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Abstract: Accurate short-term water consumption forecasting is a crucial function of modern water
supply systems, which, in turn, play a crucial role in the sustainable management of water resources,
particularly in regions with limited access to water supplies. This study presents an evaluation of
the performance gains in short-term water consumption forecasting by the exploitation of a fuzzy
clustering algorithm to engineer new features corresponding to water consumption clusters. The
evaluation takes place under data scarcity, meaning both a small dataset and only in situ water
consumption measurements. To evaluate the gains, data registered to consumers on the remote island
of Tilos are processed to produce two datasets which differ in terms of the addition of clusters. The
datasets are consumed by deep neural networks to produce hour-ahead predictions. The inclusion
of the clusters in the dataset results in a decreased mean absolute error and root-mean-square error,
reduced by 29% and 17% on average, respectively.

Keywords: deep neural networks; short-term forecasting; water consumption

1. Introduction

Accurate short-term water consumption forecasting is a crucial function of modern
water supply systems, which, in turn, play a crucial role in the sustainable management of
water resources. The forecasts are exploited for a series of operational decisions. Among
other things, forecasts are required for the day-ahead scheduling of water pumping [1],
which, in turn, affects electricity consumption, or for delivering short-term schedules [2]
(e.g., hour-ahead schedules, minute-head schedules, etc.), which are often employed for
scheduling the operation of pressure-reducing valves, hence, reducing water losses in
distribution systems.

This paper presents an evaluation of the forecasting performance gains of deep neural
networks (DNNs) by the addition of new features. The developed DNNs predict the hour-
ahead aggregated water consumption (AWG) of 48 consumers. The additional features are
engineered via a fuzzy clustering algorithm using only water consumption as input data
and refer to water consumption clusters (WCC).

The DNNSs are built and tested in a data-scarcity context, given that only in situ water
consumption measurements are available and that the test dataset is limited, extending
to 205 h. Using a fuzzy instead of a conventional clustering approach becomes significant
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in such a context since it allows for the generation of an arbitrary number of additional
features, each corresponding to the membership in an arbitrary number of clusters, enabling
more accurate predictions. At the same time, to enhance result robustness and to mitigate
effects that might arise due to the small size of the dataset, the performance gains are
evaluated twice using two pairs of different DNNs for the same technology.

2. Materials and Methods
2.1. Data Resources

The data are collected from consumers located in Livadia, a community that lies on
the east coast of Tilos, a remote island in the South Aegean Sea. Currently, 100 smart water
meters (SWMs) are installed, capable of transmitting data every minute via the wireless
M-Bus protocol into a local server in the town hall. At the time of writing, the installations
are ongoing; hence, the data availability is limited. More precisely, the available data are
registered to 76 SWMs between 1 August 2022 00:00 and 11 November 2022 14:00 and refer
to measurements of the consumed cumulative water volume (m?) with a 10 min frequency.
Following the data collection, the data are validated using the following steps:

1.  Data filtration. The data during the testing period of the installations are discarded.
These include data from between 1 August 2022 00:00 and 15 September 2022 00:00
and the readings of 18 SWMs. In addition, the data registered between 11 November
2022 00:10 and 11 November 2022 14:00 are discarded to maintain an exact number
of days in the dataset. As an example, the collected measurements of an SWM with
id = 24895800 are shown in Figure 1a;

2. Time series resample. The 76 time series, one for each SWM, are resampled with a
10 min frequency. The process does not change the frequency of the time series but
adds the missing timestamps. The missing values are filled with NaNs;

3. Outlier replacement. For each SWM, the outliers are detected and replaced with NaNs
using the Tukey method [3]. The result is shown in Figure 1b;

4. Data imputation or removal. For each SWM, the ratio of NaNs to the sample size is
computed. If the ratio is larger than 6%, then the SWM is discarded from the dataset.
Otherwise, the data gaps are filled using linear interpolation, with the result for SWM
24895800 shown in Figure 1c. This step leads to the omission of 10 SWMs;

5. Discharge computation. Each time series left is resampled with an hourly frequency,
assigning the max. of every six measurements of 10 min duration to the start of
every hourly period. Subsequently, the dataset is differentiated by one timestep. By
doing so, the water consumption in terms of water discharge (m>/h) is obtained for
each SWM;

6. Aggregated water consumption computation. The AWC is computed as the sum of
the remaining SWMs. The dataset contains 49 columns, 48 for each of the SWMs and
one for the AWC. The row count is 1369 (timesteps). The dataset has a time index
ranging between 15 September 2022 00:00 and 10 November 2022 23:00.
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Figure 1. (a) The cumulative water consumption measurements of the 24895800 SWM; (b) the time
series after removing outliers; (c) the time series after filling the gaps using linear interpolation.
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2.2. Machine Learning Pipeline

The dataset is further processed in order for it to become consumable for a machine
learning (ML) pipeline which (a) prepares the dataset, (b) trains an ML model and (c) tests
its performance. The exact steps are as follows:

1.  The dataset is split into the train, validation and test subsets;

2. The subsets are transformed to achieve stationarity using the train subset to compute
the necessary transformation characteristics, thus avoiding data leakage;

New features are engineered, aiming to reduce prediction errors;

Data are reshaped in order to become consumable for the model;

The model is built and trained using the train and validation subsets;

The performance of the model is evaluated by comparing the ground truth (measure-
ments) with the respective predictions that are produced using the test subset.

AN

Since the best hyperparameters of an ML model are subject to experimental analysis,
the pipeline is repeated 256 times using the ASHA scheduler [4]. The outcome is 256 models,
which are tested against their prediction error using the popular mean absolute error (MAE)
and the root-mean-square error (RMSE) indices. The ML pipeline is also repeated for two
datasets (with and without the WCC), thus, capping at 512 times.

2.2.1. Data Split

Datasets are split into the train, validation and test subsets. The train subset includes
~70% of the total rows, equivalent to 958 rows or hours. The validation subset includes the
next 15% of the total rows, equivalent to 205 rows or hours. The validation subset includes
the last 15% of the total rows, equivalent to 205 rows or hours.

2.2.2. Data Transformation

The datasets are transformed to make the time series stationary, facilitating the training
algorithm convergence. To do so, the following steps are taken:

1.  The datasets are log transformed. The transformation reduces the distribution skew-
ness while stabilizing variance over time;

2. Thelog-transformed datasets are subsequently detrended using linear regression. The
linear model is fitted (a = —0.000411, b = —0.444404) using the train subset;

3. The datasets are standardized, meaning the subtraction of the average and the subse-
quent division by the standard deviation. The standard deviation and the mean are
computed using the corresponding train subset.

2.2.3. Feature Engineering
Both datasets are enriched with features as follows:

1.  The SWMs are aggregated into groups using bins of 5 m3/h. The resulting groups
have a larger correlation coefficient with the AWC;

2. Seven new features are engineered using the statistical properties of the AWC. These
include a comparison of the AWC with the previous daily mean, sum, max, 3rd and
1st quartile, as well as with the ramp during the last hour and the sum of the last 3 h.

One of the two datasets is enriched with the WCC, which are built using a fuzzy
clustering algorithm, namely the skfuzzy [5]. The approach is based on unsupervised
learning, meaning that the algorithm discovers associations or groups in a dataset (patterns)
by itself without knowing whether they exist, how many there are and which ones they
are. The problem the algorithm must solve, also known as the learning task, concerns the
clustering of the AWC values as high, medium or low. The algorithmic steps are as follows:

1. Initialization of the fuzzy partition, i.e., a matrix U(0), which contains the degree of
membership y in a predetermined number of clusters;

2. Calculation of the corresponding vectors at the center of the clusters;

3. Calculation of the Euclidean distance d between the data points (water consumption
values) and the centers of the clusters;
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4.  Calculation of the new membership degree u and fuzzy partition matrix U(1);

5. Convergence check, comparing pairwise each p between U(0) and U(1). If the maxi-
mum absolute difference is greater than the predefined threshold ¢ = 0.001, steps (2)
to (5) are repeated with new cluster centers; otherwise, the algorithm stops.

Upon completion of these steps, an unsupervised learning model has been built where
a water consumption value is entered, and it outputs the degree of membership in each of
the predefined clusters. The predetermined number of clusters is an input parameter of the
model and can be selected arbitrarily or using the fuzzy partition coefficient [6].

2.2.4. Deep Neural Networks Architecture

The DNNSs are built based on the Seq2Seq model architecture [7], featuring an attention
mechanism. Additionally, a final gated recurrent unit’s layer, with one unit and a linear
activation function, is stacked. Seq2Seq models comprise two neural networks in an
encoder—decoder configuration. In this paper, these neural networks are long short-term
memory (LSTM) networks. The networks are arranged and operate as follows:

1. A three-dimensional matrix is inserted into the encoder network. The results of the
calculations of this network are: (a) the final memory content for the last timestep,
which is called the context vector (CV), and (b) the outputs of the output layer, which
are rejected. The CV is the input to the decoding network;

2. In the decoding network, the CV from step (1) is entered for the first timestep and
then iteratively continues the calculations using the network’s units.

The attention mechanism is applied to Seq2Seq models. The attention mechanism
was proposed in 2015, and several variants of it have already been developed [8]. With the
addition of the attention mechanism, the following differences arise:

1. A CVis calculated for each h; of the encoding network. Without the mechanism, only
the last timestep t to generate a single CV is considered;

2. An alignment score is generated. The score is calculated based on the h; of the
decoder (Luong attention mechanism) by a stacked neural network. This score may
be interpreted as weights that give “attention” to the most “important” input data.

2.2.5. Tuning of the Hyperparameters

The hyperparameters to be tuned and the search field of their optimal values are
shown in Table 1. For each combination of these hyperparameters, a new DNN is built,
trained and tested. The chosen training algorithm is the Amsgrad [9]. The training process
aims to minimize the RMSE (cost function).

Table 1. The hyperparameters of the Seq2Seq-Attention model to be tuned and their search space.

Nr. Hyperparameter Search Space
1 Units of the encoder and the decoder Integer in [8, 768]
2 Encoder activation function Choice from relu, sigmoid, softplus,
softsign, tanh, selu, elu, exp and
3 Decoder activation function LeakyReLU
4 Learning rate of the training algorithm Choice from [0.0008, 0.01]
3. Results

3.1. Water Consumption Clustering

The selected number of clusters to proceed with is three. The fuzzy partitioning
coefficient is high (~88%), meaning there is a crisp partitioning of the data. The transformed
water consumption values lower than —1 are labeled as low (Cluster 1). The transformed
water consumption values ranging between —0.926 and 0.616 are labeled as medium
(Cluster 2), and those exceeding 0.619 are labeled as high (Cluster 3). In Figure 2, the
transformed water consumption values are shown on the secondary y-axis over the degree
of membership in each of the three clusters (primary y-axis) for a total of 1 week. As an
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example, during the 108th timestep, the consumption peaks, and the membership is 100%
allocated in Cluster 3 (brown color) and is thus labeled by the model as high.
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Figure 2. The transformed water consumption for a week against their membership degree in each of
the three clusters.

3.2. DNNs Performance

In the present paper, two datasets are examined with the inclusion of three more fea-
tures, i.e., the WCC, as the sole difference. For each dataset, an individual hyperparameter
tuning process is conducted, examining 256 DNN configurations. The configurations with
the lowest MAE and RMSE, respectively, are shown in Table 2. The DNN with the lowest
MAE achieves a reduction of 31.4% and 18.9% in MAE and RMSE, respectively. The DNN
with the lowest RMSE achieves a reduction of 26.9% in MAE and 14.2% in RMSE.

Table 2. The forecasting error metrics of the selected DNNs with and without the addition of WCC.

Nr. Dataset Model MAE RMSE
1 . Seq2Seq-Attention-MAE 0.118 0.164
2 Without WCC Seq2Seq-Attention-RMSE 0.134 0.169
3 . Seq2Seq-Attention-MAE 0.081 0.133
4 With WCC Seq2Seq-Attention-RMSE 0.098 0.145

The predictions of the AWC for one hour ahead are shown in Figure 3 against the
ground truth (AWC), as measured by the SWMs. The predictions are registered to the DNN
that has the minimum MAE among the 254.

2.00
—— Ground Truth

1754 —— Predictions
£ 150 ~

T T T T 1
0 25 50 75 100 125 150 175 200
Timestep (h)

Figure 3. The hourly predictions of the selected model against the ground truth for the test subset.

4. Discussion

The reduction in the error metrics is large, proving the significance of the additional
features, i.e., the three WCC. The test subset, based on which the error metrics are computed,
is small, containing 205 values, corresponding to hours. To increase the results’ robustness,
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the experiments are duplicated, assessing the performance of two DNNs, which are selected
among the trained models based on their MAE and RMSE. As shown in the results, in both
cases, the addition of the WCC achieves a reduction in MAE and RMSE, i.e., a reduction of
29% and 17% on average, respectively.

Given that the MAE is larger than the RMSE and that the RMSE penalizes large
errors more than MAE, the additional features do not favor the models’ performance
near consumption peaks, but more over valleys and time periods where consumption
changes smoothly.

Using the fuzzy clustering algorithm to engineer additional features provides flexibility
given that the number of clusters is arbitrary, and each cluster is mapped to a new feature.
That is also the main difference of more conventional approaches where one feature is built
for characterizing the water consumption levels.

5. Conclusions

In the present paper, a fuzzy clustering algorithm was applied in order to engineer
new features which correspond to three water clusters of low, medium and high water
consumption. Using this approach, two datasets were built, with these additional features
as the sole difference. The datasets were exploited to train deep neural networks to
produce hour-ahead predictions of the aggregated water consumption of 48 consumers.
The addition of the clusters resulted in reduced MAE (29%, on average) and RMSE (17%,
on average), with the forecast errors being reduced the most during off-peak periods of
water consumption.
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