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Abstract

The non-revenue water (NRW) ratio in water distribution systems is an index of the loss of water supply
caused by pipe burst, operational loss and physical factors. NRW ratio is a comparative index for city, province
and DMA (district metering area) in the domestic water supply maintenance project. An investigation of
the factors affecting the NRW as well as its estimation have become increasingly important in an economic
sense. In this study, PCA (principal component analysis) and ANN (artificial neural network) are used as
statistical methods to estimate the NRW ratio. The normalized data were obtained through the Z-score method,
and then the PCA-ANN model was constructed for the NRW ratio estimation. Accuracy assessment was
performed to compare the observed NRW ratio with the estimated ratio from the ANN model. The results
show that the PCA-ANN model is more accurate than the single ANN and the estimation results differ by
the number of neurons in the hidden layer of ANN. As for the six independent variables used in this study,
the accuracy of NRW ratio prediction was found highest when 12 neurons were used.

Key words: artificial neural network, non-revenue water ratio, principal component analysis, data normalization,
water distribution systems
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Figure 1. Schematic diagram of multi-layer feed forward neural network
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Figure 2. Research flowchart for Non-reveune water ratio estimation
using PCA-ANN
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Table 1. Modeling simulation cases

Classification Hidden layer of ANN Number of neurons Modeling case
6 Case 1-1-1
Single layer
12 Case 1-1-2
12 (6 and 6) Case 1-2-1
6 Original parameters usage case
18 (6 and 12) Case 1-2-2
Multiple layer
18 (12 and 6) Case 1-2-3
24 (12 and 12) Case 1-2-4
6 Case 2-1-1
Single layer
12 Case 2—-1-2
6 Principal component parameters 12 (6 and 6) Case 2-2-1
usage case 18 (6 and 12) Case 2-2-2
Multiple layer
18 (12 and 6) Case 2-2-3
24 (12 and 12) Case 2-2-4
6 Case 3-1-1
Single layer
12 Case 3-1-2
4 Principal component parameters 12 (6 and 6) Case 3-2-1
usage case 18 (6 and 12) Case 3-2-2
Multiple layer
18 (12 and 6) Case 3-2-3
24 (12 and 12) Case 3-2—-4

% Source:. Estimation of Leakage Ratio using Principal Component Analysis and Artificial Neural Network in Water Distribution
Systems (Jang, et. al, 2018)
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Figure 4. Data conversion by Z-score in each district metered area of Incheon
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Component
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% Source: Estimation of Leakage Ratio using Principal Component Analysis and Artificial Neural Network in Water Distribution

Systems (Jang, et. al, 2018)
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Table 4. Results of accuracy assessment by ANN simulation
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Case 1, 3H13} H]aL Ao &= 7}%

&

4709 45 QAT AHEE Ao A= Case 1, 2
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Classification Hidden | Number of | Modeling MAE MSE BIAS G value Optimal
layer neurons case (%) model
Single 6 1-1-1 8.294 1197 0,79 31.3
layer 12 1-1-2 7.172 102.9 -0.23 40,9
12(6:6) 1-2-1 8.841 122.3 -1,02 29.8
6 Original data
Multiple 18(6:12) 1-2-2 8.181 148.0 0,97 15.1
layer 18 (12:6) 1-2-3 7.106 92.4 0.27 47.0 0
24(12:12) 1-2-4 7.217 112.8 0,08 35.3
Single 6 2-1-1 0.622 0,699 -0.07 26.5
layer 12 2-1-2 0.544 0,687 -0.04 27.8
12(6:6) 2-2-1 0,575 0.674 -0.11 29.1
6 PCA data
Multiple 18(6:12) 2-2-2 0,556 0,538 -0.02 43,4
layer 18(12:6) 2-2-3 0,454 0,478 0,05 498
24(12:12) 2-2-4 0,401 0,448 -0.00 52.9 0
Single 6 3-1-1 0.650 0,652 -0.06 31.4
layer 12 3-1-2 0,547 0,587 0.03 38.3 0
12(6:6) 3-2-1 0,683 0,775 -0,04 18.5
4 PCA data
Multiple 18(6:12) 3-2-2 0,619 0,717 -0.02 24.6
layer 18(12:6) 3-2-3 0,610 0,766 -0.09 19.5
24(12:12) 3-2-4 0,609 0,629 0,05 33.9




115
501

0

oA e

i
hu

R

[9

of Alqt LA o H]

28]
oFo
B

L

.

of ralmr)
(R*)7} 0.5 o4k2] 274 Hehwg gusign, A7

F%0] ol 2oi7|%]

Hojzof

=

fu

Estimating Non-revenue Water Ratio Using ANN, PCA and Data Normalization

o A7t b
o] AHgE oA oA e et}

ERt T,

=

[e)

237t ergt. Gatol 38,322 t

%27 (Case 3-1-2)°f| A

H]

le]
B

oju

3

Tp
~

AFAL QB %

2

i
H

pzel

~’

Nk

o
o
X
ol
B8r

J)
3%

i

E7 o

ﬂNO

ol

—

e
1o
jn

g

LU T HlolE

NF
UO
o
<+

s
J_,NO
s

X

1

El

1
.

Aol

bol 7hs® 4 glehe

= =]
£ &5

f.e17k

Nk

H
Ip

FAIA&" ol 7] o

g4

bl 9

9

Aol A

=
=
References

Ad917]

kel 6719

9

4

sho] AlB 0|4 4

1=k

392 78

ol

o
ok

o]
"

7o

of| A

el

N

7

3ko} 27191

off ¥l

el

N

7

o

Performance Indicators for Water Supply Services; IWA.

Publishing: London, UK.
Choi, Gye Woon, Yung Gyu Chang, and Sueng Woo Lee. 2006.

Effect of Estimation Method of Demand Water on the
Analysis of Water Distribution System. Korea Water
Resources Association Conference. 1425-1430.

Gonalves, F. V., H. M. Ramos, and L. F. Reis. 2010. Hybrid
Energy System Evaluation in Water Supply System Energy
Production: Neural Network Approach. International

Alegre, H., W. Hirner, J.M. Baptista, and R. Parena. 2000.
Journal of Energy and Environment. 1(1): 21-30.

1

s

(e}
u

|

],

HO
=

0

A

i

(9

kol 6749f =24,

[

2 Ut AgEs

o)

RO

o

o oz Uehtolt 4ol &

i
FoAE og 24 9

A4S AHEE EYuso) 1 gl

%
il

g

2

A
b, Bo} 27of mEbA &

ZN A&7}



116 Crisisonomy Vol.14 No.3

Haykin, S. 1994. Neural Networks: A Comprehensive Foundation.
NY: Macmillan.

Heaton, J. T. 2005. Introduction to Neural Networks with Java.
UK: Heaton Research, Inc.

Jang, Dong Woo. 2017. Estimation of Non-RevenueWater Ratio
Using PCA and ANN in Water Distribution Systems. Ph.D.
Dissertation. Incheon National University.

Jang, Dong Woo and Gye Woon Choi. 2017. Estimation of
Non-Revenue Water Ratio for Sustainable Management
Using Artficial Neural Network and Z-Score in Incheon,
Republic of Korea. Sustainability. 9(11): 1-13.

Jang, Dong Woo, Hyo Seon Park, and Gye Woon Choi. 2018.
Estimation of Leakage Ratio Using Principal Component
Analysis and Artificial Neural Network in Water Distribution
Systems. Sustainability. 10(3): 1-15.

Jo, Hyoung Geun. 2017. Study on Influence Factors of Non-revenue
Water for Sustainable Management of Water Distribution
Networks. Ph.D. Dissertation. Incheon National University.

Jo, Hyoung Geun, Gye Woon Choi, and Dong Woo Jang. 2016.
Development of the Non-revenue Water Analysis Equation
through the Statistical Analysis of Main Parameter in
Waterworks System in Incheon City. Crisisonomy. 12(11):
63-75.

Jun, Hwan Don, Seok Hyeon Kim, Moo Jong Park, Joong Hoon
Kim, and Hwan Goo Lee. 2008. Development of a Method
to Reduce Damages by Pipe Failures. Journal of the Korean
Society of Hazard Mitigation. 8(6): 31-36.

Kim, Dong Hee, Dong Woo Ryu, Young Min Choi, and Woo
Jin Lee. 2010. Application of Kriging and Inverse Distance
Weighting Method for the Estimation of Geo-Layer of
Songdo Area in Incheon. Journal of Korean Geotechnical
Society. 26(1): 5-19.

Kim, Dong Sik. 2007. Prediction of Soft Clay Settlement Using
Atrtificial Neural Network. Ph.D. Dissertation. University of
Suwon.

Kim, Seok Hyeon, Hwan Don Jun, Chun Woo Baek, and Joong
Hoon Kim. 2007. Research for Improvement of Water
Distribution System Reliability. KSCE 2007 Conference &
Civil Expo. 1397-1400.

Kim, Seok Woo. 2004. Development of Optimal Decision-Making

System for Rehabilitation of Water Distribution Systems
Divided by Small Division. Master's Thesis. Korea
University.

Koo, Doo Jin. 2006. Management of Water Distribution Pipe
Networks Using BES Algorithms. Master's Thesis. Chonnam
National University.

Kreyszig, E. 1979. Advanced Engineering Mathematics (Fourth
Edition). John Wiley & Sons Inc.

Lambert, A. O., T. G. Brown, M. Takizawa, and D. Weimer.
1999. A Review of Performance Indicators for Real Losses
from Water Supply Systems. J. Water SRT Aqua. 48(6):
227-237.

Lee, Mee Ran. 2010. A Study on Deterioration Evaluation Model
of Water Main Using Integrated PCA and ANN. Master's
Thesis. University of Seoul.

Moon, H. and P. J. Phillips. 2001. Computational and Performance
Aspects of PCA-Based Face Recognition Algorithms.
Perception-London. 30(3): 303-322.

National Institute of Environmental. 2011. 4 Study on Early
Forecasting for Algal Blooms Using Artificial Neural
Networks (II). Technical Report.

Pal, S. K. and S. Mitra. 1992. Multilayer Perceptron, Fuzzy Sets,
and Classification. I[EEE Transactions on Neural Networks.
3(5): 683-697.

Park, Han Yung. 2008. Suggestions for Scientific Management
of Pipe Network. KSCE Journal of Civil Engineering. 56(2):
77-82.

Park, In Chan, Ki Won Kwon, Won Cheol Cho, and Kwan Hee
Cho. 2006. Study on the Decision Priority of Rehabilitation
for Water Distribution Network Based on Prediction of Pipe
Deterioration. Korea Water  Resources — Association
Conference. 1391-1394.

Park, Su Wan, Tae Young Kim, Ki Young Lim, and Hwan Don
Jun. 2011. Fuzzy Techniques to Establish Improvement
Priorities of Water Pipes. Journal of Korea Water Resources
Association. 44(11): 903-913.

Park, Yeong Sik. 2014. A Study on Long Term Replacement and
Maintenance Plan for Multi-region Water Pipelines
Considering Economics. Master's Thesis. Seoul National

University.



Estimating Non-revenue Water Ratio Using ANN, PCA and Data Normalization 117

Shilehwa, C. M. 2013. Factors Influencing Water Supply’s Non
Revenue Water: A Case of Webuye Water Supply Scheme.
Master’s Thesis. University of Nairobi, Nairobi, Kenya.

Shinde, V. R., N. Hirayama, A. Mugita, and S. Itoh. 2013. Revising
the Existing Performance Indicator System for Small Water
Supply Utilities in Japan. Urban Water J. 10(6): 377-393.

Surendran, S., T. T. Tanyimboh, and M. Tabeshb. 2005. Peaking
Demand Factor-based Reliability Analysis of Water
Distribution Systems. Advances in Engineering Software.
36: 789-796.

Waterworks Headquarters Incheon Metropolitan City. 2015.
Technical Diagnostics Report for Re-establish Basic Plan
of Waterworks Maintenance in Incheon Water Distribution
Network.

Waterworks Headquarters Incheon Metropolitan City. 2015.
Waterworks Status, Incheon Metropolitan City.

Wikipedia. 2017. Eigenvalue, https://en.wikipedia.org/wiki/Eigenv
alues_and_eigenvectors.

Wikipedia. 2017. Non-RevenueWater. https://en.wikipedia.org/wi-
ki/Non-revenue_water#cite_note-11.

Wikipedia. 2017. Z-score. https://en.wikipedia.org/wiki/Standard
score.

Winarni, W. 2009. Infrastructure Leakage Index (ILI) as Water
Losses Indicator. Civ. Eng. Dimens. 11: 126-134.

Woo, Hyoung Min. 2008. Development Plans for Distribution
Network Improvement in Waterworks System. Water for
Future. Korea Water Resources Association. 41(11): 16-23.

Wyatt, A. S. 2010. Non-Revenue Water: Financial Model for
Optimal Management in Developing Countries. Press:
Amman, Jordan.

Xie, Z., J. Hall, 1. P. McCarthy, M. Skitmore, and L. Shen. 2016.
Standardization Efforts: The Relationship between Knowledge
Dimensions, Search Processes and Innovation Outcomes.

Technovation. 48(49): 69-78.

Korean References Translated from the English

313]7). 56(2):77-82.

F4. 2008, A Hl - g YA R e W

ok =3 v, eh=repabedete). 41(11): 16-23

olulgt, 2010. F4% EA T ATAFGE o] g3 FrUR
w3k 2 B A7 AEA St Arse

ARFAASFEAFG R 2015, A SEAH] 71242 A
TH ArERY7IEd 24

BEE 2007 FAE FHT ATAFTE ol 8T deuy
W Feg #4. Qddsha A=,

AGE, 9RE, ATE, o8 2008. A3 T of ok
e ga71He] A sty Aeh el 8(6): 3136

232, AA L, AES. 2016, AAA] A5TH 220079
A £4E 5 e AP 3470, Crisisonomy.
12(11): 63-75.

EFHD 017 U] AS7bst WS AR FeE 9
Folao] BRATL. QAL HALSHY =

AR, At ol-F- 2006, v SO SR 28
ol MAE JF. xBTS U], 1425-1430.

Received: Jan. 23, 2018 / Revised: Mar. 12, 2018 / Accepted: Mar. 13, 2018



118 Crisisonomy Vol.14 No.3

s

Al
off o

A0
T=E
1Y

Uepueh, ol A Alseke

(el e)
A HES

=]
4 AEE

4

N2 Qe 2 Ao

9]

Ao BAAT dEE HA F8

ol

mj

N

H
H

o] 1o} PCA-ANN7|
E7F &2 ALE YET E

gt

3

A

Aun

zx

1

=

190] 6|5 o] §3ho] ANNS

o
=

o

ofste] & oA AHEH 6719 F1

L2 e

nSS

olJ
A

o

ﬂmo
N

of
o

=)

Lot

FoE, T8z =4 HolE gt

Dong Woo Jang : He received his Master degree from Incheon National University, Korea in 2011. He received his Ph.D.

Profiles

in the Department of Civil & Environmental Engineering at Incheon National University in 2017. His interesting subject

and area of research are hydraulics, hydrology and water distribution system(nightray@paran.com).





