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Abstract: When it comes to modelling complex systems using an agent-based approach, there is
a problem of choosing the appropriate parameter optimisation technique. This problem is further
aggravated by the fact that the parameter space in complex agent-based systems can have a large
dimension, and the time required to perform numerical experiments can be large. An alternative
approach to traditional optimisation methods are the so-called metaheuristic algorithms, which
provide an approximate solution in an acceptable time. The purpose of this study is to compare
various metaheuristic algorithms for parameter tuning and to analyse their effectiveness applied
to two agent-based models with different complexities. In this study, we considered commonly
used metaheuristic algorithms for agent-based model optimisation: the Markov chain Monte Carlo
method, the surrogate modelling approach, the particle swarm optimisation algorithm, and the
genetic algorithm, as well as the more novel chaos game optimisation algorithm. The proposed
algorithms were tested on two agent-based models, one of which was a simple toy model of the
spread of contagious disease, and the other was a more complex model of the circulation of respiratory
viruses in a city with 10 million agents and 26 calibrated parameters.
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1. Introduction

Agent-based models (ABMs) [1] are used to model systems of varying complexity in a
wide variety of applications [2], where the correct estimation of the model parameters be-
comes essential for the successful model application. Their parameter space can have a large
dimension (>20), which makes the task of finding an optimal solution extremely difficult
considering the increased demands of ABMs on the hardware and software performance,
and the number of possible solutions is usually far too large for a simple enumeration.

When it comes to ABMs, finding an optimal solution to an optimisation problem
is a very challenging task that is often unattainable. Due to the complexity of ABMs,
most of them are incompatible with methods requiring analytical expressions, such as
gradient-based methods that are model-specific and require rather simple model structure
and no complex decision rules for the agents [3]. The problem is further complicated by the
fact that it is often infeasible to identify marginal and conditional likelihood functions [4].
Therefore, the idea is to have an algorithm that can produce a solution that would be good
enough according to the comparison of model outputs with different parameter values to
empirical data using some distance-based loss function.

While there are no agreed guidelines for the choice of the optimisation algorithm for
complex ABMs, the most common way to tackle the problem is by using metaheuristic
methods [5], since they allow one to find solutions that are close to optimal with lower
computational costs. The main advantage of metaheuristic methods lies in the fact that they
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do not require any knowledge about the model and can be equally applied to any model.
While there are many metaheuristic algorithms that can be used for model optimisation,
choosing the right one for the given problem is a challenging task considering the limited
time and resources for testing different algorithms. The comparison of methods in the
literature is quite limited due to the abundance of different metaheuristic algorithms [6-8].

Studies in the field [9-11] tend to introduce new optimisation methodologies without
comparing them to well-established methods. This, coupled with the lack of rigorous
testing of the quality of the estimates produced by them applied to complex agent-based
systems, presents a difficulty for a modeller to choose one particular method over another.
In this work, we analysed well-established metaheuristic methods commonly used to
solve the problem of identifying the parameters in ABMs in the literature [11-19]. The
methods we consider in this study are the Markov chain Monte Carlo method (MCMC),
the surrogate modelling method (SM), the particle swarm optimisation (PSO) algorithm,
the genetic algorithm (GA), and the chaos game optimisation (CGO) algorithm.

Most works that focus on comparing different optimisation methods only apply them
to highly simplified models with a number of parameters less than 20 [4]. For testing
purposes, we use two ABMs of different complexity in the area the authors are most
familiar with, namely, epidemiology. The source code of the models is publicly available in
the GitHub repository. The first one is a simple toy ABM with four calibrated parameters
without any practical value, which is used to model the spread of the contagious disease in
the population where agents are divided into three groups based on their state: susceptible
to the disease, infectious, or recovered (ABM-SIR). The other model is a more complex ABM
of the dynamics of acute respiratory viral infections in a city with a population of about
10 million people (ABM-ARI) with 26 calibrated parameters. The model simulates one
year and has a discrete time step equal to a single day. Transmission of the viruses occurs
through close contact between agents in the same social setting, which is modelled using
complete graphs for households and Barabasi—Albert graphs for educational institutions
and workplaces. Agents can also be in different states: susceptible to the virus, exposed,
infectious, or recovered according to the stage of the infection.

This paper proceeds as follows: first, we conduct a literature analysis (Section 2). Next,
we describe in detail every metaheuristic algorithm used in this study (Section 3). Then, we
describe two ABMs that we use to test the proposed methods (Section 4). We present the
results of numerical experiments using different model calibration techniques (Section 5).
In the last section, we summarise our findings and conclude with a discussion about the
obtained results (Section 6).

2. Related Work

Parameter calibration poses a significant challenge when it comes to ABMs. There have
been a number of articles describing the application of different metaheuristic methods
aiding agent-based model calibration.

The work [12] proposed using the Markov chain Monte Carlo method (MCMC),
namely, the Metropolis algorithm, for the exploration of the parameter space of the discrete-
time agent-based economic model simulating the behaviour of the consumer and financial
markets. The model had 8 calibrated parameters, and simulations consisted of 2 competing
firms, 50 stock traders, and 200 consumers. The authors found that the proposed method
allows for the efficient exploration of large parameter spaces and leads to the reproduction
of empirical phenomena. Another example of using MCMC for the model calibration is the
work [13], where the Metropolis—Hastings algorithm was applied to the likelihood of the
recorded number of deaths in Liberia from Ebola virus disease to find the values of three
parameters of interest.

In the article [18], the authors proposed a method based on genetic algorithms (GAs)
for exploring the parameter space of ABMs. The method was tested on a simple ABM
simulating the ant foraging with the evolution of two parameters: the diffusion rate and the
evaporation rate. The results differed significantly depending on the choice of the fitness
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function. Another example of using GA for parameter tuning is the article [19], where an
ABM with eight parameters used to model retail petrol prices was calibrated with two
different methods, such as GA and modeller-driven parameter calibration, which produced
close results.

The work [11] proposed a method that combines supervised machine learning and
intelligent sampling in the design of a surrogate meta-model, which constitutes a computa-
tionally cheap approximation of the real model. The authors used the XGBoost machine
learning algorithm for the training of two surrogate models for the Brock and Hommes
model and the Islands model with 10 and 6 calibrated parameters, respectively. This ap-
proach was further explored in [15-17] in which such algorithms as the CatBoost machine
learning algorithm, support vector machine, and the neural network were used to train
the surrogate modelling. The authors of [17], based on the Linked Lives ABM of social
care provision in the UK with 10 parameters of interest, drew the conclusion that a deep
learning approach is the most promising candidate to create a surrogate of the ABM.

In the work [14], the authors analysed the performance of such metaheuristic al-
gorithms as the genetic algorithm, the firefly algorithm, the particle swarm optimisa-
tion algorithm, and the artificial bee colony algorithm by using three ABMs, namely, the
predator—prey model with three specified parameters, the eight queens model with eight
parameters, and the flow zombies model with three parameters. The results showed that
each of the algorithms achieved acceptable accuracy for each ABM. However, for each
problem, a different algorithm was most successful.

3. Parameter-Tuning Algorithms

While calibrating ABMs we use point estimation methods aimed at finding a single
parameter combination that will produce the best fit to the data according to the defined
loss function. In this study, we use the root mean square error (RMSE):

1 n
RMSE = \/n Y —ym2, (1)
k=1

where yz and y}" are the observed values for the step k according to the data and as a result
of a numerical experiment from the model, respectively.

Initial selection of parameter values can be done manually based on the domain
knowledge or using statistical methods for generating parameter samples. In this work,
we use the Latin hypercube sampling method [20]. The Latin hypercube of k parameters
and N samples is constructed by partitioning the intervals of possible values of each of k
parameters into N intervals of equal length, after which a value is randomly taken from each
of these intervals, which is then randomly combined with the values of other parameters.
One value of one parameter can only correspond to one value of another parameter.

For convenience, symbols used to describe parameter-tuning algorithms are sum-
marised in Tables 1 and 2.

Table 1. General symbols and their meanings used to describe parameter-tuning algorithms.

Symbol Description
=10 € [9;“1“, er.“ax}} Set of parameters
RMSEg Root mean square error associated with @
Nparams Number of parameters
t Step of the algorithm
Tmax Maximum step of the algorithm

ABM Numerical experiment with the agent-based model
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Table 2. Algorithm-specific symbols and their meanings.

Symbol Description
Markov chain Monte Carlo
0= {6} Candidate set of parameters
Nreject Number of consecutive candidate rejections
Surrogate model
SM Surrogate model for ABM approximation
X Features of the training set
Y Labels of the training set
Particle swarm optimisation
Nparticle Number of particles
Vi Velocity of particle i

w e [wmin/ wmax]

Inertia weight hyperparameter

c1 Personal acceleration hyperparameter
cy Social acceleration hyperparameter
B Best found position of particle i
Best found solution by all particles
Genetic algorithm
NPop Size of the population of parameter sets
Nparent Number of parents for crossover procedure
06 ={0;} Offspring set of parameters
Chaos game optimisation
Nseed Number of seeds
GB Global best position of the seed
MG Mean position of the group containing random seeds
Sf? Position of the potential k-th seed spawned by i-th seed

3.1. Markov Chain Monte Carlo Method

Markov chain Monte Carlo (MCMC) methods [21] are used to draw samples from an
unknown probability distribution where each next sample is dependent on the existing
one. The proposed algorithm (Algorithm 1) is as follows:

1. Inthe first step, the intervals of possible parameter values are determined and their

initial values are set { 9]1

Nparams
j=1

2. Next, at each step t of the algorithm, a candidate set of model parameter values
o = {@Jt} ]N:p fmms is generated based on the set parameters from the previous step @'~ 1.
We transform previous parameter values so that the candidates would stay within

parameter boundaries:

L O™exp (8f) + 6min
i 1+ exp (6;)

Gt-_l _ Gmin

t J ] 2
(5]- ~ N(log(W),U ),
] J

7

@
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where ¢ is a hyperparameter of the algorithm corresponding to the variance for gen-
erating candidate parameter values. If the parameter value is equal to the boundary
value, we add a small value to keep it in the defined boundaries.

Next, we either accept or reject the candidates based on the loss function. If the
loss for the candidate is lower than the loss on the previous step, the candidate
set of parameters is accepted as the new set in the next step of the algorithm, and
rejected otherwise.

To avoid local minima, we accept a new set of parameters after 10 consecutive failures.
Repeat the algorithm from Step 2 until the specified number of iterations is reached
and select the set of parameter values with the lowest RMSE.

Algorithm 1: Markov chain Monte Carlo algorithm

1
2

NS G ke W

@

10
11

12

Input: @°, RMSEgy, ABM
Output: argming: RMSEg:
Nreject —0
fort=1to T""* do
Set candidate set of parameter values o' (2)
Find corresponding error RMSEg; <— ABM(©Y)
if RMSEg: < RMSEg: 1 or N™/¢" =10 then
o'+ &
RMSEg: < RMSEé)t
Nreject 0
else
0 — o1
RMSE@t — RMSE@f—l
Neject (o Nreject 1

3.2. Surrogate Modelling Method

The surrogate modelling approach (SM) for solving the parameter identification

problem is based on the work [11]. This algorithm is defined by the fact that the results
obtained from numerical experiments with ABM are approximated using the surrogate
model. The process of training a surrogate model (Algorithm 2) is as follows:

1.

In the first step, we build the initial training set for the surrogate model by conduct-
ing numerical experiments using sets of parameter values obtained from the Latin
hypercube sampling method.

We use XGBoost [22], a gradient-boosting algorithm that creates an ensemble of
decision trees for training the surrogate model on the resulting training set.

We use the Markov chain Monte Carlo method with the RMSE (Section 3.1), but in
this case we use the trained surrogate model to predict the value of the loss function,
SO we obtain a set of parameter values that gives a minimum of the loss function
according to the surrogate model.

We conduct a numerical experiment with the ABM using set of obtained parameter
values and find corresponding loss.

We update the training set.

Repeat the algorithm from Step 2 until the specified number of iterations is reached
and select the set of parameter values with the lowest RMSE.
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Algorithm 2: Surrogate modelling algorithm
Input: ©Y, ..., 09, RMSEq, ..., RMSEg , ABM, SM
1

ins
Ntrain Ntrain

Output: argming: RMSEg:

1 Ntrain ~q
1 X+ Ule‘ O
2 Y Ul RMSEgp
3 fort=1to T do
4 Train SM using X' and Y*
5 | Find ©' using trained SM
6 | RMSEg « ABM(O')
7 | XM« Xtue!
s | Y1« YEURMSEg

3.3. Particle Swarm Optimisation Algorithm

Particle swarm optimisation (PSO) algorithm [23] simulates the behaviour of particles
observing their positions in the space of the model parameters and the vector of their
movement speed. In addition, particles store the position of the best solution found
for a particular particle, as well as the best solution among all particles. The algorithm
(Algorithm 3) is as follows:

1. In the first step, the number of particles, the values of the hyperparameters of the
algorithm, as well as positions of particles, their boundaries, and initial velocities
are specified.

We update the velocity of each particle on each step ¢.

3. We update the position of each particle, and if it goes out of the boundaries, we sample
the parameter value from the uniform distribution.

4. We conduct numerical experiments with the new positions using the model. If the
RMSE of the particle is less than the lowest error found by this particle or found by
all particles, we update the corresponding RMSE values and best positions.

5. Repeat the algorithm from Step 2 until the specified number of iterations is reached
and select the set of parameter values with the lowest RMSE.

N

3.4. Genetic Algorithm

Genetic algorithm (GA) [24] imitates the process of natural selection using selection,
crossover, and mutation operators. The algorithm (Algorithm 4) proceeds as follows:

1. Inthe first step, we choose the size of the population consisting of parameter value
combinations and the number of parents we want to select for reproduction. We
also define the initial population of parameter values using Latin hypercube sam-
pling method.

2. Selection: we select potential parents from the existing population using the binary
tournament selection method where we select the best out of two random individuals
from the population in each tournament round based on RMSE.

3. Crossover: we randomly select two parents from the pool of potential parents.
Crossovers occur randomly with a given probability using one-point crossover, where
we split the set of parameter values into two sets and exchange them between the
parents, creating two offsprings.

4. Mutations occur randomly with a given probability by adding Gaussian noise to one
or more parameter values of the offspring to avoid the stagnation of the algorithm:
0ij = 0ij+ 0;, where 6; ~ N(O,J(G]‘.“ax - 0]?“1“)),1' =1,...,NM,andj=1,..., NP7,
If the parameter value goes out of the boundaries, we set 6;; ~ U (6;-“1“, G}T‘ax).

5. Finally, following the elitism strategy, we replace the current population with the best
individuals from the current and offspring populations combined together.
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Repeat the algorithm from Step 2 until the specified number of iterations is reached

and select the set of parameter values with the lowest RMSE.

Algorithm 3: Particle swarm optimisation algorithm

. @0 0 0 0
Input: ©7, .. @Npam,g, Vi, .. VNpa,m,L, RMSE@O, , RMSEg ONpthlcl[’/ ABM
Output: GT""
0 0 0 0
1 P] /R PNpm'ticle — ®1/ ey ®anrticle
2 GO« argmingo RMSEgp
3 fort=1to T™* do
4 | fori=1to NPorticle do
5 wt (wmax - wmin) T']‘E;Xa;t + Wmin
6 r,rh ~U(0,1)
7 Vi wVi 4 ogrf (Pl?*l - @f’l) + czré(Gt‘l - @ffl)
8 R A /4
9 if Gt > GJmaX or Gt < Bmm then
10 L Gt ~ u Gmm Gmax)
1 RMSEg; < ABM(@#)
12 if RMSE@t < RMSEPt 1 then
13 RMSEPt — RMSE@
14 Pt — @t
15 else
16 RMSEpt <= RMSE 11
17 | Pl Pl.t_l
18 if RMSEg: < RMSE;—1 then
19 RMSEgi-1 <+ RMSEg:
20 G'+ 0!
21 else
22 RMSEGt < RMSEthl
23 B Gt « Gt1
Algorithm 4: Genetic algorithm
Input: ©Y, ..., Oy, RMSEgy, ... RMSEg . ABM
Output: argming: RMSEg:
1 fort=1to T™* do
A A . t—1 t—1
2 Q:)ﬁ, e (:);W,m — selectlon(AG)1 e Oppops RMSEQP, RMSEG);\”}OP)
3 | O ... @?W <+ crossover(®!, ..., O parent)
4 @i, I mutahon(@l, e O pp)
5 if Qt Gmax or 9t] Gmm then
6 L Gt Nu 9m1n Gmax)
7 fori=1to N"°? do
8 L RMSEg: + ABM(O!)
9 O, ..., 0 next_generation(@fl, s, @5\?,,101,, RMSE®§71, s,
t oY 3 5
i RMSE@thlw' @1, cers Ogpop,s RMSE(%, ..., RMSE@NW)
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3.5. Chaos Game Optimisation

The chaos game optimisation (CGO) algorithm is a novel approach to a model calibra-
tion first described in [25]. This algorithm is based on the chaos theory principles and goes
as follows (Algorithm 5):

1. In the first step, we choose the number of seeds (N***?) consisting of parameter
value combinations and set the initial seed positions using the Latin hypercube
sampling method.

2. Find GB the best seed according to RMSE.

3. For each seed i, we determine the mean value of the group (MG;) defined as the group
of randomly selected seeds with equal probability of including the current one.

4. For each seed i we find the positions of four new potential seeds S}, Slz, 51-3, and Sf‘ and
check their boundary conditions. If the parameter value goes out of the boundaries,
we set s;j ~ Z/I(G]min, G;nax).

5. Replace current seeds with N**? best seeds from the current and potential seeds
combined together.

6.  Repeat the algorithm from Step 2 until the specified number of iterations is reached
and select the set of parameter values with the lowest RMSE.

Algorithm 5: Chaos game optimisation algorithm
Input: @Y, ..., OF,..., RMSEgy, ..., RMSEgo , ABM

’
Nseed Nseed

Output: argming: RMSEg:
1 fort=1to T do
2 fori=1to N do

3 GB' < argming, 1 RMSEg: 1

4 MG! + mean{@ffl}i:ilwik

5 it b ~U(0,1)

6 Set randomly ;> € {rf, 2r!, rirt + 1, rhr' + (1 —1})}
7 Set randomly [3}’2’3, 7}’2’3 e {1,2}

8 S« @ +al x (B! x GB! — 7} x MG!)

9 S « GB! +a? x (B? x MG! — % x ©171)

10 S« MG!+a? x (B} x GB! — % x @17 1)

1 Set randomly S* « {9571 or sfj ~U (9;“1“, o) }
12 Check boundary conditions for S}, $?, 53, and S#
13 | Find RMSE for SHt, 2, ¥, and S by using ABM

14 | Set {@f}leied to be best seeds from {®! 1, S}, 5%, 53, Sf‘t}f\jigd

4. Agent-Based Models

In order to observe the effectiveness of the proposed methods, we use two different
ABMs: the first one is a simple toy example without any practical value, while the other is
a complex model with a real application, so we can see how the behaviour of the proposed
methods changes with increased complexity.

4.1. Agent-Based Model of the Spread of Contagious Disease (ABM-SIR)

As a toy model, we use the ABM that simulates the spread of contagious diseases.
Each agent has three states: susceptible to the disease, infectious, and recovered (SIR),
similar to the SIR model [26]. The model has discrete time steps, and on each step, agents
interact with each other with the number of contacts following Poisson distribution. If an
infectious agent interacts with a susceptible one, the latter can be infected with a certain
probability. Infectious agents recover after some time and become immune to the disease.
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The population consists of 100 thousand agents. The model simulates 40 days with a step
of 2.4 h.

The step of the model is as follows: we iterate over the agents, and if we find a suscep-
tible agent, we randomly choose agents with whom it would make contact. If we choose
an infectious agent, there is a defined probability that the virus will be transmitted to the
susceptible agent. If we find an infectious agent, it can recover with a defined probability.

The model has four adjustable parameters: j3 is the probability of the disease transmis-
sion from an infectious agent to a susceptible one, c is the contact rate between agents, -y is
the probability of the recovery, and I is the initial number of infectious agents. Since it is
just a simple model without real data behind it, we manually set the reference parameter
values and get the curves that we want to reproduce (Figure 1).

1.00x10° f ———
7.50x10* |

5.00x10* |

Number of people

2.50x10%

0 TR 30 20

Day
Figure 1. ABM-SIR model output showing progression of population states for susceptible (S),
infected (I), and recovered (R) that we aim to reproduce by tuning parameters of the model.

4.2. Model of the Circulation of Respiratory Viruses in a City (ABM-ARI)

In order to analyse the behaviour of different parameter tuning methods on more com-
plex models with a real application, we use the ABM, called ABM-AR]I, of the co-circulation
of seven respiratory viruses (influenza A and B, rhinoviruses, respiratory syncytial viruses,
adenoviruses, parainfluenza and common human coronaviruses) in a city [27]. In the
model, viruses differ in their properties, such as the mean viral load, duration of incubation
period, duration of symptoms, and the probability of developing symptoms. Moscow was
chosen as the model city. The model consists of 10 million agents representing city residents
who are characterised by a set of properties. Properties such as age, sex and social status
were based on the demographic and socio-economic data for various municipalities of
the city according to the 2010 Russian census. Epidemiological properties include total
immunoglobulin levels dependent on the age and health status of the agent. Each agent
may be fully or partially susceptible to different viruses, exposed to the virus for one day,
infectious with or without symptoms, or resistant to all viruses, depending on the stage of
infection (Figure 2).

Agents are assigned to households, as well as other social groups, which include
groups of educational institutions and workplaces. Interactions of agents with each other
are modelled using contact networks in the form of complete graphs for households and
Barabasi-Albert graphs [28] for groups of educational institutions and workplaces with
connectivity parameters equal to 10 and 5, respectively (Figure 3). The model simulates
one year, starting from August 1, and has a discrete time step of one day.

Transmission of viruses occurs through contact between fully or partially susceptible
agents and infectious agents. The risk p;(t) of infection of the agent i includes the risks of
infection by each simulated virus v in each simulated social setting ¢ that agent i attends at
the model step t from each infectious agent j with whom agent i makes contact:

pit) =Pr{Xi(t+1) e I|X;(t) e S} =1-TT [T TT (0 —pjsi(t)), ©)

veV ceC; je AY*
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where V is the set of modelled viruses, C; is the set of social settings to which the agent i
belongs, A?° is the set of infectious agents with whom agent i makes a contact, X;(t) is the
state of the agent’s health, I and S are infectious and susceptible states, respectively.

Asymptomatic

[Susceptible ]——[ Exposed H Incubation

O O0U—0-0

/I

Recovered

Symptomatic

Diagnosed

Figure 2. Flowchart for the stages of disease progression. Susceptible agents can be infected by
viruses to which they do not have immunity. After getting infected agents become exposed for a
day. Then, they are able to transmit the virus to others while being in an infectious state which is
further subdivided into incubation, asymptomatic or symptomatic periods. During the incubation
period, the viral load of an agent increases, while in asymptomatic and symptomatic periods it
decreases. When agents with symptoms self-isolate at home, they are considered to be diagnosed.
After recovering, they obtain immunity to the virus and do not become infected with any viruses for
a short period of time.

Educational
institutions

Households

Figure 3. Contact networks for different activity settings represented as fully connected graphs for
households, and Barabasi-Albert graphs for groups of educational institutions and workplaces.

The risk of virus transmission is determined by the product of five independent risks:
pisi(t) = f(E=tlj) - g1(0) - g2 (t = £]i) - h(tli, j, ) - K°(8), (4)

where f? is the risk of transmitting the virus v from infectious agent j infected ¢ — t; days
ago, and g7 and g7 are the risks of infecting the susceptible agent i with the virus v for
a given total level of immunoglobulins and a number of days ¢t — t7 that have passed
since its last recovery from an illness caused by the virus v, respectively. h is the risk of
infection transmission between two agents for a given contact duration, and k” is the risk
of transmitting the virus v for a given average daily air temperature.

The risk of transmitting the virus from an infectious agent depends on the viral load,
which in turn depends on the age of the agent, the number of days passed since becoming
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infectious, the virus with which the agent was infected, and the presence or absence
of symptoms:

fo(t—tl1j) =0, E<tiort>t;+dij+dy,

Fl=4li) = gk = 7). <t<tj+dijand dy > 1,
Fo(t = Elj) = g, b <t<tj+dpjand dy; =1,
Fo(t—t]j) = l,ﬁzx(lt:;;j _ d;f;‘i}%f'), ti+dy <t <tj+dy+dyj (5)

and X;(t) € I,
, Ly ,t—t;  diirdy
Fo(t—tlj) = 2lr/nax(1_d;]' - 1lf_d2/%f), ti+dy <t <tj+dij+d,
and X;(t) € I,

where Imax and [, are the maximum and average viral load for the virus v and the age group
of agent j, respectively. dj; and d,; are durations of the incubation period and symptoms,
respectively. IY and [{ are infectious states with symptoms and without, respectively.

The risk of infecting the susceptible agent depends on the total level of immunoglobu-
lins, which in turn depends on the age and sex of the agent:

2

T + exp(Bosi)’ ©

510
where s; € [0,1] is the normalised total immunoglobulin level of agent i, and B, is the
adjustable parameter for the virus v.

The risk of infecting the susceptible agent also depends on the level of virus-specific
antibodies, which in turn depends on the number of days passed since the recovery and on
the duration of the immunity to the virus:

)

gy (t—17]i) =1, t<tlort>t+r)
G-t = 25(t—17—1), F<t<H 47,
where 1} is the adjustable parameter denoting the duration of specific immunity of agent i
to the virus.
The risk of infection transmission during the contact between two agents depends on
the duration of contact, which in turn depends on the social setting where it was made:
h(tli,j,c) =1 —exp(—éul,), (8)

ijc
where ufj .
setting c on the step t, § is the adjustable parameter.
The risk of transmitting the virus for a given average daily air temperature depends
on the time step of the model:

€ [0,24] is the duration of contact (in hours) between agents i and j in the social

K(t) = —vom +1, 9)

where 7; € [0,1] is normalised average air temperature for the step ¢, and -y, is the adjustable
parameter for the virus v.

The model consists of initialisation and simulation stages (Figure 4). Simulation stage
consists of multiple model steps where each step goes as follows:

1.  First, we determine whether the current day is a holiday or a day off for different social
settings. National holidays and Sundays are days off for everyone. Children have
summer, autumn, spring, and winter vacations. Workers do not work on Saturdays.

2. Weiterate over the agents, and if we find an infectious agent, we iterate over the agents
with whom the agent makes contact with the current step. In the case of finding an
agent, susceptible or partially susceptible to the virus, we sample the duration of their
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contact from a given distribution [29] and evaluate the risk of infection transmission.
If the transmission is successful, the agent becomes exposed.
3. Next, we update the agents’ properties based on their health state:

(a) Susceptible. There is a small chance that the agent may have been exposed
to a virus from an unknown source at the current step. The virus is selected
randomly, and if it is able to overcome the level of specific immunity, the agent
becomes exposed.

(b) Immune to at least one of the viruses. We decrease the level of specific immu-
nity to the virus.

(c) Infected at the current step. We find the duration of the incubation period and
the duration of symptoms or the duration of the asymptomatic period from
the given distribution [30-32].

(d)  Infectious. The agent can exhibit symptoms or progress to the asymptomatic
stage after the end of the incubation period, self-isolate and become diag-
nosed [33], or recover.

(e) Recovered. We check if it is able to be infected with viruses again.

4.  In the end, we update the model date and air temperature.

( Begin initialisation

! Is agent j ;
‘ Initial settings ‘ infectious? SR
T 1
Model contacts inside
Create househol ‘
‘ eate seholds the household
!
Populate households
with agents Is attending
1 the educational
insitution?
Create educational —»‘ j=j+1 ‘
institutions T
i Model contacts with

classmates and teachers

Is attending
the workplace?

Assign agents to
workplaces

[ =0 |
Assign agents to v
educational institutions es
‘ Create workplaces ‘ No
‘ t +1 ‘4—

Model contacts
with colleagues

t
1 t
( Begin simulation >——>‘ t=0 ‘ T

‘ Update agent properties
( End 1

Update the date ‘

Figure 4. Process algorithm of ABM-ARI.

The model has 26 adjustable parameters ® = {6;}?°, divided into 5 groups: a group
corresponding to the dependence of the risk of infection on the duration of contact (9),
a group corresponding to the dependence of the risk of infection on the total level of
immunoglobulins (B,), a group corresponding to the dependence of the risk of infection
on the air temperature (7,), a group corresponding to the average durations of immunity
to each virus (ry), where v = 1,...,7 is the virus, and a group corresponding to the
probabilities of infection from an unknown source (p,), where a =1, ..., 4 is the age group.

The model is used to reproduce the average weekly incidence of acute respiratory
infections in Moscow for different age groups and viruses for a single year based on the data
from 1997 to 2002. It consists of three groups of incidence curves: an overall incidence curve
(Figure 5), incidence curves for age groups 0-2, 3-6, 7-14 and 15+ years, and incidence
curves for seven modelled viruses.
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Figure 5. Weekly incidence of acute respiratory infections in Moscow averaged over the period
1997-2002. The 95% confidence intervals are represented as shaded areas.

5. Results

In this section, we compare the simulation results produced by the following algo-
rithms: the Markov chain Monte Carlo method (MCMC), the surrogate modelling approach
(SM), the particle swarm optimisation (PSO) algorithm, the genetic algorithm (GA), and
the chaos game optimisation algorithm (CGO). The proposed methods are tested on two
agent-based models (ABMs) of different complexity: simple ABM for simulating the spread
of contagious disease where each agent has three states: susceptible, infectious, and recov-
ered (ABM-SIR), and more complex ABM with a real application that simulates the spread
of acute respiratory infections in a city (ABM-ARI). We manually set the hyperparameter
values for the proposed algorithms, which are set to be the same for both models (Table 3).
We set the number of iterations for each method to be equal to 200.

Table 3. Hyperparameters of the parameter tuning algorithms: Markov chain Monte Carlo method
(MCMC), surrogate modelling approach (SM), particle swarm optimisation (PSO) algorithm, genetic
algorithm (GA), and chaos game optimisation (CGO) algorithm. The maximum number of iterations
for each algorithm is 200.

Method Parameter Description Value
Standard deviation for the parameter
MCMC v candidates 0.1
Ntrain Number of initial training samples 1000
SM Learning rate 0.1
mAepth Maximum depth of a tree 10
pround Number of rounds for boosting 150
Nparticle Number of particles 10
Winin Minimum inertia weight 0.4
PSO Winax Maximum inertia weight 0.9
cl Personal acceleration coefficient 2.0
c2 Social acceleration coefficient 2.0
NpoP Size of population 10
Nparent Number of parents 5
GA Jetour Tournament size 2
cross Probability of crossover 0.8
pmut Probability of mutation 0.15
1o Mutation deviation coefficient 0.33
CGO Npseed Number of seeds 10

For the simulation experiments, we use the Julia programming language with the
Threads package for parallel computing. We run the models on a Windows 10 machine
with an Intel Core i5-7300HQ quad-core processor and 16 GB of RAM.
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5.1. ABM-SIR Model Results

ABM-SIR has four parameters that we want to estimate in order to reproduce the
defined dynamics of the spread of contagious disease in a population of 100 thousand
agents. Table 4 describes each parameter, their constraints, and the set of reference values
that we manually set ourselves.

Table 4. ABM-SIR model parameters, their ranges and the reference set of parameter values that we
want to reproduce.

Parameter Description Range Reference
B Probability of the transmission [0.02,0.2] 0.05
c Contact rate [5, 25] 10
v Probability of recovery [0.01, 0.05] 0.02
Iy Initial number of infectious agents [1,50] 25

As the criterion of comparison between different methods, we use root mean square
error (RMSE). For the ABM-SIR model, we use:

1
RMSE — mZ;((sgl—_<;;ﬂ)2+(1;71—1;11)2+(R‘;l—R;-")z), (10)
i

where Sfl and S}" are the number of susceptible agents in the step i based on the reference
data and model simulation, I l.d and [I" are the number of infectious agents in the step i based
on the reference data and model simulation, and R‘ij and R!" are the number of recovered
agents in the step 7 based on the reference data and model simulation. The model simulates
400 steps, with one step being 0.1. Initially, there are no recovered agents.

Initial parameter values are set by either using the Latin hypercube sampling method
(LHS) or manually. For MCMC, we test both LHS with 10 initial samples and manual
selection by selecting a random point in the parameter space. For other methods, we only
use 10 initial samples of parameter values obtained from LHS. The results of the model
calibration using different methods with 9 algorithm runs and 200 model runs in each of
the run are presented in Figure 6 and Table 5. In general, MCMC produced better solutions
compared to the other methods. While SM was able to reach its best value on average
under 100 steps, it had the worst average performance out of all methods and also took the
most time to execute. PSO, GA, and CGO showed similar results with no particular winner.
For the best run, all of the methods were very close to the reference curves.

Table 5. The comparison of different methods for ABM-SIR model using the root mean square error
(RMSE) based on 200 iterations for each algorithm over 9 algorithm runs.

Method * Avg Initial Avg Best Best Avg Best Best Avg Best Best Run  Avg Time
RMSE RMSE RMSE  Decrease Decrease Run ** A

MCMC LHS 17,868 791 243 96% 99% 148 171 169 s
MCMC manual 52,899 3342 1248 94% 98% 171 150 158 s
SM 17,842 7728 310 57% 98% 96 103 171s
PSO 16,163 2360 627 85% 96% 121 101 100 s
GA 17,475 3175 1140 82% 93% 164 181 115s
CGO 14,219 1614 704 89% 95% 27 11 105 s

* Markov chain Monte Carlo method with Latin hypercube sampling for initial parameter values selection
(MCMC LHS) or with manually selected initial parameter values (MCMC manual), surrogate modelling approach
(SM), particle swarm optimisation (PSO) method, genetic algorithm (GA), and chaos game optimisation (CGO)
algorithm. ** Best run is the number of iterations that reached the lowest value of RMSE among all runs. *** Avg
time is the average time needed for one algorithm run.
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Figure 6. Rate of convergence of different parameter tuning algorithms applied to the ABM-SIR model
using the root mean square error (RMSE) based on 9 runs of the following methods: Markov chain
Monte Carlo method (MCMC) with Latin hypercube sampling method (LHS) used for selecting initial
parameter values or with them being selected manually (manual), surrogate modelling approach (SM),
particle swarm optimisation (PSO) method, genetic algorithm (GA), and chaos game optimisation

(CGO) algorithm.

Figure 7 shows three curves indicating the dynamics of the number of susceptible,
infectious, and recovered agents by using the best parameter values obtained from the
model calibration procedures. From the figures, we can see that MCMC with LHS is the
closest to the reference curves with PSO being second.
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Figure 7. Simulation results of toy ABM-SIR model compared to the author-defined reference data
using best parameter values obtained from the following algorithms: Markov chain Monte Carlo
method (MCMC) with Latin hypercube sampling (LHS) or with manual initial parameter values
selection, surrogate modelling approach (SM), particle swarm optimisation (PSO) method, genetic
algorithm (GA), and chaos game optimisation (CGO) algorithm. Results are based on 9 runs of each
method of 200 model runs each.

5.2. ABM-ARI Model Results

ABM-ARI has 144 parameters, with 26 of them being estimated to reproduce the
seasonal increase in the incidence of acute respiratory infections throughout a year in a city
with a population of 10 million residents. Simulations start on August 1, which corresponds
to the last month of summer vacation for children. The model has a time step of one day.
Table 6 describes every calibrated parameter of the model in detail. For model evaluation,
the data on the average weekly number of diagnosed cases of acute respiratory infections in
Moscow over the period 1997-2002 [34] are used together with the data on the distribution
of viruses throughout the year for the dynamics of detected cases of different respiratory
infections by PCR in Russia over from 2014 to 2016 [35].

Table 6. ABM-ARI model parameters, corresponding group and their ranges.

Parameter Description Group * Range
C Influence of the duration of contact All [0.1,1]
B1 FluA
B2 FluB
B3 RV
Ba Susceptibility parameters RSV [1,7]
Bs AdV
Be PIV
By CoV
" FluA
Y2 FluB
73 RV
Y4 Temperature parameters RSV [0.01, 1]
Y5 AdV
76 PIV
v7 CoV
" FluA
18] FluB
r3 RV
T4 Mean immunity durations RSV [30, 365]
rs AdV
76 PIV

r7 CoV
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Table 6. Cont.
Parameter Description Group * Range
P1 Probabilities of 0-2y.o. [0.0008, 0.0012]
p2 infections from 3-6 y.o. [0.0005, 0.001]
p3 unknown 7-14 y.o. [0.0002, 0.0005]
P4 sources 15+ y.o. [0.000005, 0.00001]

* Influenza A (FluA), influenza B (FluB), rhinovirus (RV), respiratory syncytial virus (RSV), adenovirus (AdV),
parainfluenza (PIV) and common human coronavirus (CoV).

For the comparison between different methods, we use root mean square error
(RMSE):

RMSE = 1456 Z Z Z ywav ywav ’ (11)

w=la=1v

where yﬁw and yi;,, are the number of diagnosed cases of infections with the virus v in the
week w in the age group a according to the data and the results of a numerical experiment.

Initial parameter values are set by either using the Latin hypercube sampling method
(LHS) or manually. For MCMC, we test both LHS with 1000 initial samples and manual
selection by selecting a point in the parameter space based on domain knowledge. For
SM, we use 1000 initial samples of parameter values obtained from LHS. For PSO, GA,
and CGO we use LHS with the number of samples equal to the number of particles, the
size of the population, and the number of seeds, respectively, that we set equal to 10. The
results of the model calibration using different methods with 3 runs and 200 iterations in
each method are presented in Figure 8 and Table 7. We can see that MCMC produced the
best RMSE due to a good initial parameter selection in the case of a manual selection or
using a large number of numerical experiments in the case of using LHS. SM takes the most
time to execute due to the large number of numerical experiments required for creating the
initial training set. In the case of a small number of initial samples (10), it demonstrates
much worse performance. SM provided the second-best RMSE. PSO, GA, and CGO all
showed similar performance. While CGO is the fastest method to achieve its best RMSE,
it stagnates at a local minimum afterwards. PSO has strong fluctuations from iteration to
iteration opposite to GA, which decreases more steadily.
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M
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Figure 8. Rate of convergence of different parameter tuning algorithms applied to the ABM-ARI
model using the root mean square error (RMSE) based on 3 runs of the following methods: Markov
chain Monte Carlo method (MCMC) with Latin hypercube sampling method (LHS) used for select-
ing initial parameter values or with them being selected manually (manual), surrogate modelling
approach (SM), particle swarm optimisation (PSO) method, genetic algorithm (GA), and chaos game
optimisation (CGO) algorithm.
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Table 7. The comparison of different methods for ABM-ARI model using the root mean square error
(RMSE) based on 200 iterations for each algorithm over 3 algorithm runs.

Method * Avg Initial Avg Best Best Avg Best Best Avg Best Best Run  Avg Time
RMSE RMSE RMSE  Decrease Decrease Run ** ok

MCMC LHS 3214 2104 1945 35% 39% 167 196 ~60 h
MCMC manual 4580 1757 1639 62% 64% 145 164 ~9.5h
SM 3214 2093 1978 35% 38% 146 116 ~60.5h

PSO 11,927 2889 2622 76% 78% 111 191 ~10h

GA 9120 2428 2147 73% 76% 164 141 ~10h

CGO 12,460 2813 2592 77% 79% 38 31 ~10h

* Markov chain Monte Carlo method with Latin hypercube sampling for initial parameter values selection
(MCMC LHS) or with manually selected initial parameter values (MCMC manual), surrogate modelling approach
(SM), particle swarm optimisation (PSO) method, genetic algorithm (GA), and chaos game optimisation (CGO)
algorithm. ** Best run is the number of iteration that reached the lowest value of RMSE among all runs. *** Avg
time is the average time needed for one algorithm run including LHS procedure.

Figure 9 shows two curves indicating the incidence of acute respiratory infections in
two age groups: the 7-14-year-old group and the over-15-year-old group. We only show
the results for two age groups since they represent 94% of the model population and show
the impact of different model calibration methods the best. The incidence for other age
groups and specific viruses can be found at [27]. From the figures, we can see that most
methods underestimated the incidence for the 7-14-year-old group and overestimated the
incidence for the over-15-year-old group.
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Figure 9. Simulation results of ABM-ARI for two age groups compared to the real data using best
parameter values obtained from the following algorithms: Markov chain Monte Carlo method
(MCMC) with Latin hypercube sampling (LHS) or with manual initial parameter values selection,
surrogate modelling approach (SM), particle swarm optimisation (PSO) method, genetic algorithm
(GA), and chaos game optimisation (CGO) algorithm. Results are based on 3 runs of each method of
200 model runs each.
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6. Discussion

The aim of this work was to broaden the understanding of how classical metaheuristic
algorithms behave when applied to a more complex agent-based model with a number
of parameters of more than 20 and a number of agents being around 10 million, and to
compare the findings to a simple model. Due to computational limitations associated with
ABMs, most of the work conducted in this field focuses on simpler models with a number
of parameters often lower than 10 [4,36,37]. While we use well-established methods for
the model calibration, we implement our own versions of those methods, in particular our
implementation of the Markov chain Monte Carlo method.

We tested five different approaches for solving the model calibration problem using
two ABMs of different complexity. Our results suggest that the Markov chain Monte Carlo
method (MCMC) with the usage of the loss function is the most promising method of
parameter tuning. Unlike the surrogate modelling approach, MCMC algorithms do not
require conducting a large number of numerical experiments before using the algorithm. It
is possible to set an initial set of parameter values for the algorithm based on some domain
knowledge, and it can reach acceptable values of the loss function pretty quickly even if
the initial guess is not that good. Another advantage of MCMC is the ease of setting the
hyperparameters of the algorithm, since they are only needed for generating the candidates
from the distribution.

One of the challenges of using surrogate modelling for ABMs is that they have a strong
dependence on the machine learning algorithm used for the training. Even though they
significantly reduce the computational efforts of predicting the outcomes of ABM, there is
still a computational cost that lies in their training process. Neural networks, for example,
can take a long time to train from scratch. Another problem is that they require extensive
parameter space exploration before they can start making accurate predictions. One of the
benefits of using surrogate modelling is the ability to easily assess the relative importance
of model parameters.

The particle swarm optimisation (PSO), genetic algorithm (GA), and chaos game
optimisation (CGO) methods showed similar levels of performance. While they perform
very well for a simple ABM, they struggle with local minima when the parameter space
becomes large. For both PSO and GA, it takes a large number of model runs to reach
acceptable values of the loss function. One of the challenges of using PSO is that particles
tend to go out of the parameter boundaries creating a need for tackling this problem. PSO
also showed stronger fluctuations of the error function occurring because of choosing
values for both of the acceleration coefficients equal to 2, which is commonly used in the
literature. CGO was able to reach its best value in the least amount of steps, but it stagnated
afterwards while being stuck in a local minimum.

While this work provides the comparison of commonly used metaheuristic algorithms
applied to one simple toy ABM and one complex ABM with a real application, further
work can be used to expand on the results of this study. For example, the SM presented in
this article uses the XGBoost algorithm and a single output in the form of root mean square
error. It is possible to analyse the influence of other machine learning methods and the
impact of the multiple outputs on the problem. Another area is hyperparameter tuning. We
also did not consider other swarm intelligence algorithms, such as the artificial bee colony
algorithm or the firefly algorithm. Another problem is the stochasticity of the proposed
methods; for example, the ABM-SIR model shows that the average best error and the best
error can differ significantly; therefore, there is a need for multiple runs of the same method
in order to fully analyse its performance.
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