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Abstract: Timeseries forecasting holds a prominent position in the domain of urban water systems.
Most forecasting approaches are designed to provide single-point deterministic forecasts, neglecting
the uncertainty in model predictions. In this work, we propose a methodological framework, able
to provide probabilistic predictions over lead times of operational interest, by combining machine
learning (ML) methods with multivariate statistics (i.e., copulas). The idea is that ML methods can be
used to provide deterministic forecasts, and copulas can be used to quantify the predictive uncertainty
of the forecasts. We showcase the effectiveness of proposed framework using hourly water demand
data from a real-world case study.

Keywords: water demand; probabilistic forecasting; machine learning; copulas; uncertainty
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1. Introduction

The primary objective of urban water systems (UWSs) is to provide water of adequate
quantity and quality to consumers. Effectively operating and managing UWSs towards this
objective, reliable, and accurate water demand forecasting, both in short- and long-term
horizons, is essential. Specifically, accurate water demand forecasts at fine temporal scales,
e.g., hourly, are important for real-time control (e.g., optimal pump and valve actuation)
and identification of potential water network failures (e.g., bursts) [1]. Nonetheless, it
has been considered a difficult and still open problem to solve. In particular, short-term
forecasting approaches have ranged from heuristics and regression models to machine
learning methods, such as artificial neural networks [2], including complex architectures
such as long short-term memory (LSTM)-based models [3], support vector machines,
fuzzy and neuro-fuzzy models [4], random forests (RFs) [1], time series models, and
hybrid approaches.

The majority of the aforementioned approaches typically neglect predictive uncertainty
and address the problem under the typical deterministic time-series forecasting prism,
which is focused on providing single-point forecasts [5]. However, providing probabilistic,
and thus multi-point, forecasts of water demand is of paramount importance, since this
could, on the one hand, encapsulate the uncertainties associated with the forecasting model
per se (recall the classic quote of George Box, “all models are wrong, but some are useful”’) and,
on the other hand, enhance operational aspects of UWSs by propagating such forecasting
uncertainties into the decision-making process [5].

In the light of the above, this work provides a general modeling framework for
probabilistic time series forecasting that builds upon, and uses forecasts from, existing
deterministic models, thus capitalizing decades of research in the domain and also enabling
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(1) the quantification of predictive uncertainty and (2) the generation of multi-point, proba-
bilistic forecasts. The methodology adopts copulas to model the joint distribution among
the forecasted and observed data and next transform the deterministic predictions into
probabilistic/stochastic ones, via the derived conditional distribution.

2. Methodology

Copulas (see [6,7]) lie at the core of the suggested approach since they allow the con-
struction of joint distributions (by independently modeling the dependence structure and
the marginal distributions of the involved random variables), thus enabling the derivation
of the conditional distribution of the predictand (e.g., observed water demand) given the
forecast’s predictions.

To elaborate, let X and Y denote two random variables (RVs), which correspond
to the observed and forecasted quantities, respectively, while Fx(x) and Fy(y) denote
their cumulative distribution functions (cdf). According to copulas, their joint cdf can
be expressed by F(x,y) = P[X <0,Y <0] = C(Fx(x), Fy(y)), where C(-, -) denotes the
copula cdf; ux = Fx(x) and uy = Fy(y) are uniformly distributed in [0, 1].

The conditional cdf of the RV X|Y =y, that is Fxjy_,(x) = P[X < x|Y = y| can be
obtained via Fyjy_, (x) = 9C(Fx(x), Fy(y))/0Fy(y) = oC(ux,uy)/duy = Cxy(ux|uy),
where Cyy stands for the so-called conditional copula, while the latter relationship can be

inverted as follows, ug(‘”y = C, (a|uy), in order to find the value of ux that corresponds to

-1

Y
a desired probability of non-exceedance a := Cyy given the (known) value of uy = Fy(y)
(compactly written as u;‘w). Finally, to obtain the quantile that corresponds to that con-
ditional probability level, the inverse cdf (icdf) of X, that is Fy Y(u), is employed. This
operation reads as follows:

Sauy = Fx (15" &)

These expressions are general and can be used along with any bivariate copula,
regardless of whether the copula has a direct expression for Cxy and/or C ;(llY In the case
of the Gaussian copula (used in this work), the parameter, say 6, can be identified via
the Pearson correlation coefficient among X and Y, since it depends on their marginals;
therefore, this is often called the equivalent correlation parameter (see [8,9]). Given the
above, one may answer questions including the following:

Given that the estimate of the forecasting model is equal to y, what is the probability
that the true (i.e., observed) value is smaller than x? The answer can be given by estimating
the probability: P [X < x|Y =y| = Fx| y—(x).

Given that the estimate of the forecasting model is equal to y, and for a given uncer-
tainty level (say a = 90%), what are plausible values for the upper and lower limits of true
(i.e., observed) value (say x;; and x)? The answer to this question is given by estimating
the quantities x{; and x;, (via Equation (1)) that correspond to the following probabilities.

[F vy ), B ey )] = e, pu] = [, 452].

Finally, for the generation of multi-point forecasts for a given time step (i.e., an
ensemble based on the available deterministic forecast y), it suffices to generate n (size of
ensemble) random variables uniformly distributed in [0, 1] and employ Equation (1).

3. Case Study and Results

To demonstrate the suggested approach, we used the hourly water demand data from
the Battle of Water Demand Forecasting, organized in the context of the 3rd International
WDSA-CCWI Joint Conference. Particularly, we employed data from DMA E, which is a
residential /commercial district close to the city center. To this end, we build two different
machine learning (ML) forecasting models, each forecasting water demand at different lead
times (1 step ahead and 24 steps ahead).

The first forecasting model (lead time: 1 step ahead) implements a long short-term
memory (LSTM) neural network architecture, with a proven capacity in time series forecast-
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ing. We utilize an LSTM layer of 50 memory cells connected downstream to a single dense
output layer to forecast water demand across DMAs. The LSTM employs 17 predictors,
including water demands, meteorological parameters, and temporal features (month, day;,
and hour). The mean absolute error and Nash-Sutcliffe coefficient for the LSTM predictions
(1 step ahead) for DMA E are 3.89 m3/h and 0.87, respectively.

The second forecasting model (lead time: 24 steps ahead) is based on the widely known
random forest (RF) bagging algorithm [10], which builds an ensemble of individually
trained (de-correlated) decision trees. The RF model utilizes 300 decision trees, while for the
other hyperparameters the default values are used. As predictors, we use the consumption
lag-1, -2, -24 and -168 hourly consumption, meteorological predictors and temporal features
(month, day, hour). The mean absolute error and Nash—Sutcliffe coefficient for the RF
predictions (24 steps ahead) for DMA E are 11 m3/h and 0.30, respectively.

In this work, we fitted and examined two copulas, in particular the Gaussian and
Clayton copula. Furthermore, in all cases (both observed series and forecasted time series),
we employed the Generalized Gamma distribution, fitted using the L-moments method.
The results of the analysis are presented in the next two figures.

Particularly, Figure 1 depicts the quantification of predictive uncertainty at uncertainty
level 90% for the LSTM (panel (a)) and RF (panel (b)) model, using the two types of copulas
discussed above. For both models and copulas, the empirical coverage (i.e., the percentage
of points that lie within the theoretical uncertainty level, in this case 90%) resembles with
high accuracy the theoretical counterpart. Figure 2 provides a time series view of the
methodology, illustrating that the method also acts as a bias adjustment technique, enabling
much better matching between the observed and modeled values.

(a) Predictive Uncertainty (o = 90%) (b) Predictive Uncertainty (o. = 90%)
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Figure 1. Quantification of predictive uncertainty (a = 90%, thus p; = 0.05 and py; = 0.95) for
(a) 1 step ahead LSTM forecasting model and (b) 24 step ahead RF forecasting model. In both cases,
both the Gaussian and Clayton copula have been fitted to the data, while dashed lines represent the
median values.
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Figure 2. Comparison of observed and forecasted water demand time series for (a) LSTM (1 step
ahead) and (b) RF (24 steps ahead) forecasting models. In both cases, the uncertainty intervals
(gray bands) of p; = 0.05 and py; = 0.95 (i.e., a = 90%) are depicted, which were estimated by the
suggested copula-based method, via the Clayton copula.
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4. Conclusions

The suggested copula-based approach allows the transformation of any deterministic
forecasting model into a probabilistic one, and thus allows one to (a) derive the conditional
distribution of the observed variable (e.g., water demand) given the value provided by
the forecasting model (e.g., ML model) for each lead time (quantification of predictive
uncertainty) and (b) generate ensembles of equiprobable forecasts, on the basis of the
deterministic one. The results from the employed case study suggest that the copula-based
approach provides an effective and efficient way to quantify the predictive uncertainty of
deterministic forecasting models, regardless of their type (e.g., random forest, ANN, or any
other) and the forecast’s lead time (e.g., 1 step ahead or multi-step ahead).
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