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ROUTINE FORECASTING OF THE DAILY
PROFILES OF HOURLY WATER DISTRIBUTION IN CITIES.
AN EFFECTIVENESS ANALYSIS

Sample results have been oresented of verifying three groups of methods of forecasting the time
series of short-duration water distributions in city water grids. The analysis covered: ARIMA class
models, the time series exponential smoothing methods and artificial neural networks. Since chrono-
logical sequences of observations from the immediate past were analyzed, the adopted models did not
take any external variables into account. The forecasting errors in the case of multilayer perceptron
neural networks were found to be comparable or smaller than the errors of prediction by the ARIMA
class models and by the methods of the exponential smoothing of time series.

1. INTRODUCTION

The history of waterworks dates backs to ancient times. Waterworks were first
built in Assyria, Babylonia, Egypt, Persia and later in Greece, Rome and Spain, as
aqueducts, i.e. above-ground systems supplying water via pipes from sources to points
of destination. Waterworks have evolved over years and with technological and eco-
nomic progress, the latest technical and technological innovations (in both facilities
and materials) would be used in their construction.

Today waterworks resemble factories producing water for household and industri-
al needs. Besides water intakes and the water distribution network, waterworks incor-
porate several objects and facilities, forming water supply systems. The latter, often
supplying vast urban and industrial areas with water, require coordinated efforts in
order to optimize their operation. The operating parameters of water supply systems
can be optimized if one has, besides other things, a calibrated model of the flows and
a prognostic water distribution model for short- and long-term forecasting [1-3].
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Models of flows in water distribution systems have been used for years to solve vari-
ous problems connected with the design of the rational modernization and expansion
of water supply systems and their current operation [1, 4—7].

Prognostic models of the water distribution process can be used to manage a water
supply system, to optimize the operation of a pumping station, to determine the
amount of water losses, to determine the doses of the reagents (including water disin-
fectants) and to program repairs and upgrading work [1, 8, 9].

Considering the above, research on improving water distribution forecasting tech-
niques and implementing them in software packages for optimizing water supply sys-
tem operation was undertaken. A methodology for forecasting hourly water distribu-
tions and selected results of such forecasting are presented below.

2. METHODOLOGY FOR FORECASTING HOURLY WATER DISTRIBUTIONS

Water distribution has a composite deterministic-random character. A model of
a series of its observations is a stochastic process which, because of the influence of
the trend and factors having a distinctly cyclical character, is nonstationary [1, 2, 10].
Despite its actual continuity in time (e.g. Fig. 1), it is assumed that water distribution
can be considered as a random sequence (a stochastic process with discrete time).
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Fig. 1. Typical time series of hourly water distribution
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Time series models are usually used to describe and forecast water distribution
processes. The most commonly used time series are [1, 2, 8-10]:

e ARIMA, ARIMAX and SARIMA class models,

e models of the exponential smoothing of time series (e.g. multiplicative model
Winters),

e artificial neural networks (ANNs),

¢ fuzzy models, wavelet analysis and other.

Since in such models the algebraic relations between the input parameters and the
forecasted parameter are determined, it is essential to select a water supply system
from which the needed input data can be acquired. Considering that prognostic models
of short-duration, water intakes do not require external data, the only representative
input data are the yields of all the supply sources, including those of the water pump-
ing station and the network reservoirs.

Today, water companies increasingly often use supervisory control and acquisition
systems (SCADA) to collect the above mentioned data. The data obtained from such
systems form time series of values recorded at a measurement step set by the user.
Properly long periods of continuous measurements are needed for the analyses. The
authors’ experience indicates that the minimum period of continuous measurements
needed to build such prognostic models and to generate forecasts (by means of a prop-
er prognostic model) is respectively half a year and one week [1, 2].

The next major stage in building a prognostic model is the selection of data (from
the collected data) to be used and the specification of their representation. The choice
of proper data for modelling has a significant effect on the quality of the generated ex
post and ex ante forecasts while the calibration of input values is essential when ANN
models are employed.

The choice of a model for forecasting depends on the character of the analyzed
time series. ARIMA and ANN models are highly suitable for forecasting short-dura-
tion water distributions. The studies made by the authors indicate that the optimal
structure for ARIMA models is (1, 0, 0 (1, 1, 0),4 and the architecture of artificial neu-
ral networks can be limited to one hidden layer with 15 neurons. Models of the expo-
nential smoothing of time series are characterized by simple structure but they are not
suitable for the forecasting of fast changing values [1, 2].

In the final stage, the validity of the model is tested adopting the mean-square er-
ror of the ex post forecast and the results of the analyses of model residuals (frequency
distributions, periodograms) as the validity criteria.

3. SELECTED RESULTS OF ANALYSES

The selected analytical results presented in Table 1 and in Figs. 2—4 illustrate the
effectiveness of forecasting hourly water distributions by means of the ARIMA mod-
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els, the exponential smoothing of time series and perceptron multilayer artificial neu-

ral networks.

Table 1
3 : 0
Average Absolute forecast error [m’/h] (relative [ﬁgN
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Monday 344.17 23.49 (6.83) 22.01 (6.40) 22.62 (6.57)
Tuesday 354.17 22.34 (6.31) 33.37.(9.42) 29.59 (8.36)
Wednesday 351.67 16.97 (4.83) 19.86 (5.65) 17.40 (4.95)
Thursday 336.25 26.31(7.82) 28.07 (8.35) 18.90 (5.62)
Friday 343.33 18.10 (5.27) 21.91 (6.38) 17.88 (5.21)
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Sunday 340.00 34.34 (10.10) 34.44 (10.13) 32.63 (9.60)
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Fig. 2. Actual and forecasted hourly water distributions according to the ARIMA model
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Fig. 3. Actual and forecasted hourly water distributions according to multiplicative WINTERS model
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Fig. 4. Actual and forecasted hourly water distributions according to ANN models
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Test: K-8 d=0.08310, p<0,20 ; Lilliefors p<0,01 ; Shapiro-Wilk W=0,97632, p=0,00564
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Fig. 5. Frequency distribution of hourly forecasts residues
daily water intake by the ARIMA model
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Fig. 6. Frequency distribution of hourly forecasts residues
daily water intake by the multiplicative WINTERS model
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Test: K-8 d=0,05160, p=0,20 ; Lilliefors p=>0.20 ; Shapiro-Wilk W=0,98971, p=0,26341
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Fig. 7. Frequency distribution of hourly forecasts residues
daily water intake by the ANN model

An analysis of the relative errors of the selected 24-hour profiles of hourly water
distribution shows that they are at a satisfactory level (in the range 4.83—10.13%). The
smallest maximal errors (revealed when the forecast residuals in the particular hours
of the daily profile are examined) are generated by the ARIMA model and the ANN
model and the largest errors arise when the WINTERS model is used. This is due to
the fact that the models of the exponential smoothing of time series do not keep up
with the fast changes in time series values.

Figures 5—7 show the analysis of residues of forecasts. These analyses indicate the
compliance of distribution of residuals with the normal distribution.

4. CONCLUSIONS

The results of the routine forecasting of the daily profiles of hourly water distribu-
tion and an analysis of its effectiveness indicate relatively good quality of prediction
by means of the ARIMA models, the exponential smoothing of time series and percep-
tron multilayer artificial neural networks.

Besides their economical parameterization, the ARIMA class models offer the ad-
vantage that water distribution forecasting can be initiated at a relatively small number
of past observations of the process. The ARIMA model structure (1,0,0)(1,1,0),4 can
be regarded universal — suitable for forecasting water distributions in the water supply
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systems of cities widely differing in the number of inhabitants and the water needs
structure. The exponential smoothing of time series and artificial neural networks are
a viable alternative.

The models of the exponential smoothing of time series are characterized by struc-
tural simplicity and are easily implementable into expert systems but their main draw-
back is that they do not keep up with the fast changes in time series values.

The multilayer perceptron has a simple architecture with a single hidden layer where-
by its additional training or fresh training does not require long-lasting computations. In
the procedures for selecting perceptron network structures, one can limit the delay to
5 days of the same type (weekdays, Saturdays and Sundays together with holidays), the
number of hidden layers to 1 and the number hidden layer neurons to 15.

REFERENCES

[1] StwoN Z., LoMOTOWSKI J., CIEZAK W., LICZNAR P., CIEZAK J., Analysis and forecasting of water
distributions in water supply systems, Polish Academy of Sciences, Civil Engineering Committee,
Institute of Fundamental Technological Research, Studies in Engineering, No. 61, Warsaw 2008
(in Polish).

[2] SiwoN Z., CiEzAK W., CIEZAK J., Neural models of time series of hourly water intake in housing es-
tates, Ochr. Srod., 2011, 33 (2), 23 (in Polish).

[3] RoMANO M., KAPELAN Z., Adaptive water demand forecasting for near real-time management of
smart water distribution systems, Environ. Modell. Softw., 2014, 60, 265.

[4] KUTYLOWSKA M., HOTLOS H., Failure analysis of water supply system in the Polish city of Glogow,
Eng. Fail. Anal., 2014, 41, 23.

[5] KOTOWSKI A., Hydraulic analysis of phenomena reducing pipeline flowability, Ochr. Srod., 2010,
32 (1), 27 (in Polish).

[6] KEPA U., STANCZYK-MAZANEK E., 4 hydraulic model as a useful tool in the operation of a water-
pipe network, Polish J. Environ. Stud., 2014, 23 (3), 995.

[7] NYENDE-BYAKIKAA S., NGIRANE-KATASHAYAB G., NDAMBUKIA J.M., Application of hydraulic mod-
elling to control intrusion into potable water pipelines, Urban Wat. J., 2013, 10 (3), 216.

[8] HABIB A.M., SADEGH R., SARALEES N., MAHSA E., Estimation of water demand in Iran based on
SARIMA models, Environ. Modell. Assess., 2013, 18, 559.

[9] HERRERA M., TORGO L., IZQUIERDO J., PEREZ-GARCIA R., Predictive models for forecasting hourly
urban water demand, J. Hydrol., 2010, 387, 141.

[10] HuTTON C.J., KAPELAN Z., A probabilistic methodology for quantifying, diagnosing and reducing
model structural and predictive errors in short term water demand forecasting, Environ. Modell.
Softw., 2015, 66, 87.



