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Leak detection in water supply networks based on multi-feature time-
frequency spectrograms of acoustic signals

SUN Qing-shuai', ZHANG Ying-jie'l, LIU Hua-liang*, LI Shu-jie'

(1. College of Computer Science and Electronic Engineering, Hunan University, Changsha 410082, China;
2. Research Center of Hunan Water Metrology Information Engineering Technology, Changde 415000, China)

Abstract: Acoustic signal-based leak detection methods play a significant role in manual inspection and are gradually
evolving into emerging technologies for remote monitoring. However, conventional deep learning approaches for leak
detection from acoustic signals often suffer from complex preprocessing procedures and interference from
environmental noise, limiting their generalization performance in other water supply networks. Moreover, the accuracy
of leak detection still needs further improvement. To address these challenges, this study first constructs linear
spectrograms and log-Mel spectrograms with high time and frequency resolution based on pipeline acoustic signal.
These spectrograms are designed to capture both high-and low-frequency features, emphasize short-term dynamic
changes and subtle spectral components, and are fed in parallel into a convolutional neural network. A parallel time-
frequency attention convolutional block is then introduced for feature extraction, enhancing the network’s ability to
capture fine-grained temporal and spectral characteristics. Experiments conducted on real-world pipeline acoustic data
and physical simulation datasets demonstrate that the proposed method significantly improves the detection rate of leak
events and exhibits strong robustness and generalization capabilities.

Keywords: water supply networks; leak detection; acoustic signal analysis; time-frequency spectrogram; linear
spectrogram; log-Mel spectrogram; attention mechanism
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K/INA 2, 78 HK-data £id5 % B HE A NA 16, Epoch
WHE N 100. [FRf, 3 NEVELE R —H 8 EAT
10 PRI HR I S B8 5545 20T B VAl FE AR 1R~
L AIFRE 22, 3R 3 MR 4 43 79 N B IEAE Lab-data 3§
B TR U ECTE Y (M SN R R Rl E R R i BV E RS

IR AIAS R 3R S0 AR5 31 1 2 4588,

%3 Lab-data bRt EEXTEL (53X M & 0.47 Lis)

B % TelRAR vs Tt vs TR vs
: " NIRRT A RT a4 AR
R 91.94+620 88.33+17.01 88.89 + 8.15
RHE 96.11+£12.30 86.67+21.94 97.78 + 4.82
TFCNN
REER 1222+3.51  10.00£16.73 46.67 + 45.60
F1{§ 91.89+7.51 87.38+18.39 93.55 +4.51
IR 9222+9.60  87.78 +14.36 89.11 +2.81
LogPS- WJHIHE  9111£652  96.67+3.89 97.36 +2.01
ResNetl8 Rk 667+1567 21.11+£29.14  43.89+11.55
F1{i 92.50+822  89.87+9.59 93.47 + 1.67
IR 80.00+3.41  88.89+3.71 86.00 + 0.94
PR 8556+5.37 91.67+4.72 100.00 + 0.00
MFAN
WRER 2555+537  13.89+5.40 70.00 + 4.68
F1{§ 81.13+3.40  89.19+3.51 91.96 + 0.49

%<4 Lab-data EimisilEsexttt (3FM & 0.18 L/s)

Wk S TR vs TR vs TR vs
N70 SAIL S 3 o SIIL 3L - NINERR o
: FLEMHRIR S RIS BT 4 KRS
HERAZE 100.00+£0.00  100.00 + 0.00 100.00 + 0.00
WA 100.00 +0.00  100.00 + 0.00 100.00 + 0.00
TFCNN
BWERE 0.00+0.00 0.00 + 0.00 0.00 + 0.00
F1{ 100.00£0.00 100.00 = 0.00 100.00 = 0.00
R 95.00+£9.43  85.72+19.77 94.89 +6.11
LogPs- VUM  98.89+234 88.42+21.49 98.61 £2.27
ResNetl8 jR#:%  §89+17.01  25.50+21.56 20.00 + 30.90
F1{H  95.68+7.59  87.66+20.51 96.97 +3.43
HERFIZ 100.00+0.00  100.00 = 0.00 100.00 + 0.00
PN 100.00+0.00  100.00 + 0.00 100.00 + 0.00
MFAN |
WREZ0.00+0.00 0.00 = 0.00 0.00 =+ 0.00
F1{§ 100.00£0.00 100.00 + 0.00 100.00 £ 0.00

R 3, 3 ANEEN T S AN R B SR

BBEN 0.47 Lis M. s2536 0 mltig 7 LIRS
W ag TRt Hhn KT 4 KRBT
(1) 3 L5, LI S5 R BoR, Frde i MFAN 502 x)
T ) S A5 R VK S TR LR, B
AFAE R 1 1) iR e S T T 6 34 1) 24 4% T 452, MFAN 1)
T BRI ZIEE] T 91.67%, #iT TFCNN 5% 17 51
) 5%. H 2, 7552 E R 28 (1) [7] i 152 0 6t A 6
T 3.89%. IXAAIL T MFAN B[] T 6 A fff 2
FEAM AR, DA KB FE ek A XU . 17 78 5
bR L F H, SCHEE B R R AR = T iR AR, DRI,
T FE B BH M I D AT RS2 L RS, R DL,
Log PS-ResNet18 £ I [r] 2 4% J T A5l 4F 55 7 15 2
T H MFAN S & R0 2, (H 2, B R E R
FETLEN T 21.11%. 72T IR BB 1R 5 A s 1 8
FISEIGZH R, Bl 2L 1 4 RBIA P A.
U, ATCLUR I, 3 AN AR IZ A S H S R B R
R e 2, AL 1) T BT RE A 2 R0 T A A

Iy BT A VERE R AR E PR W] LUK B, MFAN AR
T TFCNN 5 Log PS-ResNet18 S E7E 10 Yk SZ4
TP F A PR BE. MFAN %48 bR A0 bR v 22 B 2 AL
F WA L 9%, T TFCNN Al Log PS-ResNet18 5
A TR IR BIARHE ZAFAE L T-E P B T - 3 (E B
R, BT FEPERE A AR B FRAE, RIS L.

F 4w, 3AEIEN A TR B SR
BBEN 0.18 Lis M M. s236 0 Hltis 7 LIS
Bt FL IR AT 4 A R0 IR 3 2K
55 MR G5 R0 b 4y S S50 B4 /K 2 B A ]
IR PRI, AR A (S S T I 2 A B AR A
BTG G TR ROk, Rl B 4 7T AL MFAN
TFCNN SE7E 3 46 s B ih 13145 1 100%
TR H B 0 1R (1) k4 1T Log PS-ResNetl18 5
BEA BRI LIRR G S TA E R, &
B AR 4 R B AIC, 457 ) e 7E 28 A kI R ) 3R
PHAE O 22, I AR 1) 28 00 vy 2 2 2 HL RV
REB IR,

SRR B B B S T M B b R P R
I kB S M, A SCR MFAN 5 TFCNN
Log PS-ResNet18 P /™5 1% 7E 7 ik | S0 R AL HUHE b
AT EE S5 bAb, 38 51N EE A FE5E T B AR
I 1) 75 15 5 UK 5K W 82 VMD-Transformer”™” 5
FFT-Transformer”". H: ¥ : VMD-Transformer E.3% %%
UG A5 5 2 A ) R (VMD) M 5\ %2
S Transformer 5 784 3 47 43 i 32 ORI 45 0H 5502, T
FFT-Transformer JUI| 2 i i L {8 L H-AR ¥ (FFT) %
FEAT 5 DI I3 e 28 9185 P-4\ %2 2k Transformer
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xR E41%

58 R0 3 AT A0 4R ORI 45395 0. Sz 86 f, VMID-
Transformer 1 FFT-Transformer [] 241 1% & 2 I 3¢
Bk [23-24].

HK-data b [ J 453 6 I 14 BE o b S5 25 S in 3k
5 s, Frde H MFAN S35 S8 1 g fE i 4 DU
R, RN LAY TECNN IR R0 11.66%,
HAREZ N 0. % HLE L Log PS-ResNet18 (115
or I S FEAR 72, 3 b FL S DR AT B A AE i P 9 Ak 3
PAT TACIBL BT B4, R EUEE A 5 2 2w
P B MR RRAE, B G AR 25K ) D T e A T
VMD-Transformer A1 FFT-Transformer 4 il {¥ 5% £
IR 33 B BURF AR, A B 78 70 ) FH IR 335 40 338 ] £1)
A, X A] RE T BUE AR RFE SR BT TH A7 AE )= FR 1%,
MTIT S M1 A5 1R 0 B 1 e ; AH B2 R, TFCNN 52
ERIH T B &34 e R0 M fg. HK-data 25
Pa4E B RS 36AE T MFAN SyE7E AL BR A 2 LS
Iy s IS RO R AN A 1, DR HAE S bR R o i e
TR 715 0.

=5 HK-data ERIRIRAEN 4 REXTEL
ik WHIRY% MRS BERY%  FUE%
TFCNN 91.21+3.89 87.92+853 550+7.87 90.82+4.19

Log PS-ResNet18 50.00+0.00 0.00+0.00 0.00+0.00 0.00+0.00
VMD-Transformer 71.55 + 14.48 77.42 + 25.52 34.33 + 18.34 70.67 + 14.58
FFT-Transformer 54.12 + 11.4947.08 + 24.39 38.83 + 32.28 50.88 + 11.27

MFAN 99.09 £0.33 98.17£0.66 0.00=0.00 99.07 +0.33

24 HEESCR

PVEAG P R 1R 59 7 58 o AN ) A A RFAIE AT
VE R IR BRT e 5R 5 E BE RO FE A, A SC T
R RS, 73 i AN B A0 1 2 R 6 AR
28 LR SR P HE L REAT 04T

PR N RFAE 5 T, BT 5t R 1 i s N L9
1o P ) 73 9 2 R vt 2R 1 3 3 ) 2 P B BB ot
/R B 4 B 9B IE A R1E B TR R T A
Rt SIS PR A OR B 2 T B X g R i 1]
1o I 18] 20 2 43 P v B 0 0 T, R i AN [

BN A R, REFE M N 2 250 — BUE S
SR N BEAT I REXT LU 75 45 W RSEER 5 T, P HA AR
RGN T HAT BB 8] -4 2633 B JTHLH, DA S oA 7Y
X} 7 B A 5 I [R] 2 7 A R A 5 AR RE ). T
fili 3% S AR S R DT R, S AR RS R I (R
I~ BRERE T, BRI RS R R N R IR, DR EF
i NV P — B0 A R R 1 R 4k

SEB H FITA IH m S 56 20 24 7F HK -data 04 I
BEAT IS AR, R 3R AR R R VI 25 2 BRI 45 %
B [FR, BrA SEE A IR A 10 CE S SLIR HCT 3
Fbs v 2 7 R PR REFR bR, SEIR 45 Rk 6
s,

HH 3 6 H i Al s 36 1t bgh AT LUR B, BT i
HOERL SR FH A0 4 Fh R 9 N IR 51 N IFAT IS
() R 23 B JI ML, 78 HK-data B4 55 LS T
¢ e PR R A58 R0 TG U 40 S5 1R 2 SR HE R % (99.09% +
0.33). JeHRAIZR (98.17% =+ 0.66) FF11E (99.07%
+0.33), HARZZ N 0. [, XFEE 10 )45 R APk
ZE W] LLR B, P IR R ) S0k B W s v R

FEVE R IHUER 77 T, 43 700 7 B A 22 33 7 70 A
R G, AR A B . Hodr: BB R A2
VER IR B A B 5, U 2R B 96.50% =+ 0.86,
245 3R AT R R R 6 T PR IR AR AE 6 T ek B
K A PR B I TR R FI i, M REAEFL(E R R R
PRUBEAR, (ERATI IR I e B4 1) 58 A L BRiE R 1L
il J5 , BEAL L RERG A %, (H AR AR IRFF R = K,
RPEZIPLET BRI MR A e iR FHEH, U
HRAE VUM Z Ty i fe it 1 158,

P4 N AR J7 T8, A FH 2 1 15 P Bl A A5 A
HOMg RV B, B 1 RE I T 3 AL A Bk
M5, A8 26 P 1% i R 4R 0 26 97.50% +
1.36, B&AL T AE A0 Hiotg 7k 1 B 11 96.00% + 0.95,
B 2R M B b i B 0 S B T IR A R B
TonEE R, ANCfs R e R) B AR 40 A

#6 HK-data FiHRASEIGXSEE

PN ERIIHLH] HERHE /% WHER/% W% F11E/%
A SERELEY 99.09 = 0.33 98.17 + 0.66 0.00 £ 0.00 99.07 +0.33
S P A TR)E =) 99.00 + 0.40 98.00 + 0.80 0.00 £ 0.00 98.99 + 0.41
A PIRERTER ) 98.25+0.43 96.50 + 0.86 0.00 £ 0.00 98.22 +0.44
Ak Fe=waALiIN 99.04 + 0.44 98.08 + 0.88 0.00 £ 0.00 99.03 +0.45
A A SERELE T 98.46 + 0.84 97.50 +1.36 0.58+0.88 98.44 +0.84
SRS B /R 1% P SE LR 98.00 = 0.47 96.00 £ 0.95 0.00  0.00 97.96 + 0.49
A e I 1] 43 21 1 AL 97.79+0.48 95.75 £ 0.92 0.17 +£0.35 97.75 +0.50
DA ) He e i SERELERY 98.54 +0.74 97.17 +1.37 0.08 £0.26 98.52+0.76
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2 FEERE T R, Horb E itk B RSO BCR (1R
BIERNIT1T% £ 1.37) BEAL T =y B 8] 3 1 (95.75%
+0.92), %45 Bt — 0 R T A 4 B I AR FEAS
SERET TR A R T R

gk b, 20 PRSI RA NS & AT RS
[ - A e 3 ML R 6 A5 AR B T B M e, L A
RYEFE BB TR BRI 2] 1 5 oS i E A .
2.5 W EGIRE S R EL

T SR T H0 0T e 2 ) 95 15 B R PR AL 1)
XFECRE, AT 55 H 5 To IR A5 = (R X 43 . R,
Al LLE #), % E 5 TFCNN il Log PS-ResNet18 7£
i AR T I O M AR B SIS UE BT R
Tl P A 5 R AR HE LG S 5 TH R RE 7, A SCAEA TR
Mk 7 PR T R0 3 Pk AR 6 SR AT R B SRR
X HK-data (1) [F]— Bt BF KA 1 s B9 & AdE AT 3 ¥ AR
e, FEIES T ARG I L (SSNR) &5 A4 AH
BHL (SSIM), = A0AN [F) 1% 1] 5 S 7E M 7 A58 T 14t
TFHehe /1. SSNR H T &5 5 F A AUE B R E
P, B, W75 06T 2805 5 P8 T SSIM
TR T B A vl T ) &5 A AR A, (K, i I A M
TP PRI = 1 5 0 — 2.

SIS J3 ) 5 S s A A I v 0 1 e 7 RA AT
M 75 30K {5 M Eb (SNR) B2 B N 10 dB. 20 dB flI
30 dB, DABEHUAS [ 56 BE 1R e 75 PR BR 5. Jrb: v
I e P AR DA S 8 ] A () B BILNGE 75 35 50 AT AE
AN Koy 2108k 5 D) ASLAD (A 7K I e ) 7K I e
EIEREN bR T, & 7 ML 8 AN 3 N &
£ SSNR 1 SSIM P48 bR TR SEIR 45 L, X £
RV P 1) 7 2 A O B i P AR 5 ST 4.

®T AEEFIME T RIEET E SSNR EXfEE

‘ T3 M S /dB AT /dB
ik
10 20 30 10 20 30
TFCNN 402 1488 2555 355 1435 2518
Log PS-ResNetl8 512 842 1202 481 796 1143
MFAN 9.82 17.69 2635 9.88 17.69 26.38

*8 FRIEFIFETEILES R SSIM ExftL

s T 7 1 /dB KL /dB
Rk
10 20 30 10 20 30
TFCNN 021 060 092 02 062 091
Log PS-ResNetl8  0.12 029 055  0.14 031 054
MFAN 026 058 08 032 061 086

79, MFAN J7 V2 1E 5 7 1 W 75 oKy 21 1
8 N ¥ T TFCNN 5 Log PS-ResNet18. £ &
M 75 PR B, MFAN (1) SSNR A B 7 15 M Lb i 3%

hnfsE EFt, A 10 dB R 9.82 $2 7% 30 dB W
2635, RIH BRI M A AR A 0. AHELZ R,
TFCNN 5 Log PS-ResNet18 [] SSNR {# 7E#H [ 441
T EZFECT MFAN, JCHZELERELL (10 dB) 15100
N, MFAN ffJ SSNR {8 JL-Fy TFCNN i) 2 £%, H.i5
T Log PS-ResNet18, 3 B MFAN 7E 5 B2 75 0 T
AR BRI DR B 15 5 A 8UE B

[FIFEHb, FERy 2108 FE PR, MFAN (3R B
PEAL A L& 10 dB. 20 dB if 4 30 dB, MFAN [¥]
SSNR {E#41tF TFCNN 5 Log PS-ResNet18, Jt 2
EFE SN LLIE UL R, MFAN fEf%i4 %) 26.38 ] SSNR,
FULH e s E M PE. AL R, RAF TFCNN
5 Log PS-ResNet18 7£ =115 Mg L T~ A Fr g 7t (Ha2,
FL SSNR fHIGZAIK T MFAN.

% 8 Fionif) SSIM fH EL 5 1, MFAN 8 7R H
R B B ML R T R R LD MR R R T
MFAN [#] SSIM {H # & = T- TFCNN 5 Log PS-
ResNet18, JHEERIEMELL (10 dB) 2414, MFAN
(1) SSIM {& B AR T~ HoAth 9 Foh 77 7. 1X 3R W], MFAN
RE A% T 0 b (R 5 03 T 1) 5 4 — SOk, B P e 7
PSR IAEER, tHBE R T Mk SR A5 5 1 SC B RRAE
{HJ&, MFAN 7£ 20 dB A1 30 dB {5 M LL 461 F, ok
AEN% i T TFCNN, iX 7] §¢ 42 T MFAN H {1 2
M 7R T P sk o AT 0456 0 8 R s 4 W P Y
O i 1L i Al

P ZEL 5% B 5256 2R W, MFAN 76 K [A] e 5 3R 85 R
Rets A AR BE 15 5 (A AUE BAI G5 A RRAE, B0
TARITVEAE M B IR (1) S s AR 3
2.6 ZKIHRFEESEE RN

EEXTEE T 2 A KU 28 K W, JeBE 5
FERE— BT R) S5, B 7K Wy 5 35 mT e 4 Wi 210 A0 7] U
WG T AN F 7). R X B85 5 I R A 11E 7] e
AEARA, E A, BEAN KT 2346 SR K15 5 AR AR PR 4 T Ah
(I A5005 5., AT A Bl 2 v I 153 R ) 1 v A
Uk, TEULIE B R, /K Wr 28 (1045 5 AT 42 [F) 25 119,
BEXTIZ PG L, AR SCHE H —Fp 2 KW 38 5 {5 SRt
F) IR 1A 00 S s, ) 2 PR R ok ) — B 1
Z IR T B T @ E PHE, MF R A N 2%
(04 AN SRPAAT 45 AE B2 HURN P A8 0.

A SR BT Y MFAN 53576 Lab-data 3740 45
AT 2 KW 88 P S T A IR SR SE 4G . Lab-
data HCHE S FEAL 1A R 2 ASUK T B Bl Sk
HEHUFR 3 RN R AR TR B A T 40, B N R o) S A
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FNGER, T B RN 0.47 Lis. 10 YRI5 I 5256 1)
SR 3 s, B 3 g R EoR, fERLE T 2 AN KT
AU ) BORUE T 1 N JE, MFAN S92 ) e 402
RrPERETS R T A 83Tt PR ZIA R T 97.78%
MR 2N 3.33%, HAE 10 R 6 RS T
100% FIJ PR HY AT 0 1R 2. X bk MFAN BVE 7R 3%
3 SEIR R, (R T 2 AN SR GRS I Y
k.

2
m
= 15 v v v v
(s
0 1 1 1 1
2 3 6 8 10
(a) 10 IR F1 EE
< 100
3 sof
B )
K oF i )
2 3 6 8 10
(b) 10 URIRHAS I (115 e AR,
X g——\y ., ——%—%—9—o 9
¥ 50l
=
Koo . . .
2 3 6 8 10
SEGUREL
(c) 10 ZRim A I 1R 501 22 AR A,
= 100F
= 50
#

2 3 6 3 10
SR
(d) 10 YR HERh 2R AR 4L

[E3 MFAN %K AEESHMA TR RN

3 4 ®

AR SKF BUA FFH P 2  TE 1 f AKCE T JR AA
M EEATAEIE AT FEMEAS & A A e A 6 78 i P
A RBERFAE M 1) 8, 2 T TR 2 RS R R
PRI A7 BN -A503 75  La] FR DR ke 7 9. 7 52 5
RS AN LS R SR E I R T IR A Al
SCEG . SIS R BN, BTt MFAN Bk RIL T R
UF (& B PERIZ AL RE 0, 78 B SR A4 R 1)~ 240U
PRI FIEF] T 98.17% LA 0 1%, 5 b HoAth 1 1
A, MFAN 2 75 (5 5 (1) 2 RO REAE o IR R I H
T AR IR AR DU 1 e, SRR T AT U P A e 5
WA T B2 TR B R AE R 1 9 B AR 5 4.

A Je B TR 0T gt e B8 B 5T AR (1 15 Dl — 25
ISR AT H SV 2, 856 2 U8 2 2800A% A8 5L
PEFRTHIR IR I M . RIS, JF R S92 2 44 A4k
W9, PR X B R, A L B R T P A 15 4 B
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