
Citation: Liang, Z.; Várady, G.;

Zagorácz, M.B. Sustainable

Application of Automatically

Generated Multi-Agent System

Model in Urban Renewal.

Sustainability 2023, 15, 7308. https://

doi.org/10.3390/su15097308

Academic Editors: Jerónimo Vida

Manzano, Antonella Radicchi and

Jieling Xiao

Received: 8 March 2023

Revised: 21 April 2023

Accepted: 25 April 2023

Published: 27 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Sustainable Application of Automatically Generated
Multi-Agent System Model in Urban Renewal
Zixin Liang * , Géza Várady * and Márk Balázs Zagorácz

Faculty of Engineering and Information Technology, University of Pécs, 7624 Pécs, Hungary;
zagoracz.mark@mik.pte.hu
* Correspondence: adonis24liang@gmail.com (Z.L.); varady.geza@mik.pte.hu (G.V.)

Abstract: As cities expand, many old towns face the threat of being renovated or demolished. In
recent years, the drawbacks of extensive urban renewal have become increasingly apparent, and
the focus of urban development is gradually shifting from efficiency to quality. This study aims to
combine urban renewal with emerging technologies to address the dilemma between efficiency and
quality in urban renewal. The study found that algorithm models based on graph theory, topology,
and shortest path principles neglect the influence of internal states and visual features on pedestrian
activity, resulting in lower simulation accuracy. Although incorporating internal states and visual
features into the core of the algorithm further improved the simulation accuracy, the model operates
in a 3D environment with lower efficiency. To address the problems of insufficient simulation accuracy
and low efficiency, this study proposes a dynamic pedestrian activity model based on a multi-agent
system and incorporating visual features. The model simulates pedestrian daily activity paths using
pheromones and virtual sensors as the core, and it was found that using Visibility Graph Analysis
could accurately divide pheromones in the environment, thus obtaining more accurate simulation
results. Subsequently, based on the optimized pedestrian model’s agent activity rules and dynamic
pheromone theory, a model for automatically generating road paving in urban renewal projects was
developed, and the generated results were verified for their rationality through design practice. This
technology can effectively promote urban renewal and the preservation of historic neighborhoods,
providing technical support for achieving sustainable urban development.

Keywords: multi-agent system; pedestrian activity simulation; automatic generation model;
urban renewal

1. Introduction

According to the United Nations, the proportion of the global urban population to
the world population was 56% in 2021, and it is expected to increase to 60% and 68%,
respectively, by 2030 and 2050. Among nations, China’s urbanization trend is particularly
evident, and researchers predict that the total urban population in China will increase by
255 million by 2050 [1]. As urbanization continues to develop, the function of urban renewal
is becoming increasingly prominent. It is considered an effective method for increasing
land value, improving environmental quality, and strengthening social connections [2].
Faced with limited productivity and the rapid growth of urban renewal projects, some
cities in China blindly pursued design efficiency and extensively adopted the approach of
massive demolition and reconstruction to update the outdated urban areas [3]. In recent
years, the drawbacks of extensive renovation methods have become increasingly apparent
in urban renewal, such as erasing historical memory [4], polluting the environment [5],
damaging social stability [6], and wasting resources [7]. China’s urban development is
gradually shifting its focus from quantity to quality [8,9], which has led to an increased
emphasis on urban renewal and preservation as important factors for evaluating urban
quality [10]. However, traditional design methods limit design efficiency. With increasing
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work pressure, designers have no extra energy to improve the design quality of projects,
leading to a dilemma between protection and reconstruction in urban renewal [11].

The fourth industrial revolution has brought about significant changes to people’s
lifestyles and work patterns [12]. This study aims to combine urban renewal with emerging
technologies to address the dilemma between efficiency and quality in urban renewal.
Huang used a wind environment model based on the relative warmth index to analyze
the thermal comfort of the Qi-lou column space in Nanning. He started from aspects such
as building materials, structure, and layout, effectively improving the thermal comfort of
the research object [13]. Bazazzadeh investigated the impact of spatial visual attributes
on human perception and proposed the use of a Visibility Graph Analysis (VGA) to
optimize the spatial layout in order to improve user perception and promote sustainable
development of industrial heritage sites [14]. Rao used the spatial syntax of the “all line”
to analyze the spatial layout and usage characteristics of Huzhai, a traditional building in
Eastern Zhejiang, under the influence of the clan system [15]. The combination of computer
models and urban renewal has, to some extent, promoted the development of both the
renewal and preservation of outdated urban areas [16]. However, most research needs
to be completed on existing analysis software platforms. These static models based on
graph theory [17] and topology [18] can only output fixed results, lacking creativity [19].
Building a dynamic model with automatic generation capabilities is of great significance
for improving the efficiency of designers.

Currently, most dynamic multi-agent models are used to predict macro-level changes
in urban development [20,21], yet they overlook the potential application of this technology
in micro-level urban construction, such as streets, public spaces, and green landscapes.
Evacuation models are most commonly studied at the micro-scale, with the shortest path
algorithm as the core representation of activities, ignoring the influence of internal states
and vision on activities [22]. Therefore, Karoji developed and improved a pedestrian simu-
lation model for commercial environment simulation and integrated the dynamic internal
states of pedestrians into the simulation model [23]. Based on the concepts of prospect
and refuge, Hwang [24] proposed a computational algorithm for 3D visual simulation
and privacy quantification based on the Grasshopper platform. Incorporating internal
states and visual characteristics into pedestrian models further improves the simulation
accuracy [23], but building the required 3D environment for simulation and the slow speed
of analysis increases the workload of designers. Moreover, the above models still belong to
the category of evaluation and analysis and cannot automatically generate corresponding
design results.

To address the issues of inadequate accuracy in evacuation model simulations and
low efficiency in 3D modeling, this study proposes a dynamic pedestrian activity model
based on a multi-agent system that incorporates visual features. The research first conducts
a survey of pedestrian activity paths in historical blocks to identify the significant influence
of visual factors on pedestrian behavior. The survey results serve as the foundation for
model development and also as a critical reference for verifying simulation accuracy. By
comparing simulation results under different parameters with actual pedestrian activity
paths and using VGA to refine static information in the simulation environment, the study
obtains simulation results that closely match reality paths. Subsequently, based on the
optimized agent activity rules of the pedestrian model and dynamic pheromone theory,
the study develops a model that automatically generates road pavement in urban renewal
projects. By constructing a simulation environment conducive to agent interaction through
dynamically distributed pheromone, the model achieves its goal through competition,
stimulation, and optimization. The study ultimately verifies the rationality of the generated
results through design practice and demonstrates that the automatic generation model is
more efficient, cost-effective, and widely applicable than traditional design methods. This
technology can effectively promote urban renewal and the preservation of historical blocks
and provide technical support for achieving sustainable urban development.



Sustainability 2023, 15, 7308 3 of 22

2. Algorithm Model
2.1. Definition of Model

Scientific modeling is created to study complex systems and gain insight into reality,
and it is frequently an abstraction of real-world phenomena [25]. There are various forms
of models for different purposes and usage scenarios, such as a flexible language model, a
rigorous mathematical formula [26], a physical equation reflecting real-world movement,
a statistical formula expressing social development [27], a digital or physical building
model that conveys design concepts and effects, an algorithmic model that analyzes site
conditions and evaluates design effects, or a computer intelligence model for automatic
design generation. Models come in various styles, but their purpose is to offer a clear and
visual representation of a theory or concept [28].

2.2. Multi-Agent System Model

Minsky proposed that complex systems are made up of various, precisely defined, tiny
agent units. In the simulation process, multiple agents act autonomously, and all the agents
are updated asynchronously, in parallel [29]. Simple agents are capable of creating complex
structures, and intelligence can be explained as the result of a combination of non-intelligent
agents. This complex structure is referred to as a Multi-Agent System (MAS) [30]. The
history of programmable agents dates back to 1951, when John von Neumann introduced
the concept of Cellular Automata (CA) to elucidate neural processes in the brain [31].
While his automata models were less complex than biological systems, studying living
organisms contributed to the advancement of more sophisticated automata models [32].
Building on von Neumann’s theory, John Conway developed the first implementation
of CA in the 1960s, which became known as the famous Game of Life [33]. The Game
of Life can generate remarkably intricate and enduring dynamic patterns through the
basic and systematic switching of cells. According to Rodrigues and Raper, the concept
of CA shares many similarities with the concept of agents, and it can be categorized as a
subtype of MAS [34]. Russel and Norvig define an agent as something that can perceive
and act [35], while Wooldridge describes an agent as a computer system located in an
environment in which it can act independently to achieve its design objectives [36]. MASs
exhibit several characteristics, including autonomy, adaptability, intelligence, reactivity, ini-
tiative, social competence, and goal orientation [37]. The versatility of MASs in addressing
distributed problems in dynamic scenarios has led to their widespread adoption across
diverse fields [38]. These applications can be broadly categorized as models for simulating
and comprehending natural systems, and models of artificial systems for resolving complex
problems and generating solutions [39]. Therefore, cellular automata have also been used
for optimization in urban growth models. Feng proposed that incorporating a spatial
heterogeneity-weighted neighborhood into cellular automata could effectively simulate
dynamic urban growth [20]. Later, he also suggested using cellular automata and particle
swarm optimization rules to model dynamic urban growth [40]. Liu used long short-term
memory network models and cellular automata to simulate dynamic urban expansion
under ecological constraints [21].

2.3. Urban Design with MAS

Raisbeck acknowledges the potential of MAS in urban design, which allows for bottom-
up modeling of cities through simulation and optimization of motion, structure, and pattern
formation. However, he notes that MAS is still in an exploratory stage and its most suc-
cessful applications have been in pedestrian movement and evacuation studies [41]. These
research methods are mainly used in urban simulation in the macroscopic field and build-
ing simulation in the microscopic field. In terms of micro-simulation, current simulation
systems are usually related to user behavior, such as pedestrian flow or evacuation simula-
tion [42]. Penn and Turner’s model, based on Space Syntax Theory of VGA, proposed that
stopping and congestion would affect the agent motion simulation. This research improves
the similarity between model simulations and consumers movement patterns. Turner also
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introduced a dynamic agent-based model that enabled visual analysis of aggregated spaces
in architectural environments [43]. Kitazawa and Batty applied the agent model to the field
of micro-behavior simulation. The agent model uses the shortest-path model as one of
the evaluation criteria of Genetic Algorithms, and uses the agent model to simulate the
behavior of consumers [44]. In addition, some agent models are developed and formed on
the basis of fluid dynamics, particle systems, and self-organization theory [45]. Although
there are many analytical MAS models related to pedestrian movement, evacuation, and
crowding, there is a growing trend to use agents in the generative design process [19].
Resnick, based on the turtles language, invented a simple and powerful application com-
bining mobile agents and CA-StarLogo [46]. StarLogo is the predecessor of NetLogo. As
a common MAS construction and operation platform, NetLogo has been widely used in
various fields.

3. Research Methods
3.1. Research Framework

The aim of this study is to use MAS to assist designers in updating outdated urban
areas. To achieve this goal, a series of experimental methods such as field research, com-
parative studies, and data quantification were adopted to establish a reasonable algorithm
model and integrate simulated and on-site results into actual design projects. The study
first explores the use of MAS to simulate pedestrian activity. Zhanjiang Minzhu Road was
used as a case study example in this current research. Due to the limited width and domi-
nant straight roads of historical streets, even minor changes in the environment can have a
significant impact on simulation results. These simulation conditions provide a favorable
environment for training MAS models with accurate predictive capabilities. In the initial in-
vestigation, the team conducted field research on the historical block. The research focused
on investigating the site environment and recording the status of pedestrians in the environ-
ment. This information formed the basis for building the basic MAS model. Subsequently,
researchers used the data collected on site to compare and study the simulation results,
focusing on the correlation between simulated and real paths and the different proportions
of destinations in agent simulations. This method was used to evaluate the accuracy of
the simulation results. Based on the shortcomings found in comparative experiments, the
researchers proposed an optimization method to refine environmental factors for better
simulation results. However, the limited space in historical street reconstruction projects
makes it difficult to construct an automated model that can reflect the actual functionality
of the model itself. Therefore, the square space of the important urban renewal project,
the Huizhou Jiangbei Sports Center, was selected as the research object for developing an
automatically generated model. Based on the optimized pedestrian model, the authors
constructed an MAS model that can automatically generate design results, exploring the
potential applications of the model in design practice (Figure 1).
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3.2. Site Analysis

The Minzhu Road historical district activation project is situated in Zhanjiang City,
China, encompassing four streets covering an area of approximately 1 square kilometer.
Three north–south roads, namely Heping Road, Minzu Road, and Minquan Road, run from
west to east, while the east–west horizontal road is named Datong Road (Figure 2). The
district is situated in the old town area, which suffers from outdated infrastructure and
inconvenient transportation [47]. The area was chosen as the research object due to the
presence of over 100 unique historical buildings, most of which comprise ground-floor
shops and upper-floor residential areas, featuring an arcade-style building, known as
“Qi-lou,” where the corridor section extends towards the store facing the street [48]. The
Qi-lou buildings date back to the 1820s, during which, the city was occupied by France,
and the architecture reflects a fusion of French and local styles. With a subtropical climate,
Zhanjiang experiences hot and rainy weather throughout the year, making the corridor
an ideal location for people to avoid rain, harsh wind, and sunlight [13]. However, with
time, the Qi-lou buildings were no longer able to meet people’s daily needs, leading to
their abandonment and poor preservation. These buildings were repurposed as stores,
such as electrical stores, furniture stores, breakfast stores, variety stores, and antique stores,
which represented a waste of historical buildings. Additionally, shopkeepers partitioned
the interconnected corridor areas, occupying the public area of the corridor as a private
store area, leading to damage to the structural characteristics of historical buildings. Some
buildings collapsed, and their owners replaced them with new buildings, which conflict
with the overall landscape of the historical district, resulting in a negative impact on the
environment. Thus, the Minzhu Road historical district activation project aims to develop
a suitable business combination to attract more people and maintain the vitality of the area,
while preserving the characteristics of the historic district and more capably integrating it
into people’s daily life.
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3.3. Pedestrian Activity Survey

At the outset of the study, the authors utilized video recording and personal tracking
methods to collect data on pedestrian activity in the Minzhu Road pedestrian district.
A total of 48 pedestrians were selected as subjects from eight block entrances to record
their movement paths, including passing pedestrians and tourists (Table 1). Each subject
was equipped with a miniature action camera to capture their visual history, and the
authors would follow the person and record their movements using a mobile phone
video (Figure 3). The study primarily examined the ways in which the environment
interferes with pedestrians’ internal states through visual factors, thus affecting their
movement. The collected behavioral data served as the basis for building a simulation
model, and the trajectory was compared with the simulation results to evaluate the accuracy
of the pedestrian simulation [23]. The recording experiments were conducted according to
the following rules:

• The study was conducted in the Minzhu Road pedestrian street area, which prohibits
motor vehicles from entering to reduce the interference of other modes of transporta-
tion with pedestrian routes.

• The study was chosen to be conducted on cloudy days or in the afternoon to avoid
pedestrians moving to shaded areas and to reduce the impact of weather on pedestrian
activities.

• The area was divided into a square grid with a resolution of 1.2 m per square to record
the movement paths.

• Turning directions were simplified into eight directions (east, south, west, north,
northeast, southeast, southwest, northwest) (Figure 4).

• The recorder followed the research subject for video recording, and maintained at
least a two-meter distance between the recorder and the research subject to reduce the
interference of the experiment on pedestrian activity and decision-making.

• Subjects were required to inform the authors about the factors that led to changes in
their movement.

• The experiment ended when the recorded subject entered a store or reached the area
exit.
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Table 1. Basic information of pedestrians in activity path research.

Datong Road

Number Age Gender Role Purpose Start End

1 28 Male Visitor Travel West entrance Heping Rd. south exit
2 24 Male Visitor Travel West entrance Minquan Rd. north exit
3 23 Female Visitor Travel West entrance Minquan Rd. north exit
4 48 Male Resident Transportation West entrance East exit
5 29 Female Resident Consumption West entrance Bakery on Heping Rd.
6 52 Male Resident Consumption West entrance Antique shop on Minzu Rd.
7 23 Female Visitor Travel East entrance Heping Rd. south exit
8 32 Male Visitor Consumption East entrance Antique shop on Minzu Rd.
9 38 Male Visitor Travel East entrance Minquan Rd. south exit
10 35 Female Visitor Travel East entrance Minquan Rd. south exit
11 44 Male Resident Transportation East entrance West exit
12 35 Female Resident Transportation East entrance Minzu Rd. north exit
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Table 1. Cont.

Heping Road

Number Age Gender Role Purpose Start End

1 16 Female Visitor Travel North entrance South exit
2 52 Female Visitor Travel North entrance Datong Rd. east exit
3 23 Female Visitor Travel North entrance South exit
4 25 Male Visitor Consumption North entrance Coffee shop on Heping Rd.
5 54 Male Resident Transportation North entrance Datong Rd. west exit
6 56 Male Resident Transportation North entrance Datong Rd. west exit
7 36 Male Visitor Travel South entrance North exit
8 31 Female Visitor Travel South entrance North exit
9 24 Male Visitor Consumption South entrance Shop on Heping Rd.
10 41 Male Resident Transportation South entrance Datong Rd. west exit
11 45 Male Resident Transportation South entrance North exit
12 38 Female Resident Transportation South entrance Minzu Rd. north exit

Minzu Road

Number Age Gender Role Purpose Start End

1 26 Female Visitor Travel North entrance Heping Rd. south exit
2 26 Female Visitor Travel North entrance Heping Rd. south exit
3 45 Male Visitor Travel North entrance Minquan Rd. south exit
4 39 Male Visitor Consumption North entrance Restaurant on Heping Rd.
5 51 Female Resident Transportation North entrance Datong Rd. west exit
6 35 Female Resident Transportation North entrance Dormitory on Minzu Rd.
7 42 Male Visitor Consumption South entrance Antique shop on Minzu Rd.
8 25 Male Visitor Travel South entrance Heping Rd. north exit
9 48 Female Resident Transportation South entrance North exit
10 53 Female Resident Transportation South entrance North exit
11 50 Male Resident Transportation South entrance Datong Rd. east exit
12 48 Female Resident Transportation South entrance Datong Rd. east exit

Minquan Road

Number Age Gender Role Purpose Start End

1 25 Male Visitor Consumption North entrance Coffee shop on Minzu Rd.
2 43 Female Visitor Consumption North entrance Shop on Heping Rd.
3 45 Male Visitor Travel North entrance South exit
4 31 Male Visitor Travel North entrance Heping Rd. north exit
5 55 Male Resident Transportation North entrance Datong Rd. west exit
6 39 Male Resident Transportation North entrance Datong Rd. east exit
7 23 Female Visitor Travel South entrance Heping Rd. south exit
8 34 Male Visitor Travel South entrance Datong Rd. west exit
9 26 Female Visitor Consumption South entrance Bakery on Heping Rd.
10 55 Male Resident Transportation South entrance Datong Rd. east exit
11 31 Male Resident Consumption South entrance Coffee shop on Minquan Rd.
12 57 Female Resident Transportation South entrance North exit

After analyzing the pedestrian trajectories collected, the following findings were noted
(Figure 5): First, a large number of turns occur at the intersection of Heping Road and Min-
quan Road. Pedestrians here are more likely to turn than to continue moving in the original
direction, possibly due to the narrow width of the intersection. In contrast, the intersection
of Minzu Road is wider, allowing pedestrians to obtain more environmental information
and maintain their previous activity mode. At smaller intersections, pedestrians, especially
unfamiliar tourists, tend to turn to obtain more environmental information.
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Second, pedestrian activity paths on Minquan Road and Datong Road are concentrated
mainly in the middle due to their narrowness. This is especially true for surrounding
residents who use these roads frequently. However, tourists tend to swing forward because
of the irregular distribution of historic buildings and high-rise residential buildings on
these two roads, with tourists more likely to be attracted to historic buildings.

Third, the above observation is evident in the pedestrian activity paths on Heping
Road. The western side of Heping Road is lined with historic buildings, while the eastern
side comprises high-rise buildings. Pedestrian activity paths tend to be influenced towards
the side with the historical buildings. The authors hypothesize that this could be due to
subconscious behavioral habits. However, in some road sections, it can be observed that
some pedestrians concentrate on one side, even when they are walking on the left side of
the road, which cannot be explained by behavioral habits (Figure 6).
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To explore the visual changes in pedestrian activities in traditional Korean places,
Hwang developed a computational algorithm that can quantify the foreground and privacy
of pedestrians’ vision [24]. Based on this, Karoji developed a pedestrian simulation model
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that can be used for commercial environment simulation, and integrated the dynamic
internal state of pedestrians into the simulation model, emphasizing the important influ-
ence of visual intervention on pedestrian activities [23]. He believes that the areas where
stores disseminate information (store windows and billboards) are often more attractive
to passersby. In addition, the distance between the information and the pedestrians is an
important influencing factor. Kent and Schiavon developed a computational method to
quantify the distance between window views and residents, called Observer Landscape
Distance (OLD). The study also emphasized the importance of visual factors and found that
residents prefer to view urban features from a distance, but the same recommendation does
not apply to natural environments [49]. After analysis and research, the authors identified
three main reasons for this phenomenon. First, pedestrians’ attention may be drawn to
the interior environment and advertising signs of the shops, but the external corridors and
environmental interferences (such as trees and utility poles) of Qi-lou architecture hinder
their observation, forcing them to approach one side of the shops to obtain effective and
continuous visual information. Second, for tourists, the exquisite architectural structures
and decorations of historical buildings convey rich visual information and are more at-
tractive. Third, the large volume of high-rise residential buildings requires pedestrians to
maintain distance in order to obtain more effective visual information.

4. Research and Analysis
4.1. Predictive Model Construction

The authors developed a pedestrian activity MAS based on the NetLogo platform
(Table 2). NetLogo is a multi-agent programming language and modeling platform used
to simulate natural and social phenomena. It has the capacity to control thousands of
agents at the same time, effectively simulating the behavior of micro-individuals and
macro-patterns, as well as their relationships. The MAS consists of three main modules:
turtles, patches, and observers. In the software, dynamic agents are called turtles, which
represent pedestrians in the simulation. Patches are small squares that form a 2D plane
when divided by an orthogonal grid, providing the background for the agent activity. The
observer is the manipulator that controls the turtles and patches, and has the ability to
temporarily change the parameters during the simulation process, which is beneficial for
the correction of model operation [50].

First, the study locates different areas within the site by changing the patch colors,
such as entrances, points of interest, and obstacles. Corresponding pheromone levels are
assigned based on the characteristics of each area, such as higher pheromone levels for
points of interest and negative pheromone levels for obstacles. These static pheromones
are not affected by agent activities and are currently only used for basic agent navigation.
Second, adding commands to the agents’ activities is crucial, such as controlling their
basic movements and target search. During the field investigation, the authors found that
pedestrians do not move in a straight line when walking on the street, but rather exhibit
small random sways. To simulate this characteristic, random commands are used to control
agents to perform low-frequency, small sways. The randomness in agent activity increases
the uncertainty of simulation results, which can inspire different simulation outcomes. The
agents’ search for targets and avoidance of obstacles are mainly achieved through virtual
sensors and the difference in pheromones between patches. Virtual sensors are set in a
triangular area in front of the agent, simulating the pedestrian’s visual field. During agent
activity, if there is a difference in pheromones in the sensor area, the agent is more likely to
move towards areas with higher pheromones, thereby achieving the effect of searching for
targets and avoiding obstacles. Thirdly, both stochastic parameters, such as the number
of agents, wandering angle, and turning angle, and fixed parameters, such as the angle
and depth of virtual sensors, can be adjusted in the observer. The authors compared the
simulation results obtained under different parameters with the field investigation results
to find a parameter combination that reflects reality and conforms to human observation
and activity patterns. In the setting of virtual sensors, horizontal viewing angle and visual
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distance are two important parameters. The simulation results are closest to the field
investigation results when the angle is 120◦ and the distance is between 10 and 16 m. A
viewing angle of 60◦ is generally comfortable, and the effective viewing angle is 120◦.
Additionally, people can recognize the accurate 3D information within 11 m, but only the
basic 3D information can be recognized up to 20 m [51]. Thus, the optimal parameters for
the virtual sensor’s angle and depth conform to the observation rules of pedestrians.

Table 2. Initial model construction.

Components Process Model Work Order

Patches

Import Import the site plan to NetLogo.
Scale Each patch has a width of 400 mm, similar to a human’s.

Area division Each patch is colored to identify different areas.

Obstacles Use patch color to identify obstacles and adjust pheromone to reduce agent movement in
those areas.

Target High pheromones should be assigned to patches for block exits and
store entrances.

Pheromone Pheromone is critical for the model optimization as it connects agents to their environment
and to each other.

Turtles

Generation The agent reproduces at the entrance with a limited rate threshold.

Activity
The turtle checks for obstacles or area boundaries before each step and adjusts movement

accordingly, with all operations performed simultaneously
and interrelated.

Direction selection The agent rotates with small angle random turns during regular movement and to
avoid obstacles.

Vision Agent vision is set to move towards visible target points and reduce invalid
rotation frequency.

Disappear The agent dies at the destination.
Path Record the trajectory of agent from generation to final disappearance.

Observer

Wandering angle
A 0◦ angle results in unrealistic straight lines.

A 10◦ angle produces a more natural slight wiggle. It is more plausible.
The agent appears to wander near the block’s entry at 30◦ and 60◦.

Horizontal viewing angle

A 60◦ angle limits the agents’ field of view, causing illogical twists and gathering at the
block entrance.

A 90◦ angle produces clearer paths with fewer irrational twists and less concentration at
the entry.

A 120◦ angle is the most probable option, based on human vision rules.
A 180◦ angle results in too much information and leads to aggregation at the entry.

Visual distance
Agent aggregation occurred at 6 and 20 m.

10 and 16 m produced the best route simulation results.

Turning angle after
finding the target

A 30◦ angle results in a dispersed path inconsistent with real pedestrian activity.
A 60◦ angle roughly depicts pedestrian preferences in specific road segments, showing a

preference for turning over proceeding straight.
A 90◦ and 120◦ angle result in many unreasonable twists and inflexible broken-line routes.

4.2. Comparative Analysis

By comparing the simulation results of the initial model with the recorded pedestrian
activity paths on site, it can be observed that the model captures certain patterns that
reflect the physical environment and human behavior. Specifically, the simulation paths
on both sides of Heping Road show a westward shift, indicating the attraction of historic
buildings to pedestrian activity. This finding aligns with the recorded pedestrian activity
paths. Moreover, the simulation paths on the north side of Minzu Road exhibit a dispersed
pattern, while the south side of Minquan Road shows a concentrated and slightly oscillating
pattern, both of which match the recorded results perfectly. Similarly, the simulation paths
of Minquan Road display similar characteristics to those of Minzu Road, consistent with
the recorded results.

However, the simulation paths on Datong Road present a different pattern than what
was recorded on site. While the recorded activity paths showed a dispersed pattern on both
ends and a concentrated pattern in the middle, the simulation results showed a gradual
eastward divergence, which suggests that the model may not fully capture the complexity
of human behavior in this area. At the intersections of Heping Road, Minzu Road, and
Datong Road, the simulation paths exhibit frequent turning, which is consistent with the
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survey results. However, the simulation paths at the junction of Minquan Road and Datong
Road did not show frequent turning (Figure 7).
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Additionally, the on-site survey also counted the number of pedestrians entering shops
and reaching the exits of the block, which can reflect the proportion of different groups of
people with consumption behavior and passing behavior in the environment. Among them,
the number of people entering the shops was 11, accounting for 23% of the total number of
people. However, in the simulation results, the proportion of pedestrians consuming only
accounted for 16% of the total number of pedestrians, which does not match the actual
situation. Further optimization is needed to improve the simulation’s accuracy in reflecting
the different types of pedestrian behaviors in the environment (Figure 8).
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4.3. Predictive Model Optimization
4.3.1. Refining the Simulation Environment

In response to the issue of the simulation paths being too scattered in the middle
section of Datong Road and too concentrated in the western section, the authors propose
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corresponding optimization solutions. The authors re-compared the areas where pedestrian
paths are more scattered or more concentrated and found that they are mainly affected
by the width of the environment. It is clear that on Minzu Road and Minquan Road, the
north side is significantly wider than the south side. In the absence of obvious asymmetric
pheromone interference, agents only need to walk in the middle of the road in a narrow
space to effectively obtain information from both sides of the road; therefore, the agent’s
activity path is mainly concentrated in the middle of the road. However, if the width of
the road exceeds the agent’s field of view, it will trigger a series of random movements by
the agent to obtain effective environmental information. The widths of the east, west, and
central sections of Datong Road vary, as do the number of obstacles on either side of the
road, including trees, streetlights, billboards, and utility poles. These obstacles not only
restrict pedestrian movement but also affect their ability to gather useful environmental
information, thereby impacting their activity patterns at a sensory level. The impact of
obstacles on pedestrian movement is particularly pronounced on Datong Road, exceeding
even the influence of environmental dimensions. While the east and west ends of the road
are relatively open, the east section has a few large trees as obstructions, concentrated on
the north side of the road, while the west section has few obstacles, only a small number of
streetlights. It is worth noting that the width of the west section is only 9 m and there is
no clustering of pedestrian activity paths, while the central section, with a width of 12 m,
has clustered paths. The authors suspect that this is due to the many large trees planted on
both sides of the central section of the road, which disrupt pedestrian activity. To prove
this hypothesis, the authors measured the obstacles in the environment, classified trees of
different sizes, and constructed a more detailed simulation environment to test whether
more accurate simulation results could be obtained (Table 3).

Table 3. Road size and number of obstacles.

Item Heping Road Minzu Road

Section North South North South
Length (m) 75 107 80 130
Width (m) 11.5 10 13 9.5

Tree (radius greater than 250 mm) 0 2 15 18
Tree (radius less than 250 mm) 1 2 9 22
Street lamps and utility poles 8 12 4 8

Item Minquan Road Datong Road

Section North South West Middle East
Length (m) 90 157 40 77 37
Width (m) 13 10 9.5 12 14

Tree (radius greater than 250 mm) 23 24 0 31 10
Tree (radius less than 250 mm) 4 16 0 0 0
Street lamps and utility poles 15 18 5 5 4

4.3.2. VGA Optimized Model

The authors not only refined the simulation environment, but also aimed to find a
quick method for evaluating the visibility of shops. On a commercial street, if a store
has good visibility, it is more likely to attract pedestrians to enter [24]. However, this
evaluation method needs to be linked with the MAS to produce an optimized effect. In
2017, Hu proposed a method using a combination of VGA and multi-agent model to
improve the accuracy of pedestrian models [52]. However, this study lacks comparative
research between simulated results and actual pedestrian paths, and the feasibility of the
model needs further verification. The VGA algorithm model, which is used to evaluate
spatial visibility, has the advantages of flexibility and convenience [14]. Additionally, VGA
and the MAS in this study are both two-dimensional models that can be associated through
planar analysis diagrams. First, the authors determined the valid area for agents to move in
AutoCAD, including the block entrance, block space, and store interior. The authors then
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imported the modified plan into the DepthMap software to build the VGA. The obtained
visibility evaluation map through the model calculation only needs to retain the street space
part and then convert it into a grayscale image to reduce the complex colors’ interference
to MAS. Finally, the VGA grayscale image is combined with the MAS map shape and
imported again into NetLogo for simulation operation.

After comparing the optimized simulation results with the recorded paths, it can be
found that the simulation results retain the original correct predictions and further improve
the deficient parts. The simulated path in the middle section of Datong Road further
converges towards the center, and there are signs of turning at the junction of Datong Road
and Minquan Road, correcting the problem in the initial model where the agents would
continue to walk straight ahead (Figure 9). In terms of data, the initial simulation results
showed that the proportion of agents entering the shops was 14% of the total number of
agents, while after optimization, the proportion of agents entering the shops increased to
22%, which is close to the field survey result of 23% (Figure 10).
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5. Automatically Generated Model
5.1. Model Construction

The pedestrian path model constructed earlier can accurately predict pedestrian
activity, but it cannot generate design results. The model achieves one-way interaction
between agents and the environment, but it fails to achieve interaction between agents, the
environment, and other agents. In other words, individual agents can change their behavior
based on certain characteristics of the environment, but their activities cannot affect the
environment or other agents. The automatic generation model is inspired by the Ant Colony
Optimization (ACO), which is widely used for optimizing models related to path generation.
For example, Srivastava’s research found that using ACO can optimize path models, and
the optimized models have the ability to automatically generate optimal paths [53]. Sayyari
proposed a pathfinding model based on ACO and model-based testing, which has faster
running speed and greater coverage [54]. Qu proposed a hybrid solution using mutual
learning and ACO (MuL-ACO) to simulate agent motion in uneven environments with
various obstacles, and demonstrated that MuL-ACO can generate high-quality collision-
free trajectories [55]. Agents can change certain characteristics of the environment through
their activities, and the changes in the environment, in turn, affect the agents. Therefore,
agents can use the environment as a medium to achieve communication, competition,
stimulation, and optimization with other agents, generating infinite possibilities [56]. In
addition, while the environment serves as a communication medium, it also serves as a
carrier for recording agent activity paths, which is more conducive to the construction
and use of infinite loop models. For these reasons, the authors added dynamic properties
to the pheromones of the model’s patches based on the pedestrian activity model. After
extensive comparative experiments, it was found that the effect was optimal when the three
control variables, pheromone-per-step (PPS), minimum-route-pheromone (MinRP), and
maximum-route-pheromone (MaxRP), were all set to 60. The model mainly distinguishes
the pheromones of different states through three different patch colors: gray, yellow, and
red (Table 4).

Table 4. Generative model construction.

Components Model Work Order

Gray patches

Gray patches indicate the agent’s movable area and have a pheromone of 0 at the simulation’s start.
Before each movement, the agent must check if the next patch is gray (non-entrance, target point, or

obstacle), and if it is, pheromone is added based on the PPS slider.
Pheromones on patches impact the agent’s activity, increasing the likelihood of the agent moving

towards patches with higher pheromone levels.
Gray patches’ pheromone is set to 0 when they drop below 1.

Yellow patches

Patches’ pheromone levels exceed MinRP only when continuously traversed by the agent, influenced
by both PPS and MinRP.

Yellow patches result when pheromone levels exceed MinRP.
Pheromone decay occurs on gray and yellow patches not visited by the agent.

Pheromone levels on yellow patches drop below 1, changing them back to gray and setting the
pheromone to 1 until the agent revisits, exceeding MinRP and turning the patch yellow again.

Red patches

Red patches’ pheromone levels decrease over time but remain red and do not disappear.
Patches change from yellow to red when their pheromone levels exceed MaxRP.

When PPS, MinRP, and MaxRP are the same, the patches that the agent traverses no longer change
from yellow to red, which is not reasonable. An optimization command inspired by the Game of Life

needs to be added to the model.
Before each simulation run, the adjacent red patches need to determine the number of neighboring
red patches. When the number is greater than or equal to 2, the patch remains red; when the number

is less than 2, it changes to yellow.
Initially, each patch is typically traversed once by the agent, and few red patches are formed due to

the above criteria. Over time, the area of these patches expands.
The model produces many scattered red patches and gaps that do not meet design requirements. The

model requires commands to remove patch fragments and fill gaps.
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5.2. Model Experiment and Analysis

The model continuously refines and optimizes the agent’s activity path and patch
structure during its operation. After loose red patches are eliminated and holes in the
patches are repaired, the patch structure eventually stabilizes (Table 5). The study found
that the patch structure becomes stable after 300 model runs. Therefore, when ticks are
greater than 300, all agents and yellow patches in the environment are eliminated, and
the model stops running at tick 320. The view only retains the red patch structure, which
requires focused design (Figure 11).

Table 5. Simulation process of generative model.

Number of Model Runs Simulation Results

50 ticks
Agent enters from blue and searches for green target with random moves. Model and agent in

chaotic stage with no reference value. Many broken red patches at entrance form basis for overall
patch group structure.

100 ticks Main agent channel seen from yellow patches, broken red patch area expanding.
150 ticks Yellow channel is clearer, red patch group structure more apparent.

200 ticks Yellow channel optimized, agent activity inertia formed. Red patch group distributed along channel
as pheromone area fixed.

300 ticks Yellow patches absorbed by red patches, creating relatively stable structure. Many fractured patches
and holes in red structure.

320 ticks Agents and yellow patches eliminated, leaving only optimized red patches.
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5.3. Sustainability Design Application

In the 1950s, Walter Gropius proposed a method called “Disney’s road design” which
aimed to provide visitors with a safe and peaceful environment by separating pedestrians
and vehicles. This design maximizes the efficiency and enjoyment of visitors’ tours by
utilizing a combination of circular and branching roads, thereby improving their mobility
and sense of direction. In addition, he scattered grass seeds in the park, allowing visitors
to freely walk on the grass when it grew, and based on the resulting worn paths, he
designed the park’s roads [57]. Nowadays, the MAS model can accomplish the same tasks
more efficiently and in a more environmentally friendly manner, eliminating the need
for designers to wait for grass to grow. The simulation environment’s concentration of
pheromones also replaces the worn paths, while countless agents offer designers numerous
design options.
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Furthermore, the authors compared 20 simulation results and found that even in
symmetrical simulation environments, due to the agents’ entry positions and movements’
randomness, the resulting patch structures were not symmetrical. The simulation of this
project also showed a combination of circular and branching roads. Most simulation results
showed that one end of the plaza had a larger and hollow patches cluster, forming a circular
road structure, while the other end had a branching structure of slender roads, facilitating
connections to several critical nodes in the area (Figure 12).
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Entrances 3, 5, and 6 in the Southwest Plaza connect the parking lot, Gymnasium
Branch, and East Plaza, respectively. Residents around the Sports Center can enter the
stadium through the West Plaza, while citizens further away will enter from the Southwest
Parking Lot. As the space that can accommodate the most users, the Southwest Plaza is also
the space that links multiple critical nodes, and a branching road structure can efficiently
transport pedestrians to their respective destinations. On the other hand, the Northeast
Plaza, although connecting the East and West Plazas, mainly connects the Running Track,
Tennis Court, and Gymnasium Branch at locations 2, 4, and 5, where the crowd gathering
capacity is weaker and pedestrian activity is more dispersed. Therefore, a circular road can
be constructed in the Northeast Plaza to delay pedestrian activity routes, and new functions
can be added inside the road’s inner circle to enhance space functionality, interest, and
artistry (Figure 12). Based on the sports center plaza’s spatial characteristics, the authors
selected a cluster of patches with a circular road in the Northeast and a branching road in the
Southwest for detailed design. Based on positive and negative patch structure images from
the simulation results, the sports center plaza can be upgraded through pavement, green
landscapes, device installation, and lighting. Using circuit and tree-like patch structures,
combined with the different characteristics of the Northeast and Southwest Plazas, targeted
designs for different plaza areas can enhance their functionality and achieve a harmonious
and coordinated art and functional design for the Sports Center’s space.

6. Discussion
6.1. Summary of Case Study

MAS can provide new intelligent models for solving complex design problems. More-
over, as a bottom-up, decentralized, self-organizing, and dynamic modeling approach,
it fits perfectly with the characteristics of crowd activities and is applicable to urban re-
newal design.

This research takes Democratic Road Pedestrian Street as the site for constructing
predictive models. Given the relatively simple spatial structure and limited area of the site,
the simulation environment becomes highly complex due to the continuously changing
historical buildings on both sides of the road and obstacles in the activity area. The aim of
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this research is to cultivate a highly sensitive pedestrian activity model in such a limited
area with complex environmental changes. The authors identified two problems in the
simulation results through the first round of comparative experiments: the inability to ac-
curately simulate pedestrian activity on Datong Road and the inability to accurately reflect
the proportion of pedestrians entering shops. To address this, the simulation environment
was refined, and a static pheromone gradient was constructed using VGA to further refine
the gravity in patches and achieve more precise path guidance. The authors verified the
feasibility of VGA for optimizing MAS simulation results through the second round of
comparative experiments, which also ensured the convenience, rationality, and accuracy of
the model operation.

Although the pedestrian activity model can predict the activity status of pedestrians
in a place with reasonable accuracy, it cannot complete the task of automatic generation.
Therefore, the study proposes a model that can generate design results automatically based
on the pedestrian activity model and a dynamically changing pheromone gradient. Agents
can influence and change the environment through pheromones, and the environment’s
changes, in turn, affect new agents. This interactive communication process is more con-
ducive to stimulating competition, stimulation, and optimization of the model. Through a
large number of iterations, the generative model eventually forms a relatively stable simu-
lation result, which goes beyond the scope of design analysis and evaluation and moves
towards a higher level of automatic generation. Subsequently, the authors demonstrated
the feasibility of using the model’s automatically generated design results in actual projects
through design practice. The model can effectively enhance designers’ work efficiency and
reduce unnecessary waste during the design process. It has positive implications for urban
renewal and historic district preservation, contributing to the achievement of sustainable
urban development.

6.2. Significance of Automatically Generated Models in Urban Renewal

This study explores a practical application method that combines MAS with urban
renewal design, and the ability to automatically generate design results undoubtedly has
significant implications for liberating design productivity. The simulation results of the
model are not fixed and can produce multiple different possibilities through multiple
simulations. Users can choose the most reasonable simulation results for further design
according to their needs. This can reduce the designer’s workload while inspiring their
thinking and creativity through different design proposals.

The self-generating model developed in this study also demonstrates good applica-
bility when facing different environments, and researchers do not need to readjust the
parameters to obtain relatively reasonable and practical simulation results. At present, this
model can be used to complete the work of positioning pavement, canopy, and greenery
in urban public space design. Compared with traditional design methods dominated by
empiricism, MAS has higher efficiency, lower investment costs, and a wider range of appli-
cations. This technology can effectively promote the development of urban renewal and
the protection of historic districts, and assist in achieving sustainable urban development
at the technical level.

6.3. Research Limitations

In this study, to minimize interference with pedestrian activity and decision-making
during the process of recording pedestrian paths, the experiment should maintain a distance
of at least two meters from the experimental subject. However, the experimental process
may still have an impact on the internal state of pedestrians, as the Hawthorne effect cannot
be completely avoided.

Additionally, the Minzhu Road historical block was used as the basis for developing
an accurate pedestrian activity model. However, due to the limited space available in
the area, there are some issues when using an automatically generated model to simulate
the environment. When the parameters are set slightly higher, almost all of the roads in
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the environment become the focus of reconstruction, while setting the parameters slightly
lower results in the inability to create a continuous pedestrian activity space. From a
practical standpoint, the roads in historical blocks are typically around 10 m wide and it is
difficult to allocate more space for purposes other than pedestrian activities. In this sense,
the simulation results generated by the automatically generated model are reasonable.
However, if both the front and back models could be completed in the same space, the
research process would be more intuitive and the results would be more convincing.

The agent activities in the pedestrian activity model are mainly influenced by the
pheromones received by the sensors in the environment. When simulating pedestrian
activities in the environment, environmental factors affect individual sensory perceptions
through vision, which then interferes with human behavior. However, the automatically
generated model is constructed based on the pedestrian activity model and is relatively
simple in terms of influencing factors. To build a higher-level automatically generated
model that covers the entire design and construction process, a large number of functional
modules need to be set up, including site conditions, user behavior, climate conditions,
economic indicators, regional policies, etc. Among them, site conditions can be further
subdivided into soil, altitude, terrain, etc. Each sub-item can be further subdivided. It can
be predicted that as related research and experimentation continue to deepen, the model
size will exhibit exponential growth. In comparison, this study provides only a small
glimpse into the possibilities of this research field, and further exploration of the potential
of related models is still needed. However, if designers are still continuously required to
manually develop intelligent programs based on their own needs or for specific issues,
instead of fundamentally liberating design productivity, they are simply jumping from the
quagmire of design work to the quagmire of software development.

7. Conclusions

This study explores a practical application method that combines MAS technology
with urban renewal design. MAS is a bottom-up, decentralized, self-organizing, and dy-
namic modeling method that is well-suited for use in urban renewal design due to its
compatibility with crowd behavior. The authors conducted field research and recorded
pedestrian activity information and patterns, and used this as a basis to construct a pedes-
trian activity model. Comparing the simulation results of the model with the recorded
pedestrian activity paths, it was found that some sections and nodes did not achieve the
expected results. To optimize the model and obtain simulation results that were closer to
reality, the authors combined the basic model with VGA and further refined the gravity in
the patches through static pheromone gradient, achieving more accurate path guidance
and demonstrating the feasibility of VGA in improving the simulation accuracy of the
pedestrian activity model.

Based on the pedestrian activity model, the authors independently developed a self-
generating model that can be used for urban renewal design by combining dynamic
pheromone theory. The dynamic distribution of pheromones is advantageous in con-
structing a simulation environment where multiple agents can interact with each other.
Agents influence and change the environment by releasing pheromones during the activity
process, and the changes in the environment, in turn, affect new agents. This interactive
communication process is more conducive to stimulating the competition, stimulation, and
optimization of the model. The new model finally forms a relatively stable simulation
result through a large number of iterative operations, achieving the goal of self-generation.
Additionally, this study tested the feasibility and rationality of the self-generating model
through design practice and demonstrated its application value in real urban renewal
design work. Compared with the traditional empirical design approach, MAS has higher
efficiency, lower investment cost, and a broader range of applications. This technology can
effectively promote urban renewal and the protection of historical districts, and provide
technical support for achieving sustainable urban development.
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