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Abstract: In response to the low accuracy exhibited by the Storm Water Management Model (SWMM),
we propose an enhanced Differential Evolution and Bayesian Optimization Algorithm (DE-BOA).
This algorithm integrates the global search capability of the differential evolution algorithm with the
local search capability of the Bayesian optimization algorithm, which enables a more comprehensive
exploration of the vector solution space. A comparative analysis of various types of rainfall events
is conducted. For model calibration and validation, a drainage subzone in Jinshazhou, Guangzhou
City, is selected as the research subject. In total, 20 specific rainfall events are selected, and the
DE-BOA algorithm outperforms the manual calibration, the differential evolution algorithm, and the
Bayesian optimization algorithm regarding model calibration accuracy. Furthermore, the DE-BOA
algorithm exhibits robust adaptability to rainfall events characterized by multiple peaks and higher
precipitation levels, with the Nash—Sutcliffe efficiency coefficient values surpassing 0.90. This study’s
findings could hold significant reference value for dynamically updating model parameters, thereby
enhancing the model simulation performance and improving the accuracy of the urban intelligent
water management platform.

Keywords: SWMM,; differential evolution algorithm; Bayesian optimization algorithm; automatic
parameter calibration; urban drainage

1. Introduction

The simulation of dynamic rainfall runoff in urban areas using urban stormwater
modeling serves as the cornerstone of research in urban rainwater management. Among
these models, SWMM—one of the most extensively employed urban stormwater runoff
models [1-5]—simulates and predicts urban rainwater runoff and drainage conditions [6].
As a structurally intricate distributed hydrological model, SWMM contains parameters
that lack precise physical definitions in the process of model abstraction and simulation.
These parameters, such as the impermeable manning coefficient, the depression storage in
impermeable areas, and the minimum infiltration rate, are typically determined based on
past experiences and may vary with different environmental factors [7-10]. Consequently,
parameter calibration and validation are typically conducted during the urban stormwater
runoff simulation process, to ensure the precision and applicability of the simulation
results [11].

The calibration of SWMM parameters primarily involves two approaches: manual
calibration and automatic calibration. Manual calibration, which is more straightforward,
relies upon the expertise of experienced model users or hydraulic specialists to manually
adjust the model parameters. Calibration is achieved through iterative simulations and
parameter value adjustments [12]. This approach demands a high level of expertise, spe-
cialized knowledge, a high time consumption, and intense labor, which makes it unsuitable
for large-scale parameter optimization.
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Meanwhile, automatic calibration utilizes computer algorithms such as particle swarm
optimization, simulated annealing, grid search, and random search to automatically op-
timize the model parameters. These algorithms can efficiently search through many pa-
rameter combinations within a short period, which enables the identification of optimal
parameter combinations and consequently enhances the accuracy and robustness of the
model. The question of how to maximize the accuracy of parameter calibration using
optimization algorithms has garnered widespread attention, and several studies have
proposed different improved algorithms to enhance calibration performance. For example,
Jin et al. (2011) employed an enhanced adaptive genetic algorithm to optimize SWMM
calibration problems. Wan and James (2012) introduced a sensitivity-based runoff model
automatic calibration method. Gao et al. (2020) simultaneously considered parameter and
input uncertainties and proposed a Bayesian-based automatic calibration framework. Perin
et al. (2020) utilized the Parameter Estimation (PEST) software package to automatically
calibrate model parameters by minimizing the deviation between model outputs and mea-
sured data. Shahed Behrouz et al. (2020) developed a new open-source software called
OSTRICH-SWMM for single-objective and multi-objective automatic calibration [13-17].
Exploring precise and efficient methods for automatic parameter calibration improves the
accuracy of simulation results and significantly reduces the modeling time to enhance the
applicability of the SWMM model.

Among the many intelligent algorithms, many have been proposed as applicable
solutions to problems in the field of water resources engineering. Armin Azad et al.
(2019) investigated the application of a genetic algorithm (GA), ant colony optimization
for the continuous domain (ACOR), particle swarm optimization (PSO), and differential
evolution (DE) in order to improve the performance of ANFIS models in simulating
monthly rainfall magnitudes and discussed how intelligent algorithms can avoid falling
into local optima and improve the performance of ANFIS [18]. Saeed Farzin et al. (2021)
proposed to hybridize the bat algorithm (BA) with the PSO algorithm and found that the
hybrid algorithm (HBP) has a great potential for the optimization of nullahs design [19].
Mariacrocetta Sambito et al. (2021) applied the Bayesian approach to determine the optimal
sensor distribution for solving pollution detection and localization problems in urban
drainage systems [20].

Among these algorithms, the DE and Bayesian optimization algorithms (BOA) are
widely used because of their powerful parameter searching ability. The DE algorithm was
developed by Kenneth Price in an attempt to solve the Chebyshev polynomial problem
given to him by Rainer Storn [21], and the BOA algorithm is based on the Bayesian
formulation and has been developed over many generations. However, both the DE and
the BOA have weaknesses that can be improved by hybrid algorithms.

Yukun Bai et al. (2022) proposed an adaptive mutation differential evolution Markov
chain (AM-DEMC) algorithm, combining DE and BOA, for the groundwater contamination
source identification (GCSI) problem [22]. Tyler Jon Smith et al. (2008) explored the role of
Bayesian methods, specifically Markov chain Monte Carlo (MCMC) techniques combined
with the DE algorithm, in the assessment of uncertainty and parameter estimation in
hydrologic models [23].

Although some studies have applied intelligent algorithms to the automatic rate
determination of SWMM, the rate determination performance has not been improved by
considering the combination of the global and local search capabilities of the DE and BOA
algorithms; therefore, the present study focuses on the Jinshazhou drainage subdistrict
in Guangzhou City as the research area. Utilizing the open-source nature of SWMM,
Python code is developed to modify and record the engineering input files (.inp) and result
output files (.out) [24]. Regarding the precision of parameter calibration, the DE and BOA
algorithms are improved in the following two aspects. Firstly, the global search capability
of the DE algorithm is combined with the local search capability of the BOA algorithm
to prevent parameters from being trapped in local optima during the calibration process,
so that the SWMM model parameters are calibrated with high precision. Secondly, an
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adaptive weight allocation strategy is used; during the calibration process, the proportions
of the DE algorithm and BOA algorithm are dynamically allocated by the equilibrium level
between constraint conditions and objective function to enhance the efficiency and precision
of model calibration. The advantages and disadvantages of using the hybrid algorithm
for parameter rate determination are also summarized by comparing and analyzing the
performance of the hybrid algorithm in the SWMM model under different rainfall events.
This study aims to explore a new approach to improve the accuracy of parameters in urban
stormwater runoff models, which enhances the predictive capability of intelligent urban
stormwater runoff models.

2. Materials and Methods
2.1. Differential Evolution Algorithm

The Differential Evolution (DE) algorithm is a vector-based global optimization al-
gorithm that explores the global optimum of the objective function through operations
such as differentiation, mutation, and selection among candidate solution vectors [21,25,26].
The DE algorithm is a metaheuristic algorithm, which implies that it does not rely on
strict mathematical proofs and derivations in solving optimization problems; instead, DE
conducts searches based on heuristic rules and strategies. The fundamental concept of DE is
similar to that of genetic algorithms, which involves continuously updating the population
through mutation, crossover, and selection operations until the optimal solution is found.

(1) Mutation. The DE algorithm employs the disparity between two individual vectors to
induce mutation in the existing individuals, which subsequently utilize this mutation
vector to generate new offspring individuals. Upon initializing the population, the
individuals undergo mutation operations to form mutation vectors. The equation of
the mutation process is as follows:

ml-(t) = xﬂ(t) + F x (xrz(f) — xrg(f)) 1

where x,1(f) , x,2(t), and x,3(t) are three mutually unequal individuals randomly selected
from the initial population, and F € (0, 1) is the mutation factor, which is used to control
the variation rate of individuals.

(2) Crossover. The DE algorithm employs a certain probability to select the mutated
vector of the offspring, thereby generating experimental individuals to enhance the
population diversity and promote structural differentiation.

s (F) = m;i(t), rand(0,1) < CRorj = rand(j) o)
YN xgj(t), rand(0,1) > CRand j # rand(j)

where CR € (0,1) is the crossover factor, and rand(j) is a randomly generated score
vector that ensures that at least one variant individual provides at least a one-dimensional
component after the crossover of the test individuals.

(8) Selection. The DE algorithm employs a greedy selection strategy, where the individu-
als are selected based on the values of the sought-after fitness function; the optimal
candidates are selected from both offspring and parent classes.

oy [0, Fu(e) < £
(g +1) {xm, () > () ®

where f(x) is the value of the fitness function.

2.2. Bayesian Optimization Algorithm

The Bayesian Optimization algorithm (BOA), used to optimize black-box functions [27,28],
has a primary advantage in its ability to find the global optimum with very few experimen-
tal iterations, thus making it particularly suitable for tasks that require many experiments,
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such as training SWMM models. The BOA algorithm achieves this capability by construct-
ing a Gaussian process model to describe the probability distribution of the function to
be optimized. Then, it balances exploration and exploitation by selecting the next experi-
mental point and iteratively approaches the global optimum. The advantages of the BOA
algorithm include considering previous parameter information, requiring fewer iterations,
and its robustness.

The mathematical principles underlying the BOA algorithm are as follows:

P(Y | X)P(X)
P(X|Y)= ) 4
where X and Y are random events; P(X) is the prior probability of event X, i.e., the
probability of occurrence of X; P(Y | X) is the conditional probability of occurrence of
event Y given the occurrence of event X; P(Y) is the probability of occurrence of event Y;
and P(X | Y) is the posterior probability of occurrence of event X given the occurrence of
event Y, i.e., the conditional probability.

The algorithm can be divided into two core components: (1) modeling the objective
function, which entails calculating the mean and variance of the function values at each
point, typically achieved through Gaussian process regression; and (2) constructing an
acquisition function that determines the next sampling point. Using Gaussian process
regression and the acquisition function, the algorithm determines new search points based
on historical search points to enhance the precision and efficiency of the BOA algorithm.

Modeling the objective function,

f(x) ~ N(p(x),0%(x)) ©)

where N is the Gaussian distribution, y(x) is the mean, and 0?(x) is the variance.

Using Gaussian process regression, the posterior probability of the fitness function
values for any individual can be calculated. Subsequently, an acquisition function is
constructed based on this posterior probability, which can identify the maximum points of
the function as the following search points. By repeating this process, the optimal solution
can be attained.

2.3. Improvement of the DE-BOA Algorithm

The DE algorithm has been widely applied in the construction of SWMM models due
to its adaptive adjustment of the search space and its ability to globally optimize complex
nonlinear functions [29]. However, DE, which exhibits strong global search capabilities in
the early stages, tends to slowly converge and possibly become trapped in local optima
as it progresses. Meanwhile, the BOA algorithm effectively utilizes the information from
the objective function to construct a Gaussian process regression model, which guides the
selection of the following sampling point based on the acquisition function. This method
enhances the efficiency and accuracy of parameter calibration and prevents the occurrence
of local optima [20]. Nevertheless, for large-scale SWMM models, the construction of
the Gaussian process model can become excessively complex, resulting in computational
challenges and potentially rendering it infeasible.

To address these limitations, this paper proposes the following enhancements to the
DE and BOA algorithms.

(1)  Building upon the foundation of the DE algorithm, we introduce the Gaussian process
regression model from the BOA algorithm. This model captures the posterior distri-
bution of the target function based on existing sample points. Using the collection
function to guide the selection of the following sampling points, we combine the
global search capability of the DE algorithm with the local search capability of the
BOA algorithm. This hybrid optimization approach prevents the parameters from
becoming trapped in local optima during the calibration process, so it achieves a
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high-precision parameter estimation for the SWMM model. Please refer to Figure 1
for the detailed algorithmic structure.

(1) Choose target vector and base vector

(2) Random choice of two population members
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Figure 1. Structure of the Differential Evolution and Bayesian Optimization Algorithm.

(2) Using an adaptive weight allocation strategy, we tailor the distribution proportions of
the DE algorithm and BOA algorithm, based on the balance between the constraints
and the objective function of each specific SWMM model. During the initial stages of
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optimization, when the initial population exhibits good dispersion, we leverage the
randomness of the initial population by assigning higher weights to the DE algorithm.
By invoking the DE algorithm multiple times in the early phases, we enhance the
exploration for the global optimum. However, as the optimization progresses, to
avoid falling into local optima, we dynamically adjust the weights and increase the
frequency of utilizing the BOA algorithm. Leveraging the characteristics of the BOA
algorithm, which consider a more significant amount of historical data, we enhance
the precision of SWMM model calibration and more thoroughly explore the global
optimum. Please refer to Figure 2 for the detailed algorithmic flow.

General process of DE-BOA

)

Initialize the parameters of Differential
Evolution (DE) and Bayesian Optimization
Algorithm (BOA)
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Figure 2. Flowchart of the Differential Evolution and Bayesian Optimization Algorithm.
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2.4. Case Study

2.4.1. Overview of the Study Area
The present study selects an urban drainage sub-basin in Jinshazhou, Guangzhou,

China, as the research case. The area of this sub-basin is 0.82 km?2, and its location is
illustrated in Figure 3a. Water systems, green spaces, and buildings intertwine in a mosaic-
like distribution within the region, while primary and secondary roads crisscross, which
creates a diverse urban land structure. Among them, impervious surfaces cover an area
of 0.3 km?, which accounts for 36.6%, while pervious surfaces cover an area of 0.52 km?,
which accounts for 63.4% (the land use types are depicted in Figure 4).
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Figure 3. Location and model structure of the study area: (a) geographical location of the study area;

(b) SWMM pipe network mode.
An urban stormwater runoff model was constructed based on the network data, land

use types within the study area, and observed hydro-meteorological data. This SWMM

model comprises 226 sub-catchments, 237 conduits, 226 nodes, and 8 outfalls, as depicted in
Figure 3b. The rainfall and runoff data recorded by the rainfall gauge and flow monitoring
device in Jinshazhou were utilized as the foundation for the precipitation and runoff

analysis in this study.
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Figure 4. Land use types.

2.4.2. Analysis of Rainfall Events

This study collected independent rainfall events from April to August 2022. To conduct
statistical analysis on these events, a daily interval was used to distinguish between them.
Since rainfall events with small total amounts and longer durations have minimal impact
on the stormwater network facilities in the study area, as input conditions, the SWMM
model for the study area only utilized rainfall events with total precipitation exceeding

10 mm within 24 h. Table 1 lists the rainfall events.

Table 1. The statistics of rainfall events in the study area.

ID Start Time End Time Total Rainfall Rainfall Duration Rainfall Scale
(mm) (h)
R1 30 April 2022 16:00 1 May 2022 0:00 14.02 8h Moderate rain
R2 1 May 2022 4:10 1 May 2022 20:20 36.02 16.17 h Heavy rain
R3 7 May 2022 7:40 7 May 2022 18:20 19.87 10.67 h Moderate rain
R4 10 May 2022 1:50 11 May 2022 0:00 48.47 22.17h Heavy rain
R5 11 May 2022 0:00 12 May 2022 0:00 81.26 24 h Rainstorm
R6 12 May 2022 10:30 13 May 2022 20:20 24.65 9.84 h Moderate rain
R7 13 May 2022 0:00 14 May 2022 0:00 80.75 24h Rainstorm
R8 21 May 2022 13:40 22 May 2022 0:00 26.91 11.67 h Heavy rain
R9 6 June 2022 10:10 6 June 2022 22:50 26.73 12.67 h Heavy rain
R10 7 June 2022 9:30 7 June 2022 19:10 43.70 9.67 h Heavy rain
R11 9 June 2022 7:20 10 June 2022 12:30 32.78 517 h Heavy rain
R12 12 June 2022 8:00 12 June 2022 18:30 25.18 10.5h Heavy rain
R13 13 June 2022 1:40 13 June 2022 16:50 35.09 15.17 h Heavy rain
R14 15 June 2022 8:20 15 June 2022 20:50 34.64 125h Heavy rain
R15 17 June 2022 4:30 17 June 2022 17:10 32.30 12.67 h Heavy rain
R16 19 June 2022 1:20 19 June 2022 14:20 23.78 13h Moderate rain
R17 2 July 2022 0:00 2 July 2022 22:40 46.73 22.67 h Heavy rain
R18 6 July 2022 11:40 6 July 2022 19:40 30.94 8h Heavy rain
R19 3 August 2022 15:10 3 August 2022 18:40 23.00 35h Moderate rain
R20 10 August 2022 8:00 10 August 2022 16:30 27.09 85h Heavy rain
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By conducting statistical analysis on 20 rainfall events, we classified the rainfall
intensity levels of these events based on the classification standards issued by the China
Meteorological Administration, i.e., rainfall between 10 and 24.9 mm in 24 h is regarded as
moderate rainfall, rainfall between 25.0 and 49.9 mm in 24 h is regarded as heavy rainfall,
and rainfall between 50.0 and 99.9 mm in 24 h is regarded as torrential rainfall. Among
them, moderate, heavy, and torrential rain accounted for 25, 65, and 10% of the total rainfall
events, respectively.

Using the classification criteria proposed by Yin et al. [30], which are suitable for
Guangzhou City, we classified the rainfall characteristics of the 20 rainfall events based on
seven types of heavy rainfall patterns. Table 2 presents the results. The analysis reveals that
the selected independent rainfall events of this study encompass all commonly observed
rainfall patterns in Guangzhou City, which are predominately single-peak heavy rainfall.

Table 2. Rainfall event rain type.

Rainfall Pattern Frequency (Times) Proportion
Single peak ahead (type I) 1 5%
Single peak back (type II) 5 25%
Single peak centered (type III) 5 25%
Uniform distribution (type IV) 1 5%
Distribution before and after bimodal (type V) 1 5%
Bimodal distribution (type VI) 4 20%
Bimodal mid-post distribution (type VII) 3 15%

2.4.3. SWMM Model Parameters

In the SWMM model, parameters are typically classified into two types: those that can
be directly measured through field surveys, and those that lack a precise physical definition,
which makes them challenging to directly obtain. The latter type is usually estimated
based on empirical ranges, which require the identification of sensitive parameters that
significantly impact the model to improve the efficiency of calibration [31].

In this paper, the improved Morris screening method [31-33] is selected for sensitivity
analysis, i.e., the idea of the control variable method is adopted to change the value of a
parameter in a fixed step to affect the simulation results, under the condition of ensuring
that the other parameters remain unchanged, and the average rate of change of the model
results is taken as the sensitivity value of the parameter, which is calculated using the
following formulas:

n (Y —Yi)/Yo

=L (B, - py i ©
where S is the sensitivity value; Y; is the output value of the ith run of the model; Yj;
is the output value of the i+1 th run of the model; Yj is the baseline output value of the
model; P; is the percentage change in the parameter value of the ith model run relative
to the calibrated parameter value; P, is the percentage change in the parameter value
of the i+1 st model run relative to the calibrated parameter value; and # is the number of
model runs.

When the value of S is less than 0.05, the parameter is insensitive. If the value of S is
between 0.05 and 0.2, the parameter is moderately sensitive. If the value of S is between 0.2
and 1.0, the parameter is considered sensitive. A value of S greater than 1.0 indicates that
the parameter is very sensitive. In this paper, the initial parameter value is changed in fixed
steps of 10%, and the results of increasing its value by —25%, —15%, —5%, 5%, 15%, and
25% are obtained to calculate the sensitivity value of the parameter to total runoff, flood
flow, and the peak present time, and the average value of S is taken as the main index for
sensitivity analysis.

The results of the parameter sensitivity analysis are shown in Table 3, and the range of
parameter values is derived from a combination of local engineering experience values and
the SWMM User’s Manual.
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Table 3. Parameters to be determined and value ranges.

Calibration Parameter Meaning S Ranges
Parameters
N-Imperv Manning coefficient of impermeable area 0.069567  0.01~0.05
N-Perv Manning coefficient of permeable area 0.054767 0.05~0.4
S-Imperv/mm Depression volume in impermeable area 0.054133 0.2~10
S-Perv/mm Depression storage volume in permeable area ~ 0.0879 2~20
MinRate/(mm-h~1) Minimum infiltration rate 0.051633 1~20
MaxRate/(mm-h—1) Maximum infiltration rate 0.053167 20~100
Decay/h~! Permeation attenuation coefficient 0.072767 2~7

2.4.4. SWMM Optimization Calculation

1.  Formulate the objective function

Given the significance of the peak flow values and peak occurrence time in urban
flood disasters, this study is founded upon minimizing disparities in peak values and peak
occurrence times. By integrating the Nash—-Sutcliffe Efficiency (NSE), a multi-objective
function is established to conduct a fitting analysis of the observed rainfall data and
simulated results.

num0 = Z?:l I(| Qo — Qpyt |> Par) @)

where 7 is the number of peaks, Qo is the observed flow at the ‘t’-th time step, Qp s is
the simulated flow at the ‘+’-th time step, and I is the indicator function. The indicator
function takes the value of 1 when the absolute difference between Q, and Qp,t exceeds
the tolerance for peak differences Py, and 0 otherwise.

numl =Y " I(| Tor — Ty

> Tdt) (8)

where T, is the peak occurrence time of the observed flow at the ‘t’-th time step, Tj+ is
the peak occurrence time of the simulated flow at the ‘t’-th time step, and I is the indicator
function. The indicator function takes the value of 1 when the absolute difference between
T,,+ and T)+ exceeds the tolerance for peak differences Ty, and 0 otherwise.

Zthl (Qo,t - Qp,t)2
Zzzl (Qo,t - Qo,m)2
where T is the length of the time series,Q, m is the mean of the observed flow, and an NSE

value closer to 1 indicates a more favorable calibration outcome of the model.
By combining Equations (7)—(9), we formulate a multi-objective function:

NSE=1- )

F = [num0 + numl] x P+ NSE (10)

where P is a penalty factor to penalize the larger variance values that occur in the peak and
peak present time.

2. Simulation procedure

1) The SWMM model of the study area was simulated using the Horton infil-
tration model and the dynamic wave method. Four rainfall events (R3, R4,
R7, and R13) were set aside for subsequent model validation, while the re-
maining 16 rainfall events were utilized as input conditions to calibrate the
model parameters.

(2 The population was initialized and the fundamental parameters of the DE-
BOA algorithm were set, based on the experience of multiple iterations of trial
and error in the previous sensitivity analysis: population size = 20; mutation
factor = 0.8; crossover factor = 0.7; maximum iteration count = 100. Bayesian
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iteration factors were chosen as 5 and 2, respectively. Batch import and export
of SWMM parameters was implemented using the Python language.

(©)] Three solutions were randomly selected from the initial population and trial
individuals were generated using the mutation and crossover formulas. The
Python language was utilized to invoke the SWMM calculation engine for sim-
ulation computation and to obtain simulated water depths at the monitoring
locations.

4) The *.out file generated by the SWMM simulation was retrieved; the objective
function values were calculated after simulation; a greedy selection strategy
was employed; and the optimal value was selected as the calibrated parameter
value. The *.inp file was modified to serve as the input file for the next round
of SWMM simulation.

5) At the early stage of the algorithm, the BOA algorithm was applied every
five generations based on the optimal value to locally optimize it. As the
algorithm progressed, an adaptive strategy to increase the proportion of the
BOA algorithm was used and the influence factor of the optimal historical
value on the computation was adjusted. Multiple rounds of local optimization
were performed based on the optimal value and a greedy selection strategy
was applied to the results.

(6) The calibrated *.inp file was generated as output.

3.  Evaluation criteria

1
RMSE = \/ 721 (Qor — Qps)? (1)

where RMSE denotes the Root Mean Square Error, which is used to gauge the deviation be-
tween simulated flow and measured flow. A small value signifies a minor simulation error.

T 2
2 _ [thl (Qp, t— Qp, m) (Qo, [ Qo, m)]
Z;:l (Qp, t— Qp, m)z Ezzl(Qo, t— Qo, m)z

where R? is the coefficient of determination to assess the degree of fit and modeling
capability of the algorithm. A higher value indicates a greater explanatory power of the
independent variable on the dependent variable. Q¢ is the mean of the measured flow.

(12)

P_ P
pp= on (13)
Qo
where PE is the peak relative error, which serves as a measure of the algorithm’s deviation
in extreme situations. A smaller value signifies better simulation performance. QI]Z and QF
are the peak values of the simulated flow and measured flow, respectively.

3. Results and Discussion
3.1. Parameter Calibration Results

The model underwent parameter calibration using a selection of 16 rainfall events
from Table 1. Taking R5 as an example, the calibrated flow process was compared to
the observed flow process for the manual calibration, Bayesian optimization algorithm,
differential evolution algorithm, and DE-BOA algorithm (Figure 5). With equal numbers
of iterations, the objective function values were recorded to be 0.8846, 0.8704, 0.8795, and
0.9402. Compared to the other methods, the enhanced algorithm exhibited improvements
of 6.29%, 8.02%, and 6.91%. Figure 5 shows that the DE-BOA algorithm outperformed the
other approaches in flow prediction, since its peak flow and curve trends are more closely
aligned with the observed flow.
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Figure 5. Comparison of flow processes for different rate determination methods.

Furthermore, different calibration methods were compared based on the evaluation
metrics, as outlined in Table 4. The DE-BOA algorithm exhibits better RMSE, R?, and PE
than the other methods to various degrees. The RMSE and R? values indicate that, when
calibrated using the DE-BOA algorithm, there is a good fit between observed and simulated
flows. The PE value indicates that even in extreme circumstances, the DE-BOA algorithm
maintains a commendable level of simulation performance.

Table 4. Evaluation metrics for simulating results using different calibration methods.

Method BOA DE Manual DE-BOA
RMSE 0.0071 0.0075 0.0070 0.0052
R2 0.9300 0.9216 0.9339 0.9644
PE 0.0727 0.0605 0.0768 0.0161

The parameter rate setting speed of the algorithms is also one of the decisive factors
affecting the application of intelligent algorithms. In this study, when comparing the speeds
of DE, BOA, and DE-BOA algorithms to be the first to find the optimal objective function in
100 iterations (refer to Figure 6), the BOA algorithm achieved the optimal objective function
value of 0.8704 in the 20th iteration, the DE algorithm achieved the optimal objective
function value of 0.8795 in the 26th iteration, and the DE-BOA algorithm achieved the
optimal objective function value of 0.9402 in the 13th iteration. This shows that the DE-BOA
algorithm is not only faster but also more accurate in SWMM parameterization.

Based on the computed objective function values from the 16 rainfall instances, distinct
weights were assigned. These weights were employed to calculate the calibrated model
parameters (refer to Table 5). In comparison to the parameters obtained through manual
calibration, the integrated approach demonstrated enhanced precision and substantial
variations in specific parameter values. The primary underlying factor is that manual
calibration typically relies on a trial-and-error method, which focuses on single-parameter
adjustments. Hence, it fails to account for the intricate interplay among multiple parameters
and is subjected to pronounced subjective inclinations. In contrast, the DE-BOA algorithm
leverages its algorithmic traits to perform comprehensive global exploration and meticulous
local refinement, thus enabling the search for optimal values within the vector solution
space, which encompasses all calibrated parameters.
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Figure 6. Comparison of rate speeds for different rate determination methods.

Table 5. SWMM calibration results.

Rate Value
Parameters Initial Empirical Value Manual DE-BOA
Calibration Calibration

N-Imperv 0.012 0.01 0.01
N-Perv 0.2 04 0.3528

S-Imperv/mm 0.45 0.2 0.2
S-Perv/mm 2 20 17.3671
MinRate/(mm-h~1) 12.7 18 11.0311
MaxRate/(mm-h~1) 200 90 49.8109
Decay/h~! 4 3 2.9728

3.2. Model Verification

To assess the accuracy and credibility of the calibrated model, we input the four
rainfall events selected for validation (refer to Table 6) into the SWMM model. These
events (R3, R4, R7, and R13) include various rainfall intensities and types within the study
area, which enables an exploration of the impact of different rainfall event types on the
model’s simulation.

Table 6. Rainfall events of the validation set.

ID Total Rainfall Rainfall Duration Rainfall Scale Rainfall Pattern
(mm) (h)

R3 19.87 10.67 h Moderate rain v

R4 48.47 2217 h Heavy rain VII

R7 80.75 24 h Rainstorm 1I

R13 35.09 15.17 h Heavy rain \Y%
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In Figure 7, the comparison between calibrated and measured flow processes of the
four rainfall events reveals that all NSE values of the model exceed 0.85. This result signifies
a remarkable concordance between simulated and observed flow processes, which satisfies
the application requirements of the SWMM model. R4 and R13 exhibit the highest NSE
values of 0.9317 and 0.9306, respectively, which can be attributed to their correlation with
the rainfall dynamics. When multiple rainfall peaks and substantial precipitation occur,
the predictive accuracy of the model more closely aligns with the actual observed values.
Thus, the DE-BOA algorithm exhibits greater adaptability when handling rainfall data
characterized by multiple peaks and a significant rainfall volume.
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Figure 7. Verification of model calibration results.

4. Conclusions

The present study proposed a calibration method for the SWMM model based on the
DE-BOA algorithm. To demonstrate the feasibility and applicability of the DE-BOA algo-
rithm, a case study was conducted in a drainage sub-catchment in Jinshazhou, Guangzhou.
The rainfall events in the area were analyzed for their characteristics, and a multi-objective
function was constructed to evaluate the algorithm’s performance. The comparison of the
simulated flow process of the algorithm with the rest of the rate determination methods
shows that the DE-BOA algorithm performs well on the evaluation metrics RMSE, R2,
and PE, which reach 0.0052, 0.9644, and 0.0161, respectively, and the objective function
value is improved by 6.29%, 8.02%, and 6.91% compared with the rest of the methods,
and meanwhile, in terms of the rate setting rate and the rate setting process, the DE-BOA
algorithm also shows obvious advantages. The algorithmic model enables the automatic
parameter calibration of SWMM with high accuracy and at a faster rate, which effectively
improves the modeling efficiency. This result provides valuable insights for the dynamic
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updating of model parameters and improves the performance and accuracy of modeling
on intelligent water management platforms.

The calibration validation of the model demonstrates a significant improvement in the
calibration effectiveness of the DE-BOA algorithm for rainfall events with multiple peaks
and substantial precipitation. It must be admitted that this study has some limitations,
because, due to the confidentiality of the geographic information data, we only obtained a
limited number of sample data, which may affect the generalization of the results. There-
fore, the question of how to further improve the algorithm rate accuracy, as well as the
generalizability, will be considered in future research.
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