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Economic models based on multi-agents are increasingly attracting attention and
can provide a new perspective for exploring the causes behind social phenomena
at the individual level. Existing research usually adopts society-level learning
methods, and more research on micro-level heterogeneity among individuals is
needed. For this, we propose a high-fidelity multi-agent economy (HMAE) model
based on evolutionary game theory, including three types of agents: workers,
firms, and the government. In particular, we characterize worker heterogeneity
regarding laziness factors, work endowments, and commuting distances. These
agents continuously and iteratively update their strategies by randomly exploring
and imitating their neighbors to maximize their utility value. We simulated the
evolution process of agent behavioral decisions through experiments and found
that individual heterogeneity can significantly affect the decisions of workers and
firms. These phenomena are consistent with some economic evolution trends in
real life, and our research can provide an analytical tool for analyzing the causes of
emerging economic phenomena.

KEYWORDS
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1 Introduction

The economy is an evolving, complex, and dynamic system in which the interaction of
micro-agents produces global regularities, such as employment and growth rates, income
distribution, market institutions, and social customs [I1-6]. The unpredictability of
economic systems has attracted the interest of many researchers, who focus on building
simple and reasonable economic models to analyze the reasons behind behaviors by
simulating real-world phenomena [7-9]. Understanding and predicting human group
behavior requires an understanding and reasoning about complex economic systems.

Over the past two centuries, there has been a fundamental change in the way economic
science is studied; it has become a social science based on mathematical models rather than
words [10]. Traditional economic models, i.e., econometric models and dynamic stochastic
general equilibrium (DSGE) models [11-13], have been widely developed in “normal times”
like the Great Moderation Period [14]. Typical econometric models, such as vector
autoregressive (VAR) models [15-17] and structure VAR models [18-20], have gained
increasing popularity, especially in empirical macroeconomics. Subsequently, DSGE
models such as the Chameleon model [21] and the New Keynesian (NK) DSGE model
[22, 23] were developed to bridge the gap between the structural characteristics of the
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economy and simplified parameterization [24]. The DSGE model
regards the macroeconomic model as a representative agent
behavior that is consistent with microeconomic theory and aims
to explain macroeconomic behavior. However, traditional economic
models cannot predict the outbreak of economic crises and analyze
the influencing factors behind the phenomenon, mainly for two
reasons. First, these models are based on simplified assumptions and
a lack of characterization at the micro level. In addition, due to the
complexity of the real economy and limitations of computing power
[25-27], the model only uses aggregate data such as the gross
domestic product (GDP) and unemployment rate, resulting in
vast amounts of data that cannot be used to gain a deeper
understanding of economic performance [28]. Second, when
analyzing new economic phenomena, a large amount of historical
data is needed to evaluate parameters, which brings difficulties to the
generalization and portability of the model [29, 30].

With the emergence and development of computer simulation
technology, an agent-based model (ABM) that builds artificial social
systems “from the bottom up” has received more attention and been
applied in economic studies [6, 31-33]. The advantage of the ABM is
that it allows economists to validate hypotheses [34] at the
individual levels and in which the relationships among several
heterogeneous objects generate regularities that can change over
time. This bottom-up research method makes up for the
shortcomings of traditional macroeconomic models in studying
microscopic phenomena and shows superior capabilities [35, 36].
[37], [38], and [39] presented the application of the ABM in different
research areas and explored the types of scenarios that the ABM can
reproduce. [40] used the ABM to study the effect of different labor
market integration policies on economic performance and
convergence of two distinct regions. [41] investigated the
economic impact of feed-in tariff policy mechanisms designed to
promote investment in renewable energy capacity based on ABM
methods. Utilizing the representational strength of neural networks,
[42-44] aimed to create agents that can follow instructions for
manipulation, navigation, or both. [45] introduced a social norm
ABM that promotes division of labor by redistributing rewards.
However, current research usually conducts society-level learning or
adopts methods that incorporate more advanced optimization
concepts into the ABM [46], lacking individual-level learning,
which means a lack of heterogeneity among individuals [31,
47-49]. For example, individuals are only classified as high-
skilled and low-skilled, lacking a finer description of multiple
characteristics at the micro-level.

To make up for the shortcomings of the above research and
design a simulator that can connect the relationships between
heterogeneous individuals to spread information and resources,
we propose a high-fidelity multi-agent economic model.
Specifically, this paper aims to design a model that can more
realistically describe real-world economic activities, help analysts
simulate significant economic behaviors, and analyze the reasons
behind some real-world economic phenomena to provide better
suggestions for future economic policy formulation. The main
contributions of our work are outlined as follows:

e We propose a high-fidelity multi-agent economy (HMAE)

model to study the evolution of interactions between agents,
focusing on the heterogeneity of individuals at the micro-level
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and the impact of external factors on agent decision-making.
This model describes the heterogeneous properties of the
agent in a more fine-grained manner in terms of laziness
factors and work endowment.

e We design a utility function calculation method based on
spatial distance awareness, in which the agent possesses spatial
information. We consider the distance from residents to firms
as a utility value and use it as a commuting cost to determine
the time allocation for residents to work or consume.

o The effectiveness of the HMAE model is demonstrated by
observing the interaction and imitation behavior of the agents
and recording the evolution of their behavioral decisions, such
as the evolution of worker income and consumption. The
experiments simulated the dynamic evolution and emergence
of economic phenomena more realistically, helping us
discover the critical factors behind economic phenomena
more quickly and intuitively.

The remainder of the paper is structured as follows: Section 2
describes the structure of our model; Section 3 presents the
experiment settings and results and analyzes the reasons that
caused the phenomenon; and conclusions are drawn in Section 4.

2 Model

To assemble the pieces and understand the behavior of the
whole economic system, we use agent-based simulation modeling to
handle a far wider range of nonlinear behavior than conventional
equilibrium models. The HMAE model can reason about complex
socioeconomic systems with sufficient fidelity to support policy
development. As shown in Figure 1, there are three primary
types of agents in the HMAE model proposed in this article:
worker-consumers (abbreviated as workers), firms, and the
government. Workers earn an income by working for firms and
spend the income on goods. To characterize the subjective laziness
and objective work capacity of the workers, we establish two
heterogeneous attributes that best reflect their actual working
conditions: laziness factor and work endowment [50-53]. There
are two attributes representing the impact of working hours on
worker happiness and work ability, denoted as 6 and J, respectively.
Firms produce goods, pay workers and make investment decisions.
The government taxes workers’ income and firms’ profits. Then, the
interaction between the three types of primary agents forms a
dynamic interaction network. The interaction mode between the
agents can affect the behavior of these social agents and be affected
by them. The model is described below from three perspectives:
strategy space, utility function, and update mechanism.

2.1 Strategy space

The strategy space represents the set of strategies that an agent
can decide autonomously. Drawing on the setting of intelligent
agents in related papers [54, 55], this paper defines the strategy space
of workers, firms, and governments. The worker’s strategy space
includes working time and consumption amount. The firm’s
strategic space includes the unit price of its products, the hourly
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FIGURE 1
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HMAE model. Workers earn an income by working for the firm, which they can use to purchase goods. Firms produce goods, pay workers, set prices
for goods, and invest capital. The government levies wage taxes and profit taxes on workers and firms and redistributes tax revenues as subsidies to
workers. Arrows represent the money flow and interrelationships between agents.

wages it pays workers, and its investment options. The government’s
strategic space includes formulating tax policies such as tax brackets
and tax rates, and the tax policies for workers and firms are distinct.
Assuming that the HMAE model includes NW workers, NF firms,
and a government, their strategy space can be defined as follows.

1) Worker’s strategy space. Considering the dual actions of work
and consumption exhibited by workers, the model constructs
the worker’s strategy space as a two-dimensional vector,

w; =<(H;, G, H; =

.»hnw;] represents the work decision of

denoted as where

[hl),', ey hj),', ..

worker i and hj; € N represents the working hours of

worker i in firm j. C;j= [c1...,Cjis---,CNEi] Tepresents
the consumption decision, and c;; € N represents the
quantity of goods consumed by workers in firm j.

2) Firm’s strategy space. Since the firm engages in three distinct
behaviors, namely, hiring workers, producing goods, and
making investments, we use f; = (Pj,Wj,Capj> to
represent a three-dimensional strategy space, where P; € N
represents the unit price of goods sold by firm jand W; € N
represents the hourly wage paid to workers by firm j. Cap;
represents the investment behavior of firm j. When Cap; = 1,
the firm decides to invest in the next round, which may lead to
more production of goods and higher future economic growth.
On the contrary, when Cap; = 0, firm j will not invest in the
next round.

3) Government’s strategy space. Based on the government’s
capacity for macro tax policy formulation, the model
defines its strategy space as a three-dimensional vector,
denoted as G =(Ry,Tuw,ty). Ry=I[rl,r2,...,rV]
represents the taxation range of individual income tax for

workers. Ty, = [t1,12,...,tTW] represents the tax rate

corresponding to Ry, where TW represents the total
number of taxation range divisions. Furthermore, all firms
have the same tax rate t;. For example, when

R, = [5,000,10,000], T, = [0.25,05], and t; =03,

workers whose income is less than 5,000 do not need to

pay tax. Workers with an income of more than 5,000 and
less than 10,000 are required to pay 25% of their income as
wage tax; workers with an income of more than 10,000 need to
pay 50% of their income as wage tax. Meanwhile, all firms need

to pay 30% of their profits as taxes.
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Taking into account the real-world constraints on variables such
as workers’ work hours, consumption amounts, and available
quantities of goods that can be sold in the firm, we incorporate
the following constraints into the model:

1) Time constraint. Since people’s available time is limited in
reality, the sum of the worker’s allocated working time and
consumption time needs to satisfy the maximum time
constraint. Therefore, the actual working hours h;; and
consumption hours chj; of worker i are used to indicate
potential discrepancies with the planned working hours

The

relationship between h;; and chj; needs to satisfy

hj; and consumption hours ch/;. constraint

Equation 1.

Y i+ Y chy<Timegyea, (1)

jeNF jeNF

where Timeypyeq is the threshold for the total time workers spend
working and consuming. For uniform dimensions and considering
the real-world scenario where longer consumption time means the
opportunity to purchase more goods, the relationship between the
two is set as ch}; = c;;, where c;; represents the quantity of goods
purchased by worker i from firm j and ch/; represents the time spent
by worker i on shopping. Based on the reality that work is usually a
fixed behavior and consumption is optional, work decisions are
prioritized over consumption decisions. We discuss the
computation of actual consumption and working hours in the
following three cases:

Case 1: If Y ionphji + X jenpchii STimesyea, actual working
hours h;; and ch;; can be described as Equation 2.

{hﬂ:hﬁ . @)

Chj,i = Chj’,i

Case 2 If ZjENth’,,- + ZJ-ENFch]-’,,- >Timeyeq  and
> jeNFh i <Timegreq, the actual consumption hours chj; and
working hours #;; can be described as Equation 3.

hj; = hj/,i

chj; - (Timethred -2 jeNth’J) . (3)
Y jenrchji

Chj),' =
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Case 3: If ) jeNFh j',,' = Timeypreq, actual working hours h;; are
proportionally reduced based on the ratio in hj;, as shown in
Equation 4.

h]’l : Timethred

h =
! ZjeNth/,i . (4)

Chj)i =0

The working hour used in this article refers to the actual
working hour.

2) Budget constraint. Budget often refers to the total amount of
money a person has available for consumption. Therefore, the
budget B, can be defined as Equation 5,

Biu,- = BL}‘XI + Iwi - z (Cj,i . Pj)> (5)

jeNF

where income I, is defined as Equation 6 and §; represents the
work endowment of worker i.

Iw[ = 6,‘ . z (hj,,' . W]) (6)

jeNF

B,, is a cumulative value that represents the total budget for
workers in time step ¢, and worker consumption needs to satisfy the
constraint of not exceeding their own budgets, as shown in
Equation 7:

2 (cis P)<B,, @)

jeNF

where P; is the unit price of goods sold by firm j and c;;
represents the actual quantity of goods purchased by worker i
in firm j. Due to budget constraints, the quantity of goods ¢/, that
workers attempt to purchase may not necessarily coincide with
the quantity of goods c;j; they can actually buy, potentially
resulting in a proportional reduction. The specific handling
method is defined as Equation 8.

! ! f
Cj,i; ZjeNF(Cj’i . Pj) < Bw1

/
¢ Cji

T~ otherwise

“LienwCii Pj

3) Consumption constraint. The total amount of goods that all

workers in firm j can purchase should be less than the
inventory Invj, as shown in Equation 9.

Z Cj,,*ganj, (9)

ieENW

where c;; represents the quantity of goods actually purchased by
worker i from firm j. If the total amount of goods c/; that all workers
expect to buy from firm j exceeds the inventory quantity, it is
necessary to proportionally reduce the expected purchase quantities
to fit within the available inventory for sale. The actual quantity of
goods c;; purchased by worker i from firm j is expressed as
Equation 10.
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clis z ¢/ <Inv;
ieNW
iz (10)
C]',,* . I}’le .
<—» otherwise
YienwCii

2.2 Utility function

The agent’s behavior is influenced by an incentive function
focusing on optimizing the overall utility. This requires the agent
to seek rewards to improve performance and achieve its goals
constantly [56].

1) Worker’s utility. Based on the worker’s work and consumption
decisions, the utility function of worker i consists of consumption
utility, work expense, and commuting expense, as shown in
Equation 11:

1-n
(ZjeNFCfvi * l) -1 — Gi Z hj,,' - z (dj:i : hj’i)' (11)

L7 jENF jeNF

u(x;) =

a) Consumption happiness. The constant relative risk aversion
(CRRA) function plays an important role in the calculation of
consumption utility and is a common tool used to describe the
happiness derived from workers’ consumption patterns [57,

. . (Z_m_c,»,[+1)"'1—1

58]. Here, we use the CRRA utility function = = to
depict the impact of consumption on the happiness of workers,
where the coefficient 77 (> 0 and # # 1) represents the impact
of consumption on the worker’s happiness. The larger the
value of #, the greater the growth rate of worker happiness as
the purchase quantity increases. As the value of 77 increases, the
magnitude of the increase (resp., decrease) in worker
happiness intensifies with the corresponding increase (resp.,
decrease) in the quantity of purchased goods.

b) Work expense. Work expenses represent the negative impact of
working hours on workers’ happiness, expressed as 6;). jeNEi>
where 8; € [0, 1] represents varying degrees of reluctance to work.
The larger the 6;, the greater the negative impact of working hours
on the workers’ sense of happiness. Furthermore, due to the
heterogeneity of work endowments, workers make different
decisions and choices regarding work and consumption, which
leads to differences in their perception of work expense.

¢) Commuting expense. The introducing of spatial information
requires workers to consider commuting expenses when
calculating utility values. The commuting distance from
residence to work is a critical factor in employment

that is, the

distance, the lower the worker’s happiness at work.

decision-making, longer the commuting
Therefore, the commuting expense can be described as
Yjene(dji-hji), where dj; represents the commuting

distance of worker i to firm j.
2) Firm’s utility. Based on the firm’s strategy space, the utility

function of firm j contains sales profit, salary expense,
investment expense, and tax expense, denoted as Equation 12.
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W(y)= 2 (ci-Pj)-

iENW

z (hj,ij)—Can—CTaxj- (12)

iENW

a) Sales profit. Because selling goods brings profit to firms, the
quantity of goods sold is positively related to the revenue
generated. Y,y (c/; - P;) represents the sales profit, where
YienwC/i and P; represent the quantity and unit price of goods
sold by firm j, respectively.

b

~

Salary expense. Since producing goods requires human
resources, firms need to pay the cost of hiring labor. We
use Y .nw (hji-W;) to represent the labor compensation,
where Y.k indicates the total hours worked by all
workers and W ; represents the hourly wage in firm j.

~

c) Investment expense. There is a positive relationship
that is,

investment helps increase the output of commodity

between investment and utility, increased
production and can promote the future economic
growth. The precise expression for the utility function is

shown in Equation 13.

cap; = By, - ratecqp, - Capj, (13)

where By, represents the budget of firm j. Cap;€{0,1}
represents the firm’s investment decisions. If Cap; = 1, firm j
will invest in the next iteration; if Capj =0, then firm j will not
invest. Using its capital cap; and labor force Y ;.\ phj,i» the total
number of goods P; that firm j can produce can be modeled as
Equation 14.

P] = capjl"" - z hj,iax (14)

jeNF

where «a € [0,1] represents the importance of capital relative
to labor.

d) Tax expense. According to the government’s tax policy Ty, the
amount of tax paid by a firm is based on its sales revenue, as
shown in Equation 15.

CTﬂXj: Z Cj,i'Pj Tf
iENW

(15)

3) Government’s utility. To assess the health of a country’s
(591, GDP, which
measures the market value of all final goods and services

economy governments often use
produced during a specific time period [60], and the Gini
coefficient, which measures the income disparity among
residents [58, 61]. Therefore, the GDP, Gini coefficient, or
their

government’s utility.

combination can be wused to characterize the

2.3 Updating mechanism

It is known that people tend to interact more frequently with
others who possess similar knowledge [62]. Therefore, in the case of
limited rationality and incomplete information acquisition, learning
from neighbors is a feasible way to update the strategy to maximize
the utility value. To increase randomness for exploring diverse
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solutions or seeking the global optimum, the updating

mechanism is divided into two processes: exploration and learning.

1) The strategy update of the worker. To update the working and
consumption strategies aiming for higher utility values, worker
i randomly selects a neighbor i’ within a spatial range as the
target for strategy learning. The pseudo-code of the worker’s
in Algorithm 1. If
u(w;)>u(wy), i keeps its own strategy unchanged (lines
1-2). Otherwise, worker i enters the exploration stage with

updating mechanism is shown

probability p and randomly updates its strategy (lines 4-5) or
enters the learning stage with probability 1 — p and updates its
strategy according to Equation 16 by imitating the strategy of
neighbor i’ (lines 6-7).

Hi = z [hj,,‘ + (hj,i' - h}')i) . lrw]

jeNF

(16)
C,‘ = z [Cj,,‘ + (Cj,i' - Cj),‘) . lrw],
jeNF
where H; = [hy;, ..., hji ..., hnw,] represents the work decision

of worker i and h;j; € N represents the working hours of worker i

infirm j. C; = [c1. . .>Cji> - - - » CNF,i] Fepresents the consumption
decision, and cj; € N represents the quantity of goods
consumed by the worker in firm j. Ir,, represents the worker’s
learning rate.

The probability p is defined as Pw—m

explore with a greater probability in the early stage and to

, aiming to

update the strategy with the goal of maximizing the utility value
in the later stages. P, represents the initial exploration probability,
represents the current round, and ExploreTime stands for the
number of explorations.

Require: Time step t, worker i, neighbor i’, utility
function u, imitate probability P,, learning
rate 1r,, exploration time ExploreTime, and
random number p € [0,1];

Ensure: Working hours H; and consumption quantities C;

1: if u(w;i)>u(wy) then

2: the worker i keeps its own strategy unchanged;

3: else

4: ifpst—WﬁeTimethen//in the exploration phase

5: the worker 1 randomly chooses working hours H;
and consumption quantities C;;

6: else//in the learning phase

7: the worker 1 imitates the strategy of the
selected neighbor i’ using Equation 16;

8: end if

9: endif

10: return strategy x; = (H1,C:);
Algorithm 1. The strategy update of the worker.

2) The strategy update of the firm. The firm’s renewal process is
similar to that of the worker’s. In order to update the unit price
of goods, workers’ hourly wage, and investment decisions, firm
j randomly selects a neighbor j' as the target for strategy
learning. The pseudo-code of the learning stage is shown in
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TABLE 1 Experiment parameter settings.

10.3389/fphy.2024.1451423

Parameter Value Description

NwW 15,000 Total number of workers in the experiment

NF 10 Total number of firms in the experiment

Iry 0.05 Learning rate of workers in acquiring neighboring strategies
Irg 0.05 Learning rate of firms in acquiring neighboring strategies
P, 0.1 Initial probability of a worker learning a neighbor’s strategy
Py 0.1 Initial probability of a firm learning a neighbor’s strategy
By 2,200,000 Initial firm endowment

Cap 5,000 Initial firm capital

o 0.8 Production function values

Algorithm 2. If u(f;)Zu(f ), firm j keeps its own strategy
unchanged (lines 1-2). Otherwise, firm j has a probability of g
to enter the exploration stage (lines 4-5) and a probability of
1 — g to enter the learning stage (lines 6-7). To increase the
exploration probability in the early stages and guide later
updates toward utilizing optimized strategies, g =Py —
m is set. In the exploration process, firm j randomly
updates its strategies for the unit price of goods, workers’
hourly wage, and investment decisions (line 5). In the learning
process, firm j imitates the strategy of neighbor j' with the
learning rate Ir; through Equation 17 (line 7).

Pj=P;+(Py-P;)-Iry
Wi=W;+(W;-W,)-Irg
Capj = Capj:

(17)

Require: Time step t, firmj, firmj’, utility functionv,
imitate probability Pr, learning rate Ir¢, and
random number g € [0,1];

Unit price Py,
investment decision Cap;

Ensure: hourly wage W;, and

1: if v(fy)>v(f;), then

2: the firm j keeps its own strategy unchanged;

3: else

4: if quf—Wﬁenme then//in the exploration phase

5: the firm j randomly chooses unit price P;, hourly
wage W;j, and investment decision Cap; ;

6: else//in the learning phase

7 the firm j imitates the strategy of the selected
neighbor j’ using Equation 17;

: end if
9: endif
10: return strategy y; =<P;,W;,Cap;);

Algorithm 2. The strategy update of the firm.

3) The strategy update of the government. Since we focus on the
economic evolution and phenomenon emergence under fixed
tax rates and taxation ranges, the government’s tax policy will
not change subsequently, that is, the government decision is
not considered in this paper.

Frontiers in Physics
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TABLE 2 Worker heterogeneity setting.

Heterogeneity Parameter Description

Laziness factor 0=0.10 Hard type
0 =0.40 Normal type
0=0.80 Lazy type

Work endowment §=026 Low-work efficiency type
4 =1.00 Moderate-work efficiency type
§=197 Higher-work efficiency type
§=10.7 Highest-work efficiency type

3 Experiments

In this section, we conduct simulation experiments using real
data based on the HMAE model to study the emergent economic
phenomena that occur during agent interaction. These experiments
prove that when workers are heterogeneous at the micro-level (e.g.,
laziness, individual endowments, and commuting distance),
workers’ work and consumption decisions will continuously
update and iterate, explaining the evolution of macroeconomic
phenomena in real life. All simulation experiments were executed
on a Linux server equipped with an Intel(R) Xeon(R) Gold 6248R
running at 3.00 GHz and 754 GB of memory. Each measurement
represents the average of 10 instances.

3.1 Experimental settings

We construct a small economic society consisting of
15,000 workers and 10 firms to study the micro-level reasons
behind emergent economic phenomena. We take China’s tax
policy as an example to conduct a simulation experiment and set
the government’s tax rate for all firms to Ty =0.25. The
government’s tax range for workers is
R,, = [5,000, 8,000, 17, 000, 30, 000, 40, 000, 60, 000, 85, 000],
the corresponding tax rate is
Ty = [0.03,0.1,0.2,0.25,0.3,0.35,0.45]. The learning probability

and
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of both workers and firms is 0.1, and the learning rate is 0.05. All
parameters are shown in Table 1.

To deeply explore the reasons behind the impact of worker
heterogeneity on economic phenomena and better fit the income
distribution of residents, we divide workers into three categories
based on laziness factors: hard, normal, and lazy. These three
categories of workers account for 20%, 60%, and 20% of the total
number of workers, respectively. At the same time, considering the
heterogeneity of work efficiency in real-world scenarios, workers can
also be divided into four types based on their work endowments [63,
64], accounting for 40%, 40%, 15%, and 5% of the total number of
workers, respectively. This paper combines the existing population
income distribution research [65-67] and provides the final
parameter values after data fitting and parameter adjustment (see
Table 2 for details). Finally, 12 categories of workers are formed
considering laziness factors and work endowment.
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To further explore the impact of commuting distance on
workers’ strategic choices, we obtained the points of interest
(POI) data on Hangzhou City, Zhejiang Province, from AMAP
(http://www.amap.com/). We filtered workers’ residence and firm
locations and then constructed the spatial location relationship
between them, as shown in Figure 2A. To simplify data analysis
and facilitate the discovery of underlying emergent phenomena, we
used the K-means method [68, 69] and selected cluster centroids as
representative locations of workers and firms, as shown in Figure 2B.

3.2 Experimental results
In this section, we analyze the reasons behind emerging

economic phenomena by analyzing the evolution of behavioral
attributes of workers and firms. Specifically, the behavioral
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evolution of workers is analyzed from the aspects of working hour,
income, consumption, and commuting distance, and the behavioral
evolution of firms is analyzed from the unit price of products sold
and hourly wage. Since there is a certain degree of uncertainty in the
initial strategy learning of the agent, we conducted 10 experiments
on different parameters and took the average to minimize the impact
of early experimental disturbances on the experimental results. The
number of simulation experiment steps is set to 1,000 to ensure that
the experimental results demonstrate convergence.

3.2.1 Experiment on the dynamic evolution of
worker behavior

Work and consumption are workers’ two main decision-making
behaviors and play a crucial role in the evolution of workers’ behavior.
We analyze the dynamic behavioral evolution of workers from several
aspects, such as their working hours, wage income, consumption
amount, and commuting distance to work choices.

We analyze the evolution trend of working hours for 12 types of
heterogeneous workers, as shown in Figure 3. Figure 3A shows that when
the workers” endowments are the same, the working hours of hard-type
workers exceed the working hours of normal and lazy-type workers. For
instance, when the workers are all low-efficiency types (8 = 0.26), the
working time curve of hard-type workers (6 = 0.10) is higher than that
of other workers. This phenomenon can be explained by Equation 11:
the more significant the laziness factor, the greater the negative impact of
working time on worker happiness and the lower the workers™ utility
value. Therefore, people who work harder will devote more working
hours to work, which can further weaken the negative relationship
between working time and workers’ utility value and, at the same time,
promote the improvement in workers’ willingness to work. The result is
consistent with real-life common knowledge that lazy workers tend to
devote fewer hours to their jobs [70, 71]. Additionally, when the laziness
factor is consistent, workers with a work endowment of § = 0.26 exhibit
longer working hours than workers with other endowments.

In order to further verify the impact of laziness factors on
workers” working hours, we calculate the average working time of
workers under each laziness factor, as shown in Figure 3B. The
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experimental results show that the average working hours of hard-
type workers are higher than those of normal-type workers, and the
average working hours of lazy-type workers are the lowest, further
confirming the conclusion that the laziness mentioned above affects
workers’ working hours. Since workers’ decisions have a certain
degree of randomness in the exploration stage, the evolution curve of
working time oscillates in the early stage. In addition, because
working hours are negatively related to workers’ utility value,
workers” overall working hours show a downward trend over
time. Therefore, driven by the goal of utility maximization, the
time workers invest gradually decreases over time.

3.2.1.1 Dynamic evolution of income

Workers’ income is closely related to their working hours and
work endowments, playing a crucial role in studying the effects on
workers” budgets and consumption. Because workers’ income is
positively correlated with working hours and workers’ working
hours are generally on a downward trend (Figure 3), workers’
income is also on a downward trend overall, as shown in Figure 4.

Figure 4A shows that the workers” income curve presents four
obvious distribution categories, and the correspondence between
these four categories and their endowments is consistent. Moreover,
each category has a similar pattern, with hard workers earning the
highest wages, and lazy workers earning the lowest. These emergent
phenomena, which are ultimately manifested through individuals,
show a clear positive correlation between work endowment and
workers’ income. When the laziness factor is the same, the income of
workers with endowment § = 10.7 is higher than that of workers
with other endowments. Workers with higher work endowments
have longer effective working hours and higher incomes.

To further verify the impact of laziness factors on workers’
income, we calculate the average income of workers with the same
laziness factors, as shown in Figure 4B. It can be seen that the income
of different types of workers from high to low is hard, normal, and
lazy, which further confirms the conclusion that a lower laziness
factor may bring a higher income. It also reflects that lazy workers
are less engaged, invest less time, and earn less [71]. Additionally, the
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evolution of income shows early oscillations and an overall
downward trend, which is also related to a certain randomness
in workers” decision-making during the exploration stage.

3.2.1.2 Dynamic evolution of consumption

Consumption is a vital decision-making behavior for workers,
significantly affecting their happiness and work utility values. As
workers’ incomes are on a downward trend, their budgets for
purchasing goods also decrease, resulting in a downward trend in
consumption, as shown in Figure 5. Figure 5A shows the evolution
of the consumption amount of 12 categories of workers. It can be
seen that when the endowments of workers are the same, the
consumption amount of normal-type workers exceeds that of
hard and lazy-type workers. For instance, when workers are all
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low-efficiency types (6 = 10.7), the consumption amount curve of
normal-type workers (0 = 0.40) is higher than that of other workers.
This phenomenon can be explained using Equation 1 combined
with Figure 3B. Since working hours and consumption hours are
negatively correlated under time constraints, when the budget is
sufficient, hard-type workers
consumption than normal-type workers.

spend slightly less time on

Figure 5B further explores the impact of the laziness factor on
consumption, revealing that normal-type workers have the highest
consumption amount, followed by hard-type workers, while lazy-
type workers have the lowest consumption amount. Taking the
above conclusions into consideration, we can see that normal-type
workers work moderate hours and have sufficient budget and
consumption time, making them the highest consuming group.
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3.2.1.3 The impact of commuting distance on
working behaviors

In addition to heterogeneity in endowment and laziness factors,
workers living in different regions also have different commuting
distances to reach firms, leading to differing commuting expenses
that affect utility values and workers’ choices of firms in different
locations. As shown in Figure 6, we randomly select a residential
area to analyze the relationship between the commuting distance
and workers’ willingness to choose firms. Similar phenomena can be
observed in other residential areas. Figure 6A shows the distribution
of working hours in various firms for all workers in the selected
residential area. As commuting distances increase, workers’ working
hours gradually decrease. Combining Equation 11 can explain this
phenomenon: the longer the commuting distance, the higher the
commuting cost, which will negatively impact the utility value.
Therefore, workers tend to choose firms closer to their residences.

In order to more clearly explore the impact of commuting
distance on workers’ willingness to work, we display the average
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working hours of workers in each firm, as shown in Figure 6B. As the
commuting distance from residential areas to firms increases, the
working hours that workers are willing to spend show a
decreasing trend.

3.2.2 Experiment on the dynamic evolution of
firm behavior

Setting the unit price of goods and the hourly wage paid to
workers are two critical firm decisions. In this section, we analyze
these two decisions to understand the dynamic behavioral evolution
of the firm.

3.2.2.1 Dynamic evolution of the unit price

We analyze the evolution of the unit price of each firm’s
products over time, as shown in Figure 7. The products of all
firms are homogeneous, and the unit prices of these products
will eventually converge to a unified equilibrium value after a
period of fluctuation. Equation 12 shows that there is a positive
correlation between the utility value of firms and sales profits.
Therefore, firms will strive to increase the unit price of goods to
maximize profits. If the unit price of goods is set excessively high,
workers” expenditure may not be enough to support their desired
consumption, affecting the sales quantity of the goods. On the
contrary, if the product’s unit price is set uncompetitively low, it
will reduce the total sales price of the product, thereby affecting the
utility value of the firm. Over time, the market moves toward
uniform unit prices for goods to strike a balance between
maximizing corporate goals and meeting the daily needs of
workers. Therefore, under the premise of product homogeneity,
after the dynamic adjustment of product prices in the early stage of
the market, the unit prices of the firm’s products will eventually
become consistent [72, 73].

3.2.2.2 Dynamic evolution of hourly wage

Figure 8 shows the evolution trend of firms hourly wages.
Hourly wages in all firms converge to a consistent equilibrium
value after an initial period of fluctuation. It is worth noting that
this evolution eventually converges to a relatively low value.
According to Equation 12, a firm’s utility value is negatively
related to wage expenditures. Therefore, firms will continue to
increase profits by lowering hourly wages, reducing wages paid to
workers, and maximizing their utility value. In addition, workers
rely on the wages they earn from working in firms to meet their daily
needs and need sufficient consumption to enhance their happiness.
Over time, the firm’s hourly wage eventually develops to the
equilibrium point where it balances its profit purposes with the
workers” basic income needs. However, since working hours of
workers show a downward trend with iteration (Figure 3B), they
partially affect workers’ willingness to work. Affected by this, the
average hourly wages of workers have also shown a corresponding
downward trend.

4 Conclusion

In this paper, we proposed a high-fidelity multi-agent economic
model that focuses on the heterogeneity of individuals at the micro-
level to explore the reasons behind the emergence of economic
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phenomena. Additionally, we investigated the impact of spatial
distance on workers’ willingness to work. We studied the
evolutionary processes of behavioral decision-making for both
workers and firms through experiments. From the workers’
perspective, their work and consumption decisions show an
apparent evolutionary trend under the influence of heterogeneous
laziness factors and work endowment. Workers with higher work
efficiency tend to have more time and income for consumption.
Moreover, workers with lower laziness factors lean toward investing
more time in work. From the firm’s perspective, the evolution of
both unit prices for goods and hourly wages eventually develops to
the equilibrium point that balances the firms’ profits and the
livelihood needs of the workers. These emerging experimental
results are consistent with observations of economic phenomena
in the real world, and the HMAE method provides us with a new tool
to study social phenomena from a microscopic perspective. In the
complex models by
diversity and
heterogeneity to predict potential economic phenomena and infer

future, we will consider proposing

characterizing intelligent agents with more
social development patterns. For example, we can further refine our
understanding of the workforce by characterizing workers™ age,
employability, and preferences. This allows us to delve into the
intricacies of economic evolution from various dimensions,
including familial context. Additionally, expanding the scope to
encompass diverse firm types will enrich our research on the
dynamics of competition and cooperation within the business
landscape. By integrating agents representing external markets
into our model, we can study the impact of export price changes

on domestic market stability.
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