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Abstract

A completely data-driven, fully adaptive self-learning algorithm for water demand forecasting in the short-term and with hourly
periodicity is proposed, according to the renewed interest generated by the availability of new technological solutions such as
Automatic Metering Readers (AMR), a key enabler of the “Smart Water” paradigm. The approach is based on two sequential
stages: at the first stage (time-series clustering) the daily water demand patterns (i.e., time-series of hourly data) are analysed to
identify a limited set of typical behaviours. At the second stage Support Vector Machine regression is used to obtain one specific
forecasting model (consisting of a regression model for each hour) for each cluster identified at the first stage. The approach has
been validated on real data acquired by AMRs deployed on the Italian pilot site of ICeWater, computing the widely adopted error
measure MAPE (Mean Absolute Percentage Error).
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1. Introduction

Water Distribution Networks (WDN) are large-scale systems characterized by complex decision making
activities. WDM managers need to reliably estimate the water demand in the short-term (typically 1 day ahead), in
order to operate their reservoirs and treatment plants appropriately to meet demand while energy-related costs for
caption, treatment and pumping. In the United States, examples of the adoption of a control model based on a short-
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term water demand forecasts were validated already in 2009. [1]. In the Netherlands the penetration of short-term
forecasting models is expected to rise over 90% in 2016 [2].

Supervisory Control And Data Acquisition (SCADA) systems are currently widely adopted by water utilities,
usually providing time-series data about overall system or region-wide demand, typically with a resolution of 10-15
minutes. Nowadays, the availability of smart metering devices, such as Automatic Metering Readers (AMRs), makes
possible the application of water demand forecasting also at individual users/meters level, even if with a lower
resolution (usually 1 hour or, in the best case, 30 minutes). These technological solutions have generated a renewed
interest in a new generation of individual demand forecasting as enabler of the “Smart Water” paradigm.

1.1. State of the art of water demand short-term forecasting

A recent review about urban water demand forecasting is provided in [3]: a wide variety of approaches has been
reviewed, their application differs according to the management objectives as well as the variable to be forecasted,
the forecast periodicity and the forecast horizon. Furthermore, the availability and choice of specific determinants
can influence the selection of the forecasting approach to use. However, methods and models whose input variables
can be easily collected, monitored and used by the utility (i.e. consumption data) should be preferred for practical
application, reducing the risk to add noise/errors coming from data/information sources which are not under control
(e.g. weather forecast provided by external sources/services).

A possible classification of the current water demand short-term forecasting approaches consists in distinguishing
between linear and nonlinear methods [4]. Usually linear methods are not so effective due to the intrinsic
nonlinearity into water demand data. Indeed, as reported in [5], most of the existing demand forecasting models can
be divided into two groups: those modelling the time series behaviour and those predicting it. One is devoted to
model specific components such as periodicity (seasonality) and trends, the other one is, usually, an autoregressive
model using short memory data and reproducing the underlying “generation” process of data. The main disadvantage
is the limited predictability of water demand at sub-daily scale, due to the nonlinearities of the problem. The most
relevant differentiation proposed in [3] refers to the inclusion/exclusion of exogenous variables to build the water
demand forecasting model, concluding with some more general approaches, in particular Artificial Neural Networks
(ANNSs), which can be — and have been — applied in both the two mentioned cases. ANN is a machine learning
approach widely applied to forecast water demand. Research papers about ANN for water demand forecasting
typically involve a comparison of the performance between different ANN models and more conventional regression
models [6][7][8][9] as well as (univariate) time series models [10]. Furthermore, hybrid approaches have been also
proposed, in [11] linear regression is used to model the deterministic component of water demand and Artificial
Neural Networks (ANNSs) are used to model the cyclical component. As result, the composite model offers more
accurate forecasts with respect to those obtained from linear regression and ANN separately.

Recently some advances have been achieved in the application of machine learning techniques for water demand
forecast. In particular not only ANNs have been adopted in the last years, but also more effective and efficient
strategies such as Support Vector Machine (SVM) regression [5][12][13][14]. Analogously, meta-heuristic based
approaches gained a renewed interest from their application to optimize the parameters setting for a specific machine
learning algorithm, such as evolution-based strategies (e.g., Genetic Programming, Genetic Algorithms, etc.). A
relevant example is the approach proposed in [4] which uses Evolutionary Artificial Neural Networks (EANN).
Recently a heuristic known as Teaching-Learning-based Optimization (TLBO), emulating the effect of a teachers to
learners in a class [15], has been improved (Ameliorated TLBO, ATLBO) and used to optimally configure the
parameters of a Least Square Support Vector Machine (LS-SVM), that is a an extension of SVM usually preferred in
the case of large scale problem [15].

With respect to SVM regression, it proved to be the best computational model for forecasting hourly water
demand when compared with other different approaches, such as ANNs, Projection Pursuit Regression (PPR),
Multivariate Adaptive Regression Splines (MARS), Random Forests and weighted pattern-based water demand
forecasting [9]. More recently, Multiple Kernel Learning has been proposed in order to improve accuracy of SVM
for water demand forecasting. In [12] a Multiple Kernel regression (MKr) has been proposed to extend SVM
regression through a combination of different kernels from as many types as kinds of input data source are available.
Moreover, the paper focuses on water demand forecasting in the presence of a continuous source of information,
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proposing two different on-line learning MKr to continuously update the current forecasting model to a more
accurate and reliable one, avoiding the computation-al efforts associated with the re-execution of the entire
analytical process each time that new data are available. The two proposed approaches differs on the procedure to
identify the time window to use for the analysis of data, that is sliding and worm windows; anyway the benefits of
the overall approach lies in the possibility to adequately combine information coming from different data sources
(e.g., weather, socio-economic factors, previous demand data, etc.).

With respect to the possibility to analyse original data and extract information at different levels of abstraction,
Deep Learning represents one the most recent strategy in order to build hierarchies of data analysis and machine
learning approaches. Although it has not been strictly classified as deep learning, a recent approach proposed in [16]
adopts, at different level, signal analysis algorithms, machine learning and heuristic search. More in detail, wavelet
transform is used to decompose historical time series of daily water supplies into different scales; at each scale the
wavelet coefficients are used to train a Relevance Vector Regression (RVR) model. The Relevance Vector Machine
(RVM) is a probabilistic machine learning method based on Bayesian theory and similar to SVM. RVM deals very
well with nonlinear problem and time series with small samples; it is the core of the Multi-Scale Relevance Vector
Regression (MSRVR) approach proposed by the authors. In addition, a particle swarm optimization algorithm is
used to find the optimal tuning of the RVR parameters.

1.2. Forecast error measures

Measuring forecast errors is crucial for the selection of an accurate and reliable forecasting model, as well to
continuously evaluate the opportunity to update existing model(s) in order to reduce deviations in future forecasts.

The basic step consists in comparing forecasts with observations, possibly by using a wide sub-set of the available
data to learn/build the forecasting model and the remaining sub-set of data to validate it. The most widely adopted
error measures is MAPE [2][4][12][13][14][16]. Let denote with:

Y —time-series of observed water demand (at any forecast periodicity)
Y, — water demand observed at the time t

Y —average of the water demand observed

~

Y - time-series of forecasted water demand (at any forecast periodicity)

~

Yz — water demand forecasted at the time t

N — time-series length
the main forecasting error measures are the following:

the Mean Absolute Percentage Error (MAPE) is computed as the average of the absolute values of the difference,
in percentage, between forecasted and observed data on each time stamp; its main advantage is the independence on
the unit measure.

MAPE =—

1ooi Y, -Y (1
=y I 4

It is important to highlight [3] that MAPE might be the only error measure which can be used to compare
forecasting performance among different utilities because it is independent of system capacity.
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1.3. Contribution of this paper

This paper presents a new short-term forecasting approach (24 hours horizon) with hourly periodicity (even if
shorter time scale can be handled as well), designed and developed in order to be:

e completely data-driven; it considers as input only historical water demand data, without including any

exogenous variables, addressing one of the critical issue as perceived by the water utilities which are keen to
use only variables collected, monitored and controlled by their technological systems [3].

o fully adaptive and provided with self-learning capabilities

e completely independent on the data source and, therefore, directly applicable to time series data (hourly

water consumption, or higher sample rate) collected through both SCADA and AMR

e based on a two-stages learning, that are: i) identifying and characterizing typical daily consumption patterns

(based, at least, on hourly demand data) and ii) dynamically generating a set of forecasting models for each
typical pattern identified at the previous stage. This schema permits to deal with nonlinear variability of the
water demand at different levels, automatically characterizing periodicity (e.g., seasonality) and behaviour-
related differences among different types of days and hour of the day.

The approach has been previously validated on the urban water demand data acquired through the SCADA
system of the Metropolitana Milanese (MM) partner, the urban water distribution utility in Milan, Italy [17]. In this
paper, results provided by its validation on a set of 26 AMRs (individual consumption) installed in the same pilot are
reported.

2. Materials and Methods
2.1. Available data

Due to some delay in the installation and technical validation of the deployment, a relevant set of data has been
collected only for the Italian pilot of the project ICeWater, at the time of analysis reported in this paper. In particular,
the available set of data — after the removal of the first period needed for calibration and technical tests — is related to
the water consumption data in the period September — December 2014. A selection has been performed in order to
remove anomalous time-series due to reported malfunctioning of the devices: at the end of the process the available
dataset consisted of 26 AMRs, with 110 time series of daily water demand, for each AMR, with an hourly resolution.

Contrary to the previous work on urban water demand [17], the limited size of the dataset did not permit to
identify any seasonality, and only two different patterns have been identified, associable to working days and
holidays/week-ends. The two following sub-sections will present the process of learning and usage of forecasting
models, respectively.

2.2. Learning the forecasting models

The learning process in IceWater has been organized in two stages, in order to deal with the nonlinearities at
different time scales. At the first stage (time series clustering) the daily water demand patterns (i.e., time-series of
hourly data) are analysed in order to identify a limited set of typical daily (consumption) behaviours. As result of this
first stage, all the time series are grouped together according to their association to a specific typical behaviour,
generating one time-series dataset for each behaviour.

At the second stage, each dataset is separately analysed to obtain one specific daily water demand forecasting
model where, as better defined in the following, each daily water demand forecasting model consists of a set of
hourly water demand forecasting models (i.e. SVM regression models).

With respect to the issue of model calibration, the entire approach has been developed in order to automatically
capture changes in the behaviours and adapt the forecasting model, according to a self-learning paradigm. The (self)
re-learning of the entire system is performed at very low frequency, such as every month (and by taking into account
at the least data of the latest year, when possible). To perform the updating of the system, both the stages have to be
executed.
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2.2.1. First stage: characterizing typical consumption behaviours through time-series clustering

A time-series data set consists of a set n time-series V' = {v,, v,, ..., v,,}, where each time-series is represented as a
vector (v;) of [ ordered values. The goal of time-series clustering is to identify structures in the unlabelled data set V°
by partitioning time series into disjoint groups, such that a given measure of similarity is maximized within groups
and minimized between groups [18]. In time-series clustering one can work directly with raw data or preprocess
them to perform feature extraction and then cluster data in the feature space. The approach proposed works directly
with the raw data. All the time series to analyse are defined in the same time window (i.e., a day) and thus have the
equal length (i.e., 24 data points in the case of hourly consumption data, /=24). As similarity measure the cosine
similarity — also known as triangle similarity — has been adopted: it is a “similarity in time” measure which handles
the alignment of peaks and bursts [19]. More in detail, cosine similarity is given by the cosine of triangle between
two vectors, so the range of value of cosine similarity is [-1; 1].

_{v)

s(v,v,)=
U Ml @

where v; and v, are two vectors, < . , . > denotes the internal product between two vectors and || . || is the norm
operator. A relevant consideration is that — in this case — triangle similarity may only varies in the range [0; 1] as the
components of the urban water demand vectors are not negative. To perform the time series clustering, the Spherical
K-means provided by the R package “skmeans” [20] has been used, which performs a simple K-means strategy
based on the cosine distance:

d(vl’VZ):l_s(vlﬂvz)zl_M 3)
I

The number of clusters is identified according to two cluster validity measures, Calinski-Harabatz and Silhouette
[21].

2.2.2. Second stage: Learning a water demand forecasting model through SVM regression

As results of the first stage, a limited set of typical daily water demand behaviours (clusters) is identified, where
the centroids are select as the “archetypal” daily water consumption behaviour/pattern for each cluster. At the end of
this step, a possible relationship between each archetype and the time of its occurrence (e.g., period of the year
and/or type of day) can be highlighted through the visualization of a calendar, with every day “labelled” according to
the corresponding cluster; this supports the managers in the evaluation of possible seasonality, surprising periods,
and consumption habits at different time scale. To perform the second stage, each cluster is considered as a separate
dataset. The first m columns (i.e. the hourly water demand values observed at the first m hours of the day) are the
input variables while the output variable, to be predicted, is the j-th column of the original dataset, with j =m+1, ...,
24. For each j, a SVM regression model is trained; all the SVM regression models have the same input that is the
first m columns of the original dataset. Thus, K x (24 — m) SVM regression models will be overall trained and used
for forecasting, where K is the number of clusters identified at the first stage. The procedure is summarized in the
following figure.
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Fig. 1. Learning predictive models: one pool of SVM models for each typical pattern identified and each hour.
2.3. Performing forecasts

The two stages described in the previous section are only related to the “off-line” analysis of time-series data,
devoted to the dynamic, fully adaptive and data-driven procedure for learning reliable and updated water demand
forecasting models. The “on-line” usage of these models concerns how to generate the forecast on water demand for
the current day. When a new pattern of m daily demand values are collected by the system, the most suitable pool of
SVMs is selected to produce forecast. Currently, the retrieval of the most suitable pool is performed according to the
occurrence of each identified archetype over the observed period. The selected pool of SVMs is thus used to predict
the water demand data at the remaining 24-m hours.

3. Results

As already anticipated, only two clusters for each AMR has been identified at the first stage of the learning
process: limited size of the dataset did not permit to identify any seasonality; the two “archetypes” identified are
associable to working days and holidays/week-ends, respectively The following table summarizes the average
MAPE computed on the entire set of AMRs. With respect to the aggregated data [17] the MAPE is significantly
higher, mainly due the limited size of the available dataset (about 100 valid time-series for each AMR) which
produced significantly different errors across the AMRs. Indeed, it is important to highlight that a forecasting model
is learnt for each AMR, according to the different behaviours that the correspondent customer may have. Thus,
AMRs showing high variability in terms of different behaviours may produce, in some cases, a huge forecasting
errors. To possibly overcome this limitation, more data are needed to capture and model this wide variability.

Table 1. Average MAPE, with respect to m, on AMRs data overall.
m MAPE
3 65,32%
4 65,79%
5 65,12%
6
7
8

66,52%
67,08%
67,33%
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Since m=6 has been identified, along with the water utility, as a suitable value in order to have a reliable forecast
while giving sufficient time for making decisions for the current day, in the following figure the value of MAPE on
each AMR is reported according to m=6. It is easy to note that for most of the AMRs, the MAPE is lower than

66.52% (i.e. the overall average value for m=6, as reported in the previous table 1).
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Fig. 2. MAPE for each AMR

The following table better summarizes these results: the MAPE is lower than 30% for the 50% of the AMRs.

Table 2. MAPE distribution on AMRs.

MAPE Percentage of AMRs
<=30% 50%
>30% and <=50% 15%
>50% and <=100% 23%
>100% 12%

Finally, in the following four figures the best and worst forecasts are reported for the two AMRs associated to the
minimum (AMR_30854) and maximum (AMR_54665) value of MAPE, respectively.
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Fig. 3 AMR 30854 (minimum MAPE in Fig. 2) best case: actual vs forecasted demand
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Fig. 4 AMR 30854 (minimum MAPE in Fig. 2) worst case: actual vs forecasted demand

According to the two previous figures, the error seems to be associated to a relevant variation in terms of
consumption behaviour by the customer: hourly consumptions forecasted for the time window from 09:00 to 13:00
seem to be moved before (from 08:00 to 09:00) and after (from 13:00 to 14:00) and, partially, in the evening.

The availability of more data, for example one year of consumption data, could help to identify, automatically, if

this is a cyclic behaviour — a typical pattern — or a completely casual variation in consumption pattern just for that
day (anomaly).
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Fig. 5. AMR 54665 (maximum MAPE in Fig. 2) best case: actual vs forecasted demand

3000
2500
£
= 2000
S
£ 1500
2
8 1000
500
Pl T il T Y
7 Y S L g ~
0 ==t=w=e¥’ D S S S, -}
00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00
~—o—Actual =@« Forecast

Fig. 6. AMR_ 54665 (maximum MAPE in Fig. 2) worst case: actual vs forecasted demand

According to the two previous figures, it is possible to observe that the error in the worst case is related to the
prediction of consumption in the evening that did not actually occur. It is important to highlight that this specific
AMR seems to refer to a customer that is not a household: the volume of hourly consumption is completely different
in the best and worst cases, which are a working day and a holiday/week-end, respectively. Although the MAPE in
the worst case is really high, the error in terms of overall volume of water is not so wide. Also in this case, the
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availability of a larger set of data could help to identify, automatically, if the worst case can be associated to a cyclic
behaviour — and therefore a typical pattern — or a completely casual variation in consumption pattern just for that day
(anomaly).

4. Conclusions

The proposed approach for short-term water demand forecasting adopts a two-stage learning schema based on
time-series data clustering (first stage) and Support Vector Machine for regression (second stage). This completely
data-driven, fully adaptive and self-learning approach has been designed and developed to be applicable both at
aggregated level (i.e., urban water demand data from SCADA) and at individual customers level (i.e., consumption
data from AMRs). The approach has been already tested on real data retrieved from the SCADA system of
Metropolitana Milanese, the WDN in Milan and one of the two use cases of ICeWater, and currently validated at
individual customer level. It is important to remark that accurate short-term water demand forecasting — even if at
urban level — can effectively drive processes at the operational planning level, in particular the optimization of the
operations planning aimed at reducing energy-related costs for caption, treatment, storage and distribution. In the
case of individual consumption, a reliable forecast is useful in order to improve effectiveness of hydraulic
simulation and decision making based on what-if scenarios. On the other hand, it is a useful tool in order to improve
demand side management, both through information to individual customer, about its forecasted consumption, and
for the possible design of alternative tariff schemes, in particular Time-Of-Use (TOU) tariffs.

The approach proved to be reliable also on individual data, even if a wider set of data — currently collected at the
ICeWater pilots — is needed to make results more concrete and statistically sound.
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