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Surrogate modelling for simplification of a complex urban drainage model
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Abstract: Urban drainage modelling typically requires development of highly detailed and complex models due to the nature of
the underlying drainage processes. This makes activities such as model calibration, uncertainty quantification analysis
and usage in real-time control (RTC) challenging and computationally expensive. The focus of this paper is to
develop a surrogate model to simplify and accelerate a complex model, and make it available for RTC in future
studies. Hence, only the output of the model which is relevant for RTC is considered. Surrogate models may lead to
larger uncertainties in the model predictions but can significantly decrease simulation runtime. Therefore,
quantification of this uncertainty is addressed here as well. We use the detailed InfoWorks ICM software as the
simulator for surrogate modelling. The case study area is within the Haute-Sire catchment in Luxembourg. First, we
ran the InfoWorks ICM model to produce a dataset of inputs and outputs of the simulator. Second, a surrogate model
is developed based on this data. The surrogate model is able to give an estimation of the wastewater volume in the
storage tank which can be used to control the combined sewer overflow (CSO) volume. The preliminary results show
that the introduced surrogate model provides a reliable method to decrease model complexity and runtime
significantly. It also allows for a simple quantification of the uncertainty induced by model simplification for different
simulations. However, further investigation is required to find the optimum model simplification in this regard.
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1. INTRODUCTION

Most of the urban drainage systems which have been constructed during the 19th and 20th
centuries are classified as Combined Sewer Systems (CSS) (Burian 1999), which means that the
sewer network combines the runoff produced after a rainfall event with wastewater produced from
households and industry. One significant disadvantage for this kind of drainage systems, is that
during rain events with high precipitation, parts of the wastewater may overflow and spill into the
receiving water body before passing through the wastewater treatment plant (WWTP). This event,
which is known as Combined Sewer Overflow (CSO), can cause serious environmental impacts on
the receiving waters and its ecosystems (see e.g. Toffol 2006).

One way of tackling this problem is to take advantage of a dynamic management approach such
as model based Real-Time Control (RTC) to increase the performance of the urban drainage
system. In a model-based RTC, the simulator is run several times, and frequently, to produce
predictions of the outcomes of many reasonable actions, therefore a computationally expensive
simulator may hinder the application of RTC. Hence, we need fast simulators, even if this entails
larger uncertainties in the predictions. There are two main strategies to achieve a fast model (Asher
et al. 2015): a) to develop a simple, conceptual model tailored to RTC (e.g. Mahmoodian et al.
2016); b) to simplify/reduce the already existing computationally expensive models to construct the
so-called surrogate models (e.g. Carbajal et al. 2016; van Daal-Rombouts et al. 2016).

In this paper, we combine these two approaches in a hybrid way. The strategy for developing a
surrogate model or emulator consists of the following steps: a) identification of the variables to be
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emulated; b) development of a simplified model in which every component contributing to the
variables identified in step (a), is replaced by a function; and c) definition of these functions, which
can be ad hoc or based on training data obtained with the detailed simulator.

2. MATERIALS AND METHODS

In this study, our main focus is the CSO locations in the urban drainage system. The components
such as WWTP or the receiving water body are not considered here. We apply the strategy
described previously, to construct an emulator for the dynamics of the volume in a storage tank and
the overflow of a CSO weir. These two are the variables of interest as required by the step a) of the
strategy. The detailed simulator used herein is a model of an urban catchment located in the area of
Nocher-Route-Dahl, Luxembourg which includes these structures (tank with weir). Step b) requires
the development of a simplified model. For the case of the storage tank, an intuitive model is given
by the mass balance equation:

= =D(t,d) +R(t,a,7) — P(t,pc) = C(t, Vinar, @, 7) (1)

where V' is the storage tank volume, and is driven by an inflow and an outflow. The inflow is
composed of the dry weather flow (D) and the inflow generated by rainfall (R). The outflow is
composed of the outflow generated by a pump (or a controllable valve) installed in the storage tank
(P) and the CSO volume which overflows through the weir (C). Next, we give the explicit
expression of each component.

The wastewater inflow depends on several properties of the catchment (e.g. population), and is
characterised by a daily pattern. Since this pattern is well identified, it can be described by:

D(t,d.) = d.d(t) (2)

where d(¢) is the daily pattern unit waveform of wastewater flow and d., is a scaling constant (equal
to 0. 66L/s in the specific case study).

The R component is the inflow to the tank due to rainfall. This function aims at implementing a
short-cut for the transformations that the upstream network, to which the tank is connected, apply
on the runoff flowing into the pipes. Two major transformations are the delay introduced by the
upstream network physical properties (e.g. lengths, slopes, etc.) and the scaling of the rain-to-runoff
process. Herein we learn this function from training data provided by the detailed simulator playing
the role of a virtual but reference reality implemented using the InfoWorks ICM® software. We use
this simulator to obtain the inflow to the tank when the rain events have a constant intensity and a
predefined duration. The training data consists of 40 different constant rainfall intensities (from 2.5
to 100 mm/h with a 2.5 mm/h step) with a 4-hour duration. The reasons why we use these synthetic
rainfall scenarios are: 1) The available observed rainfall data are not representing the worst case
scenarios (high intensities and long durations); and 2) In this way, it is possible to analyse the
relationship between rainfall characteristics and the system response in a simpler approach. It is
noticed that the function is independent from duration of the rainfall. In this conditions, the inflow
to the storage tank volume depends only on the rainfall intensity » and a lag 7 in a linear way, and
not in the duration of the rainfall. Therefore, R is defined as follows:

R(t,a,7) = ar(t —1) (3)

where the value of a obtained from the training data is 0.294 (it is noted that » is in mm/h, ¢ and 7 is
in min and R is in m’), whereas the lag as 7=30min. The lag for the case study is defined based on
cross-correlation analysis of the rainfall time series (input) and tank volume and CSO time series
(output).

The P component is the pump flow, which depletes water from the tank at a constant discharge
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determined by the manufacturer. Therefore, P takes the value 0 (pump is off) or p. (pump is on). In
this study, p. has a value of 6 L/s.

The C component is the CSO volume which overflows through a weir when the storage tank
volume reaches the maximum capacity V... The equation of the flow over the weir should be in the
following form:

1
> 3
C(t, CD: LA, Vmax) = % (V(t) - Vmax)E ifV = Vmax (4)
0 otherwise

where Cp is the discharge coefficient of the weir, g is the gravitational acceleration, L is the length
of the weir and 4 is the area of the tank.

However, due to the integration scheme weir overflow is significantly overestimated. Therefore,
C is calculated from the training data, similar to R:

ar(t —1) ifV = Viax
0 otherwise

C(t' Vinax, @, T) = { ®)]

3. RESULTS

As it was mentioned earlier, the purpose of developing an emulator in this study was to be able
to apply it for prediction of output with real (unseen) inputs. Hence, in this section we are going to
use the emulator for prediction of storage tank and CSO volumes using a real rainfall time series
recorded by a rain gauge located in the catchment during October of 2007 until December of 2009
and compare them with the corresponding results derived by the InfoWorks. Figure 1 shows the
comparison between the emulator and the simulator for three indicative events, taken from the
entire time series, for both of storage tank and CSO volume.

As it can be observed in Figure 1a, the emulator, at the current stage of development, is able to
capture the ascending part of storage tank volume in a considerably high accuracy. This part is
related to tank filling stage. More importantly, the peaks are emulated correctly as well. The latter is
more important in our future model-based RTC application, because if we can predict accurately the
time in which the tanks in the network would fill up during or after a potential rainfall event, we can
use this information to manipulate the actuators of the network (e.g. pumps or control valves) in an
optimised way to avoid or mitigate possible CSO events.

According to Figure 1b, the emulator is able to capture the large CSO events (first row)
relatively better than the smaller events. Although, the time period of CSO events, is predicted
accurately in all three cases.

At the current stage of development, the main problem with the emulator is that it depletes the
storage tank faster than the simulator. Since the CSO component is estimated relatively well and its
volume is much less than the storage tank volume, this problem must be related to the simplification
of P component of the emulator which is the pumping outflow. This can be a result of the fact that
the simulator does not use the pump’s maximum capacity (6 L/s) during all the time steps in which
the pump is on. More investigation is going to be done regarding this issue to improve the emulator.

For quantification of uncertainty induced by model simplification, the Normalised Root Mean
Squared Error (NRMSE) is calculated between the results derived by the emulator and the simulator
for both of storage tank and CSO volumes in respect to time. NRMSE is derived via dividing
RMSE by the range of the variable (storage tank or CSO volume). This can be considered as a
simple structural uncertainty quantification. The normalised RMSE, for the storage tank volume is
found equal to 0.072, whereas for the CSO volume 0.002, correspondingly. This indicates that the
emulator gives better results regarding CSO volume prediction and, in fact, this aspect is more
interesting for us regarding future RTC system design. Although, a better comparison would be
done by comparing the simulator and emulator results with real measured data, if available. In
addition to the RMSE, an effort is made to define the distribution of the residuals between the
emulator and the simulator. Figure 2 shows these distributions.
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igure 1. Comparison between emulator and simulator: a) for the storage tank volume; b) for the CSO volume.
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Figure 2. Distribution of the residuals between emulator and simulator: a) for the storage tank volume; b) for the CSO
volume
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4. CONCLUSIONS

Herein, we developed an emulator for the emulation of a storage tank volume and CSO flow in
the downstream part of an urban catchment at Nocher-Route-Dahl in Luxembourg. The component
functions of the emulator were learnt using simulations from a detailed model implemented in
InfoWorks. The emulator provides satisfactory results in terms of speeding up the simulations. As
an example, the speed up it provides on a 2-years-long time series of observed values is
approximately 1300 (i.e. the emulator is 1300 times faster than the simulator). This would be an
interesting aspect regarding application of the emulator for RTC purpose, in which we are required
to speed up the optimisation process by employing faster models.

In contrast with some previous studies, in which the input was the inflow to the storage tank or
WWTP (e.g. Mahmoodian et al. 2016; Vanrolleghem et al. 2005), the surrogate herein uses rainfall
measurements (or forecasts) as inputs. This will provide an RTC system with longer reaction time
to compute the optimal control actions and the consequent behaviour of the system actuators.

The simplistic emulation approach which is introduced in this study, is on its early stage of
development. The approach would get more complex for more detailed case studies with several
inputs and outputs of interest in various locations within the sewer network. In future steps, we will
focus on producing more precise results and reducing the uncertainty induced by model
simplification. Finally, we will develop the surrogate model to consider wastewater quality
modelling in addition to its quantity modelling to be applied in RTC practices.
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