1) 22 %% o,
IR 4 B A5 SAE 0~ T NI X BRI, 45 31)i%
BATTIY A IME, [ RO B TT ) S e, B A5
F|—~ 300x600 (1) B ME I, K K50 KL, W E
10 7w, Al S M PE 45 1) — 4k A A%



226 - S 1[I I IV = 3

540 %

% 0.010
gawf\/P\vm\
: . A

-0.020 -0.015 -0.010 -0.005 0 0.005 0.010 0.015 0.020
B ) /s

S 0.010
8 N

£ o -
-0.020 -0.015 -0.010 -0.005 0 0.005 0010 0.015 0.020

) /s

< 0.010

S 0.005

B . . . .

# -0.020 -0.015 -0.010 -0.005 0 0.005 0.010 0.015 0.020
i ) /s

= 0.010

= 0.00(5) . .

# -0.020 -0.015 -0.010 -0.005 0 0.005 0.010 0.015 0.020

I [a)/s
Ko SRS SEIE 5 B AR R
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wave signal and excitation signal
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simulation experiment
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Fig. 12 Localization test of a 0.5 m buried PE pipe
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Fig. 13 Localization result of a 0. 5 m buried pipeline using

BIEHE/m

the mutual information method with noise reduction
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Fig. 14  Localization result of a 0. 5 m buried pipeline using

the mutual information method without denoising
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Table 3 Positioning errors of pipelines buried at a depth of

0.5 m with different noise reduction treatments (m)

e ‘r‘%ﬂ%ﬁﬁﬁ ﬂfﬁ%ﬂ%ﬁﬁ <8
MLk 11 MLk 1-2 WLk 2-1 MLk 22

BRACFiR 2% 0. 065 0. 025 0. 205 0. 025

RHRR IR 22 0.215 0.135 0.215 0. 145

I KN IRE 0.071 0.041 0.218 0. 460

Gas A E 16 B R, & 015 F A & I K 7 B
0.615~0. 635 m, HHEPEAE-0. 915~ 0. 885 m, Mk 2 &
P8 KB AE-0.312 ~ —0.285 m, HH IR 7E
—0. 875~-0. 845 m, MLk 3 &N E AL EFE 0. 475~
0. 605 m, HHEVRTE-0. 845 ~ —0. 785 m, 45 I £k 1 B Ko7k

FiR2E A RHTRIR 22 Ff KOE MR 22 Q03R4 ik 1-
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3 B E AR 243 95 0. 060 .0. 094 0. 100 m,
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Fig. 15 Localization test of a 1 m buried PE pipe
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Fig. 16  Localization result of a 1 m buried pipeline using

the mutual information method with noise reduction
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Fig. 17  Localization error of a 1 m buried pipeline using the

mutual information method without denoising
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Fig. 18 Localization result of 0. 5 m buried pipeline using

noise-reduced cross-correlation function method
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Table 4 Positioning errors of pipelines buried at a depth of 1 m with different noise reduction treatments (m)
I o e LA — — APRRAER
ML 1-1 ML 1-2 MLk 1-3 ML 2-1 MLk 2-2 Mk 2-3
(EEERE T A (0.6,-1) (-0.4,-1) (0.6,-1) (0.6,-1) (-0.4,-1) (0.6,-1)
RFKF-iR 2% 0.035 0.115 0.125 0. 365 0. 045 0.255
BRHR IR 2 0.115 0.155 0.215 0.995 0.205 0.945
RRENIRE 0.048 0.139 0. 149 1.355 0. 087 1. 148
x5 AEBGEMAERNO.5 mBREEEMIRE
Table 5 Positioning errors of 0. 5 m buried depth pipelines using different delay calculation methods (m)
I [+ A5 B R+ A G AR e+ Bof 355 o
ML 1-1 ML 1-2 MLk 3-1 MLk 3-2 ML 4-1 MLk 4-2
BRAF-iR 2% 0. 065 0.025 0.125 0.125 0. 055 0. 165
IR IR 2 0.215 0.135 0.195 0.195 0.195 0.175
BREN R 0.071 0. 041 0.163 0.163 0.203 0. 187

AHRENTESCT 0.5 m G 1 1 U MK
G2 R ME 19 Jis 8 AL A48 T KL B AE 0. 045 ~
0.055 m, HHEVRTE-0. 335~ =0. 305 m, VR E M iR E K
0.095 m, %k 2 &AL B K7 B TE 0. 035~0. 065 m,
HIVRTE-0. 345~ -0. 325 m, T E 1R H 0. 115 m,
DR Fpe KK T 1 22 | e M IR 058 25 A e R o 1 22
m 5 il 4-1 MLk 4-2,

[ HE A BRBOE LT 1 m R PE & EMZ 1 1Y

T UGE N AR 45 R A 20 Fr R, /2 15 3 54 8 K
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2 BN B K B AR -0.335 ~ —0.285 m, HHIRTE
-0.915~-0. 845 m, Mk 3 ELIEIE KA ELE 0. 525~
0.475 m, HIFRTE-0. 935 ~ —0. 845 m , £ 1 £& 1) 5 KK
W25 e RHER TR 25 A5 R e v 12 22 W13k 6 Hh 2K 3-
1 2R 3-2 ik 3-3, [RI A 1A AT A 28 1 2k 2 £k
3 WP E LR ZE 43 R 0. 442 0. 105 ,0. 375 m,
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Table 6 Positioning errors of 1 m buried depth pipelines using different delay calculation methods (m)
I PR+ {5 B FA M+ B AH G e M+ 5 S5 in
IR MLk 1-1 MLk 1-2 Mk 1-3 Mk 3-1 Mk 3-2 Mk 3-3 Mk 4-1 Mk 4-2 MLk 4-3
B A SR B (0.6,-1) (-0.4,-1) (0.6,-1) (0.6,-1) (-0.4,-1) (0.6,-1)  (0.6,-1) (-0.4,-1) (0.6,-1)
IR PRE 0. 035 0.115 0.125 0.395 0.115 0.125 0.215 0. 155 0.255
KRR IR 2 0.115 0. 155 0.215 0.435 0. 155 0. 155 0. 105 0. 085 0.255
T RE N IR ZE 0. 048 0. 139 0. 149 0.584 0. 139 0. 149 0.242 0.177 0. 361
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Fig. 19  Localization result of 0. 5 m buried pipeline using

noise-reduced time-domain stacking method
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Fig. 20 Localization result of a 1 m buried pipeline using

the cross-correlation method with noise reduction
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Fig. 21 Localization result of a 1 m buried pipeline using

noise-reduced time-domain stacking method
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Table 7 Average positioning errors of different

pipeline localization methods (m)
[ I [ I
Rt o AR R e
HFR  HER  HHX Epo =il
0.5 m HIZRAEIE  0.042 0.100  0.109 0. 105
1 m HERAETE 0. 085 0.915 0.307 0. 142
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Table 8 Comparison of running time and computational

complexity of different localization algorithms
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