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Abstract

In recent years, there has been growing interest in social impact bonds (SIB), one of Environ-
mental, Social, and Governance (ESG) investments. However, the motivation for SIB invest-
ments has not been so high because the purposes of SIBs are difficult to evaluate. In particular,
social capital (SC), one of the factors for SIB evaluation, is trust and a network of human rela-
tionships. Still, it is an invisible resource and is not easy to calculate. This paper proposes a "social
impact simulation (SIS)" that makes SC visible and enables quantitative evaluation of SIBs. We
survey the trends and status of multi-agent simulations over the past 30 years, examine the im-
plementation of new agent modeling and behavior required for SIS, and discuss methods that
enable the analysis and prediction of complex social impacts. In addition, we introduce the social
impact simulator for a case and report on how to make the simulator effective for social impact
visualization.

Keywords: Multi-Agent Simulation (MAS), Social Capital (SC), Social Impact Bond (SIB), So-
cial Impact Simulation (SIS), Subjective Well-Being (SWB)

1 Introduction

In recent years, there has been a growing interest in ESG bonds that focus on environmental,
social, and governance elements. Social impact bonds (hereafter referred to as SIBs) [1], one type
of ESG bond, are expected to solve the problems of current capitalism. However, the market's
motivation to invest in SIBs is low. This is because it is difficult to quantify the social problems
and the outcome of their solutions, and it is also difficult for investors to predict risk and return.
In particular, social capital (hereafter referred to as SC), one of the evaluation indicators of SIBs,
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is an invisible resource of social ties and resources, such as trust, networks, and cooperative rela-
tionships among people and organizations. SC is hard to visualize and quantify, making it diffi-
cult to use for observation and prediction.

This study focused on an "individual," the smallest fundamental unit that constitutes SC, neither
objects nor environments. Since an individual's SC changes daily over a long period, depending
on the surrounding environment and community, we thought that visualization and qualification
of SC as a whole society could be observed simultaneously. Therefore, we investigated multi-
agent simulation (hereafter referred to as MAS) [2], as a method of evaluating the entire system
by focusing on the individual.

In our research, we reviewed MAS papers from the last 30 years and categorized them into five
fields. We also examined how advances in personal computer (hereafter referred to as PC) hard-
ware and software influenced the growth of MAS. In the urban/transportation field, increased PC
resources enabled geographic information systems (hereafter referred to as GIS) and mobility
agents. However, despite versatile MAS simulators, we found it difficult to incorporate agent
interactions, characteristics, and personalities. To incorporate these factors, we introduced “social
impact simulation (hereafter referred to as SIS)" to visualize social impacts.

Social impact [3] is the social and environmental outcomes of projects or activities. We decided
to focus on the relationship among SC, Built Environment (hereafter referred to as BE), and Sub-
jective Well-Being (hereafter referred to as SWB) in this study. The SIS proposed in this paper
calculates outputs of policies and their outcomes as social impact, which differs from MAS in
three points: "Modeling of Agents," "Behavior of Agents," and "Scalability and Flexibility of
Agents."

We created a three-layered model for individual agents and outlined how individuals influence
communication using imitation strategies. We also developed a method to mass-produce them
through genetic algorithms (hereafter referred to as GA).

Incorporating these methods, we developed a SIS simulator for park managers, which moves
40,000 agents a period of five years. The results indicated that regular events to facilitate com-
munication among the agents might increase the residence SC and the number of park visitors.
This paper is structured as follows: Chapter II introduces the background of SIBs and SC visual-
ization. Chapter III covers an overview of MAS, its field and trends over the past 30 years, and a
specific MAS simulator in the urban/transportation field. Chapter IV discusses the application of
MAS for SC visualization, including difficulties in using MAS. Chapter V presents our study on
SIS and outlines the goals and requirements for achieving "Modeling of Agents," "Behavior of
Agents," and "Extensibility and Flexibility of Agents." Chapter VI provides real-world examples
of our SIS implementation. Chapter VII and after concludes with our considerations, findings,
and future research directions.

2  Background

2.1 Social Impact Bond

In recent years, ESG bonds, which focus on environmental, social, and governance elements,
have been attracting increasing attention. ESG bonds include green bonds (hereafter referred to
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as GBs), sustainable bonds, and SIBs. Among these, SIBs, in particular, are expected to be a
solution to the problems of current capitalism, such as the pursuit of profit without regard to social
responsivity or environmental impact and the widening gap between the two.

(Exhibit: Ministry of Economy, Trade and Industry)
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Figure 1: Configuration of SIB

SIBs are issued by local governments and entities, with private investors and financial institutions
purchasing them. SIB governing body manages the funds. Service providers receive funding
from the SIB governing body to deliver services to consumers. Independent evaluation organi-
zations assess service outcomes, determining if they meet initial objectives. The government and
entities pay the SIB governing body based on evaluation results (Figure 1).

2.2 Problems with SIBs as ESG Bonds

GB market is approximately $269 billion and $800 million in 2020 [4], and the number of news
headers shows that the public interest in GB is bigger than that in SIB, according to Google
Trends™ (Figure 2).
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Figure 2: Number of news headers on ESG bonds

Thus, SIBs are less willing to be invested in the market compared to GBs. GBs have explicit
purposes (e.g., prevention of global warming), which are relatively easy to measure (e.g., energy
consumption), and their outcome (e.g., contribution to the SDGs) is easy to report. In comparison,
the social issues handled by SIBs are more difficult to visualize and quantify in terms of content

and achieved results. It is also difficult for investors to judge risk and reward. Compared to GBs,
SIBs have the following problems.
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(1) Difficulty in evaluation and measurement: Whereas the success of SIBs is related to achieving
social outcomes or impact, it is not easy to evaluate and measure them.

(2) Uncertainty of impact: SIBs, as with regular bonds, provide a return on risk, but social impact
is more difficult to predict than other impacts brought about by ESG bonds.

(3) Complexity and cost of implementation: The design, performance, and operation of SIBs re-
quire complex contracts, specialized knowledge, experience, and high prices.

One of the SIB evaluation indicators is SC. SC is invisible social connections and resources, such
as trust, networks, and cooperative relationships among people and organizations, which are dif-
ficult to visualize and quantify. The problems described above about SIBs are thought to arise
from the difficulty in visualizing and quantifying SC.

2.3 Previous Studies of SC Visualization

Research on SC visualization dates back to 1994. Some methods for calculating SC specifically
for social affairs were proposed [5][6]. Some research was also conducted on statistical methods
of SC visualization by taking its components from a particular social case [7][8]. Some studies
defined SC as a resource individuals can access through networks and constructed concepts based
on network theory [9]. Other studies used sensor technology to visualize SC within organizations
[10].

These studies used one of the following methods: (1) surveying people and quantifying their
responses; (2) analyzing connections between people and organizations to evaluate patterns of
information dissemination and cooperation within networks; or (3) evaluating and quantifying
the economic impact of social capital.

2.4 Consideration of SC Visualization by MAS

The following practical problems exist with SC visualization: (1) subjective factors and cultural
differences must be taken into account, (2) quantified indicators do not capture the whole picture
of SC, (3) the concept of SC is complex and multifaceted with calculative and non-calculative
aspects coexisting. From the above, we thought it was not easy to observe the actual values of
SC.

On the other hand, however, as mentioned in section 2.2, SC is defined as invisible social con-
nections and resources, such as trust, networks, and cooperative relationships among people and
organizations. If so, creating, modifying, or eliminating SC is theoretically possible by provision-
ing two or more objects that behave as defined SC. We thought that the whole SC in the real
world might be visualized by preparing the same number of such objects as in the real world.
Therefore, instead of using a specific case and its environment in previous studies, we focused
on the individual, the smallest fundamental unit that makes up the SC, and began considering
using MAS to achieve this.
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3 Overview of MAS

3.1 Purpose of MAS

MAS is a method of modeling and simulating the behavior of multiple agents in a particular
environment through their interactions. The agents, such as human beings, trains, buses, and
buildings can be installed as visible objects, and control systems, natural phenomena as invisible
objects. MAS is used in various fields, including society, economy, environment, engineering,
and computer science, as an essential tool for understanding complex problems in the real world.
As for examples of MAS applications, it can address many problems, including urban traffic
congestion, evacuation behavior during disasters, formation of social norms and ethical behavior,
competitive and cooperative strategies, market interactions, and price formation.

3.2 Problems with MAS

MAS has the following problems.

(1) High computational load: The calculation load becomes high by interacting with multiple
agents. The bigger the agent number, the longer the simulation time.

(2) Validity of modeling: MAS can model complex phenomena, but verifying whether the model
is valid is difficult. Field experiments will be required to examine the model.

(3) Difficulty in predicting agent behavior: MAS agents are subject to random elements and in-
fluence from other agents, making it difficult to predict their behavior accurately.

(4) Difficulty interpreting results: Specialized knowledge is required to interpret simulation re-
sults. In addition, when the results differ from expectations, it isn't easy to find the causes.

3.3 MAS Application Field and Trend

3.3.1 Changes in MAS application over 30 years
MAS is applied to various fields, including society, economy, environment, engineering, and

computer science. We counted the number of papers from the 1990s to the present by entering
the following keyword in Google Scholar™ databases in Table 1.
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Table 1: Fields of application of MAS over 30 years

n Num. of n Num. of
Field Keyword Concrete Examples Field Keyword Concrete Examples
paper paper
Policies Tax policies on society 1208 Plant Schedule Management 5541
Urban Disaster and other . q
Development buildings 5183 Transportati Goods transportation 5416
on planning
War Military strategies 1324 Engi
ngineer i i
Society Crime Predicted crime rates 535 9 Mobility Congeesat::::;se (= 3210
Plague Prediction of epidemics 997
i P isi Electricity D d
Human Ethical behavior decisions 4697 Energy ecF;féc‘;stﬁ:;an 5408
Ccrowd Evacuation behavior
5 during a large-scale i ificial li
e gdisastger 199 Artificial life Evoluhonfgi;rsnﬁaal life 1624
Pri I d
Market rlcez,ei:lg:dy an 4321 AL Learning, C(;Tpetition by 6739
Economy Stock forecasting and
Investment .
nvestmen trading S Computer Roboti Collective action and
- . : obotics h 2736
Business Market entry or exit 6647 science armony
Ecosystems Population dynamics ilibri
Y p yi 1780 Game Strategy or equilibrium 1972
Environm Climate Climate change action 2455 ROt
ent Disaster Tsunami Prediction i
: : " 2025 Security Threat analysis of 4365
Pollution Air and water pollution 1472 (EEETGS

The pie chart on the left in Figure 3 shows the ratio of the total number of papers and the figure
on the right shows the change in the number of papers on a five-year basis.
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8000
Engineer
6000 — Computer science
== Society

=~ Economy R4
4000 Environment R4
Engineer 1
(27%) 2000
0 = « ¥

1991- 1996- 2001- 2006- 2011- 2016-
Year
(a) Ratio of number of papers (b) Change in number of papers

Figure 3: Total number of papers and change

There was a trend of increasing research using MAS in all fields, and the increase in engineering-
related papers was observed around 2001 and has surpassed that of computer science since 2006.

3.3.2  Technical Singularity of MAS

As mentioned in 3.2, one problem with MAS is the high computational load, which can be miti-
gated by increased computer resources. The scalability of the number of agents and the simula-
tion speed in MAS improved as the PC clock speed and amount of memory increased. In a 64-
bit Operating System (hereafter referred to as OS), the upper memory capacity could exceed four
terabytes, more than 500 times larger than 32-bit OS. Comparing the ratio of the number of news
headlines among "Multi-Agent Simulation," "64-bit OS," and "32-bit OS" by Google Trend, we
supposed that the transition from 32-bit OS to 64-bit OS started in earnest around 2004-2006,
and as a result, MAS came to be favored by the advent of high-performance PCs.
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Figure 4: Relationship between MAS development and OS changes

Furthermore, examining the amount of memory installed in a notebook PC series, we found that
the rate of memory growth increased significantly around 2005.

M cPU HDD Ml

emol
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Figure 5: Changes in the amount of memory installed in notebook PCs

As aresult, MAS, which used to be performed using a small number of agents, can now be per-
formed on a real-world scale, and research on MAS in engineering has increased.

3.4 Considerations on Human Agents in MAS

We have surveyed papers since the 1990s focusing on human agents with built-in autonomous

behavior algorithms. Below is a summary.

(1) Before 2000, a small number of human agents were used; however, the number of agents
increased in the study, which focused on some areas such as "group psychology."

(2) Some behavioral psychology studies using human agents were on strategic planning against
natural or artificial disasters or terrorism. However, the spaces were small, such as in a room
of a building or part of a town.

(3) Human agents were often used as experiments and validations for research into psychologi-
cal patterns. More than 15 psychological models were in the papers, including the "Tragedy
of the Commons" and "Cognitive Map."

(4) However, the so-called "standard psychological model for human agents" does not exist yet.
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3.5 MAS in the Urban/Transportation Field

3.5.1 Characteristics of MAS in the Urban/Transportation Field

The left side of Figure 6 shows the number of papers for MAS objects (freight or passenger) in
urban/transportation, and the right side shows t the number of papers for passenger transportation
(business or private) every five years.
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1400 S
1200 E f 400
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(a) Freight v.s. Passenger (b) Business vs. Private
Figure 6: Number of papers in the urban/transportation field

The number of papers including "passenger" is smaller than that of "freight," however both have
been increasing steadily and not only the number including "business travel" but also "private
travel" have been growing. This trend may reflect the recent increase in shared or on-demand
mobility services.

3.5.2 Relationship between MAS and GIS in the Urban/Transportation Field

Focusing on GIS, we examined studies using MAS since the 1990s and identified the following

trends.

(1) Until 2000, GIS-based MAS was used for small-scale virtual towns and did not take the real
world.

(2) From 2001 to 2005, MAS began to be applied in various fields. The development of MAS
in a wide variety of fields, such as power plants, population, agriculture, etc., became more
prominent.

(3) From 2006 to 2015, MAS applications came to focus on "urban transportation,
ment," and "energy." With the advent of Google Maps™, OpenStreetMap™, etc., real-world

nn

environ-
urban/transportation could be handled on maps.
(4) Since 2016, models of agent behavior have become more complex. Vehicle movements now

consider not only the "shortest distance/time" but also psychological behaviors such as driver
and pedestrian "personality."

3.5.3  MAS Simulators used in Urban/Transportation Field

Figure 7 compares the number of MAS simulators used in the field of urban/transportation papers
since the 1990s.
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Figure 7: Comparison of simulators in urban/transportation research papers

MATSim [11], SUMO, TRANSIMS, and VISSIM™ are the most popular MAS simulators.
NetLog and Anylogic were also popular, but the percentage of applications in the urban/trans-
portation field was less than 50% in each case.

4 Consideration of MAS for SC Visualization

This chapter describes the visualization of SC by MAS, based on the discussion in Chapter II1.

4.1 Advantages of using MAS for SC Visualization

We believe the following benefits are possible when using MAS to visualize SC.

(1) Individual agent characteristics: Attributes such as the agent's socioeconomic status, educa-
tion level, values, etc. can be incorporated.

(2) Interactions between agents: Relationships between agents (friendships, family relationships,
workplace connections, etc.) can be modeled to simulate how these relationships contribute
to forming SC.

(3) Network structure: The topology of social networks, e.g., the patterns of connections be-
tween agents, can be modeled to explore the factors that influence SC.

(4) Change over time: It is possible to track how agent behavior and network structure change
over time.

(5) Policy impact: Simulating how a particular policy or intervention affects SC is possible..
Thus, by using MAS to visualize SC, researchers and policymakers can better understand
the interplay of various factors in the formation and maintenance of SC.

4.2 Problems of using MAS Simulator for SC Visualization

4.2.1 How to use Versatile MAS simulator

Figure 8 shows illustrates how to use versatile MAS simulators, widely used in urban planning
and transportation studies.
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Figure 8: How to use versatile MAS simulator

Versatile MAS simulators work as a framework for day-to-day activity-based simulations. The
simulation process involves setting conditions, performing calculations, and outputting results.
Various aspects like the environment, human behavior, vehicles, and algorithms can be
configured and evaluated. The road network is made up of links and nodes, and agents move
through this network following predefined action plans.

4.2.2 Problems of Versatile MAS Simulator

Most versatile MAS simulators are designed for simulations spanning hours or days, with agents
typically representing vehicles on roads. However, when dealing with scenarios involving organ-
izational structures, human relationships, or aspects like SC and SWB influenced by human com-
munication, it becomes necessary to create human agents and modify the core framework or add
custom code using APIs. Consequently, it is difficult for a versatile MAS simulator to handle SC
and SWB without extensive modifications.

4.3 Exploring SC Visualization in MAS for Urban/Transportation

The following trends were identified in studies using MAS since the 1990s, focusing on SC and

SWB of drivers, passengers, and other mobility agents.

(1) Until 2005, no study combining "mobility" and "psychological modeling" appeared, presum-
ably because the use of GIS software was difficult due to computer resource constraints.

(2) Since 2005, realistic MAS has been conducted with the same number of mobility and pas-
senger agents as in the real world. However, the number of SC applications that use psycho-
logical models has been negligible.

(3) Inrecent years, most agents have used physical models. However, few applications use psy-
chological models.

Versatile MAS simulators in urban and transportation face complexity problems with agent de-

scriptions. Agent configurations are often static, typically defined in a specific format, e.g., XML.

Whereas this defines specific agent behaviors, it struggles to capture complex agent interactions.

The agents find it difficult to autonomously change based on their own SC or be influenced by

others to update their SC. Given these difficulties, it is clear that new simulation concepts and
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simulators with innovative functions are necessary for effective SC visualization and SIB evalu-
ation.

5 Social Impact Simulation (SIS)

This chapter describes SIS based on a new concept different from MAS in the urban/transporta-
tion fields.

5.1 Overview of Social Impact

Social impact is the short- and long-term social and environmental output and outcomes that
result from a project or activity. Social impacts have included the spread of the Internet and the
realization of social networking services. Social impacts are also expected to expand into various
fields such as environment, economy, politics, technology, education, health, and wellbeing. Fig-
ure 9 illustrates social impact from an evaluation perspective. Evaluation of existing social activ-
ities is measured in terms of money, quality, and speed, to increase assets and expanding business.
On the other hand, social impact is measured in terms of the overall picture of the problem, future
projections, promotion of social equity, and decision-making support for measures.

Social Values(so far) Social Impact Values (from now)
Purposes Money, Quality, Speed Resolving Social Problems
Expected Capital increase, Overviewing problems, Forecasting the futures,
Effects Expansion of business Assisting in decision-making,
\
o8 [ ] N
\
6 Investment Q ﬁm ’ﬁ £ % \
Transporta Declining, Well-  Govern AN

s tion birthrate | being ment Ay

o laa & IH'\II\\.’
4 ¥ brojent ' é)/i %_D‘J a_a Evaluag)n
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oyment work council ,/

QSaI?s Products, .0:0. k 'ﬁ _" /!
_Ii Services o mr ,'
Revitalization / Sick’ Move Jomt venture’
Outputs Outcomes

Figure 9: Values of social impact

5.2 Problems of Evaluation of Social Impact with MAS

Versatile MAS simulators can generate a virtual social space, experiment with agents, and obtain

the outputs. However, outcomes are not easy to get. The reasons for this are listed below.

(1) Modeling of agents.: Treating agents as simple moving targets without emotions is insuffi-
cient. The diversities and irregularities of real-world humans must be understood and re-
flected when modeling agents' decision-making processes and behavior patterns.

(2) Behavior of agents: Treating agents as passive objects responding to physical constraints is
insufficient. It is necessary to understand how agents interact with each other over time and
are affected by other agents.
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(3) Scalability and flexibility of agents. 1t is insufficient to place and move many agents over an
extensive map. Simulation time and computer performance must be addressed when gener-
alizing simulations to larger scales, such as social problems. In addition, the interaction of
agents and the social environment will require the design of highly flexible agents, such as
creating and disappearing agents and other objects during the simulation.

5.3 Purpose of Social Impact Simulator (SIS)

We decided to design a "Social Impact Simulator (SIS)" to address the issues discussed in the
previous section. This simulator aims to get both outputs and outcomes, as shown in Figure 10(b).

(1) Set initial conditions
(traffic, speed, etc.) and
put people and cars into
the simulator.

(1) Set values for each
agent and put them into
the simulator.

(2) Agents influence
each other, and
individual psychology
keeps changing.

(2) Setting conditions
(roads, buildings,
services, etc.) are fixed
(3) The behavior of
people and vehicles does are built due to

not interfere with each psychological interference g
other (except for traffic, between individuals.

etc.) (a) Versatile MAS Simulation (b) Social Impact Simulation

(3) Facilities and services

Figure 10: Coverage of SIS

In SIS, the values of various individuals are put into the agents. The agents influence each other,
and their impact visualizes psychological and social changes. This is to visualize and quantify
not only the efficiency of transportation and mobility but also individuals' emotional and social
changes.

5.4 Requirements for SIS

Table 2: Requirements for social impact simulator

Item Problems Design Requirements
(1) Mechanism agent framework and its layers that link Social
1 Modeling of Capital of mobility to Subjective Well-Being of mobility.
agents (2) Methods to perform specific calculations at each framework layer
described above (1).
i (1) Situations of influence among agents and the concept of
2 Bzhae‘g?.:-Of interaction of these influences.
9 ’ (2) Layers to be interacted with and specific methods of interaction
Scalability and | (1) Logically valid agent data generation methods
3 flexibility of | (2) Design policy for a simulator engine running a large number of
agents: agents

As for the modeling of agents in Table 2, it is necessary to clarify the environment surrounding
the agent, the agent's qualities, and the structure of the agent's SWB and to put them into a com-
putable method that a simulator can handle. As for the behavior of agents in Table 2, it is neces-
sary to specify how agents affect or are affected by encounters between agents and then drop
them into a computable method. As for the scalability and flexibility of agents in Table 2, gener-
ating a large amount of agent data is necessary. However, these agents require methods of gen-
erating agents that do not simply use random numbers or fixed initial values but use existing data
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without changing the data trend. It also involves computing methods for running such a large
number of agents.

5.5 Objectives of SIS

The social impact is to simulate whether the modes of transportation and the results of that trans-
portation in a given region give people a sense of well-being and satisfaction. Many studies have
shown that people's daily travels contribute to their health and, in turn, reduce health care and
social security costs [12][13]. Some studies have shown what kind of city transportation service
satisfies the community. Still, as noted in 2.3 above, few have attempted to design and estimate
it quantitatively. The purpose of the simulation in this study is to answer questions such as, "How
much value does the 'transportation service' give to the city's people now?" "What will happen if
the transportation service in this city is left as it is?" and ""What measures can be taken now?”

5.6 Modeling of Agents

5.6.1 Two Elements of SIS

SIS consists of the following two elements.

The first element is environments, which consists of two components, BE and SC. BE is the
overall environment that humans have constructed and developed, including buildings and infra-
structure. SC is a concept that refers to resources and elements associated with people and social
connections, such as social ties and relationships, trust, cooperation, communication, and empa-
thy [14][15][16].

The second element is agents. The agents may appear more likely to achieve SWB through im-
proved mobility. However, that is not necessarily correct because it depends on individual be-
havior and activities.

Therefore, we decided to introduce a component, "Subjective Mobility (hereafter referred to as
SM)" [17] [18], including three subcomponents, "mobility for individual," "behavior of trips and
travel," and "activity for satisfaction." These three subcomponents are fundamentally based on
individual values, behavioral principles, and policies, and they also interact with and influence
each other with BE and SC. Figure 11 illustrates these relationships in a layer diagram.

Subjective Well-Being(SWB) @
Safety and Security Sense of achievement Q Many acquaintances

1
Q_ IIIEIIIEI- Activities for Satisfactions §'€% )
Many facllities, stores Friendsat gym, park
1

Many pa; hways lﬁk i Behavior of Tﬁ& Travel "V‘ Talking on bus, at stop

I Easy-to-Move Pubﬁléa MOblllty for Individual §mlly and friends to
Trans;iorti T SubJectlve MObIlIty(SM)i T assist with transportI

Built Environment(BE) Social Capital(SC)

I
1
1
1
L.

Figure 11: Layer diagram
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SM is affected by both BE and SC. For example, "good public transportation, and easy to get
around" or "family and friends who drive me around" improves mobility for individuals. The
behavior of trips and travel is affected by mobility as well as by BE. For example, many pathways
increase freedom of choice. The behavior of trips and travel may also create a sense of commu-
nity and communication through encounters during travel, which may affect SC. The activities
for satisfaction are affected not only by BE but also by the behavior of trips and travels. For
example, more facilities like stores, will naturally increase activity and satisfaction. The activities
of satisfaction also encourage interaction among individuals by increasing the frequency of ac-
cess to specific places. This will contribute to the improvement of SC.

5.6.2  Methods in the Layer Diagram

We considered the methods needed in each layer in Figure 11 to the agents in SIS. An overview
is shown in Figure 12. Here, methods are the ability to interact with other agents and access their
data.

Short-term Long-term
. N[ N N[ N N\
[ Social/ Autonomy/ Stress/ Comfort/ Safety/ _{ Health ]
Fun J Self-Control LU Burden L Convenience JU Security )
Tourism, Shortcut, Short time, Molesters, Crowded, Late Accident disaster-
Amusement Driver fights Arrivals, Seats free

Layer of Subjective Well-Being(SWB)

Motivation to Finance to || Hazard to
mobility(t) mobility(t) || mobility(t) —
BE capabilities Adventure/Ro  Maintenance/Par Accidentrate, sc Ca'?abllltles
provided by the utine/Escape king/Train fee Weather provided by
area Skill to Object to be inf:rf;'i’on
(Ing, lat, t) mobility(t) mobility(t) (Ing, lat, t)
Driving/Smartphone Partner/Friend/Infant/Elder 9, o
Layer of Subjective Mobility(SM)
Layer of Built Environment(BE) Layer of Social Capital(SC)

Figure 12: Methods of each layer

The layer of SWB implements methods of destination entertainment, mobility, self-determina-
tion, stress reduction, convenience, comfort, safety, and health. The layer of SM implements
methods for mobility motives, mobility funds, mobility risks, mobility skills, and mobility targets
based on information obtained from the layer of BE or SC methods and the agent's personality.
The layer of BE implements methods related to the environment provided by the area's location.
In contrast, the layer of SC implements methods to create or extinguish by SC through human
communication. This method is discussed in detail in 5.7.

All methods' outputs change with the time parameter (t). The time parameters reflect agents'
physical strength, energy, family structure, interests, financial resources, etc., and change with
age. The outputs of the layer of BE also may continue to change with the environment. The
outputs of the layer of SC also need to be reflected by changing the area's characteristics.

5.7 Behavior of Agents

This section describes the interactions that can occur when an agent performs communicative
actions with another agent on the simulator.
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5.7.1 Interactions of Agents

As explained in 5.6.2, the layer of SM is a function of interpreting BE and SC into SWB. The
methods of the layer of SM have various attributes, which not only determine SWB thought mo-
bility but also have the potential to influence the other agents. For example, a daily observed
phenomenon in our society is that people with high BE or SC potential influence people with low
one. SC gives a person's SWB. In addition, the person is also affected through SC or SWB of
itself and others [19][20]. It means that each agent is the "inducers" that affect others, and other
agents are the "receivers" affected by others simultaneously.

5.7.2 Imitation Strategy

Imitation strategy involves individuals observing and adopting the successful behaviors of others,
avoiding the need for personal experience or trial and error. This strategy is found in applications
of evolutionary game theory, social sciences, and ecology. In MAS, the strategy is used as an
interaction method, often implemented using the Pairwise-Fermi method [21], which is defined
based on agent distance or similarity.

V(l, ]) = —A S(l, ]) d(l, ]) ................................. (1)

V(i, j) represents the interaction potential between agents i and j, A is a constant that controls the
intensity of the interaction, S(i, j) represents the similarity between agents i and j, and d(, j) rep-
resents the distance between agents i and j. The following equation is used to calculate the prob-
ability that agent i imitates agent j's strategy (strategy imitation) (Equation (2)).

1
T ITIIIIN e eeeee e 2
)

pl(_] B 1+exp( p

7 represents the gain from strategy implementation, with k indicating sensitivity to gain differ-
ences between agents, typically set at 0.1. Considering « as an individual's mobility potential, the
values from Figure 12 can express the impact when an agent with a high potential SM interacts
with one having a low potential SM. SM is subject to constant fluctuations due to various factors,
including negative ones like long-distance travel and loneliness, and positive factors like robust
transportation infrastructure and local communication relationships. The concept of imitation
strategy in SM is shown in Figure 13.

& &

Long walking Loneliness

Subjective
Mobility

Subjective
Mobility

—ﬂ'

........

/

\\ ’ k\_;
always-on updates Q @ @Q always-on updates
o Q

Talkers as Inducer or Receptor

Figure 13: Imitation strategies with talking
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Suppose the values of each function specified in Figure 12 are considered, for example, as three
discrete strategies. In that case, these strategies can be represented in a state transition diagram
like Figure 14.

In previous studies, SC has been calculated quantitatively using questionnaires, social network
analysis based on such questionnaires, and economic indicators. In contrast, the method used in
this study, in which agents are created on a computer, encounter opportunities are generated, and
SC is calculated using the Pairwise-Fermi method, etc., is considered new and highly novel.

SM {~SM(t) « SM(t) + C, (With probability P,)

Strategy A -SM(t) < SM(t) - C, (With probability (1-P,)

sM J -SM(t) < SM(t) + C, (With probability P,)
Strategy B -SM(t) < SM(t) - C, (With probability 1-P,)

Middle values of SM(t

SM {-SM(t) « SM(t) + C. (With probability P,)
e

Strategy C Update|_*SM(t) < SM(t) - C.(With probability 1-P,)

Small values of SM(t) kc/

Figure 14: State Transition Diagram of Imitation Strategies by SM

Figure 14 shows how the imitation strategy changes due to influences concerning others' SMs
and the values obtained from the SM.

5.8 Scalability and Flexibility of Agents

SIS differs from MAS in that it measures both individual and community by agents. Therefore,
it requires the preparation of many agents that correctly reflect humans with different standards
of behavior in the real world. Two generation methods are described below.

5.8.1 Methods to Create from Statistical Data

This method generates agents using information from the actual area to be simulated.

For example, the number of people in the target area is surveyed, and agents are generated for
that number of people. For example, in Figure 15, the number of agents and generations can be
derived as the number of people from the area. In this case, however, the problem remains that it
is impossible to set the details of each agent, and some conditions must define each agent's per-
sonality.

Target Gender Number Condition
Single and female 12,644
Parent 20-49 Male 14,137
Office workers
i female 2,905
3 Middle 50-64
10-minute y = Male 4,847
Walk Area | female 2,425 i i
b S Elder 65- , Married cc_):ple in
e Male 2,335 same residence

Figure 15: Number of agents and conditions
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5.8.2 Methods to Mass-Product from Existing Analysis Data

Interviewing many subjects is impractical and raises privacy problems. To address this, we pro-
posed a method using pre-existing analyzed values. Worldwide published papers contain ques-
tionnaire results and their analyses, revealing community characteristics. We explored the possi-
bility of reverse-engineering agents from these results. If solved, this approach enables (1) creat-
ing numerous agents mirroring questionnaire and analysis outcomes, (2) avoiding privacy prob-
lems, and (3) forming a group of agents that combine multiple questionnaire results. We at-
tempted to achieve this using GA. Figure 16 shows an overview of this algorithm.

Generate initial survey group using &% ..'. ...
random numbers ' O

02
Statistical calculations are performed

for each group

— .

— ) Blge[Dess
" o Did a group occur that produced
" the same results as the original Original .. Statistical Analysis
— statistical results? statistical e e @ and Genetic

T analysis Algorithm(GA)
results
A Paper including Selection, selection, and mutation of
original statistical populations by genetic algorithms o .o o (]
analysis results T .| 1 .1 [BY' /frAm

Successfully created group reflecting
the original statistical analysis results

Figure 16: Mass produce agents using GA

We first surveyed twenty new employees to test the above algorithm's effectiveness. Respondents
were asked to answer their work problems on a 5-point scale (1: not applicable to 5: applicable),
and a factor analysis was conducted on the results (Figure 17).

. . Results of Factor Analysis
Please answer the following questions on a 5-

2 v 0 P [[-0.19639382 0.91713623]
point scale (1: not applicable to 5: applicable) @ ¢ | r— [ 0.8594216 0.06741317]
Q1: Lots of overtime work 4 — E 82215533 00515%1619‘1138%5]]
Q2: Unfulfilling work o 1 "‘ - [ 0.98406059 -0.06360761]
Q3: Low salary LA E TN

Q4: Little time off or difficulty in time off. —

Q5: Lack of prospects for skill development ga‘::ti?;zloigztzl?zzn"n"“]]

6: Large workload
87' I ar?1 not allowed to do the work I want Survey results for ~Factor e e L)
Q8: Poor interpersonal relationships 20 newcomers analysis 0.4015 0.6470 #Accumulation rate

[ 0.18076515 0.85007755]
[ 0.68074324 -0.06447975]

Figure 17: Questionnaire and factor analysis for new employees

The variables that were found to be strongly correlated with the first factor were x2, x3, x4, and
x7, which represent "low motivation," and the variables that were strongly associated with the
second factor were x1, x4, and x6, which mean "working hours." Using the values of this factor
analysis, we attempted to generate 200 people and 2,000 agents using the algorithm in Figure 16,
which leads to the same questionnaire results as the factor analysis results. The GA used in this
study was based on the tournament method [22] with 1600 integers from 0 to 4 (for the generation
of 200 individuals) or 16000 genes (for the generation of 2000 individuals), 100 chromosomes,
a cross-incidence rate of 0.8, and a mutation rate of 0.3 (Figure 18). The machine was Windows
11 (64bit), AMD Ryzen 9 4900H 3.30 GHz processor, and 32.0 GB implemented RAM. The
language used was Python 3.8.10.
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Number of solution combinations

Results of Factor Analysis Repeat |9|13]4|24] 1jo0l M 51600 = 2 2 x10Q1118
[[-0.19639382 0.91713623] TNal e e 516000 = 3 3 x1(Q11183

[ 0.8594216 0.06741317] ~ P -

[ 0.82915533 -0.16114395] e T T . p—
[-0.0178083 0.55869489] For several minutes | e

[ 0.98406059 -0.06360761] EEEEEEEEEs to several hours "‘ =

[ 0.18076515 0.85007755] |:> I 99

[ 0.68074324 -0.06447975] OO0O000000

[ 0.53203877 0.22102304]] ooooooooo =100 chromosomes

Factorl Factor2

3.2125 1.9634 # Sum of squares .

0.4015 0.2454 #Contribution rate 1600/16000 genes Factor fit rate
0.4015 0.6470 #Accumulationrate  (for 200/2000 agents) of 99% or more

Figure 18: Generation of agents matching factor analysis results

In creating data for 200 people, we measured the Euclidean distance from the original statistical
analysis results and created survey results with 99% agreement in the 569th generation and 99.4%
agreement in the 918th generation. In addition, for 2000 respondents, it was found that 99% of
the data could be generated in the 5500th generation and 99.9% of the data in the 9141st
generation. The time required for one generation was about 2.0 to 3.0 seconds. Thus, we have a
prospect of mass-producing many agents that reflect the original statistical analysis result.

5.8.3 Self-Lifetime Management of Agent

As mentioned in 3.2, MAS avoids the overhead of subsequent processing by reserving an amount
of memory for agents in advance. In SIS, (1) neither the number nor the type of agents should be
fixed in the initial state, and (2) the timing at which agents appear or disappear constantly changes
due to interference from other agents and the environment. It also assumes (3) the entry from
external systems, like joining from a real user's smartphone, etc.

Hence, it is desirable that the simulator does not manage all agents but is configured so that each
agent manages its occurrence and state update.

To achieve these, we designed a "one thread for one agent" method that uses lightweight threads
"goroutine" provided by the runtime library of Go language [5]. Compared to general threads
(such as threads in the Java™ language), a goroutine requires less than 1/1000th (a few KB) of
the stack memory. Although Java™ has an upper limit of about 1000 threads in effect, Go lan-
guage can have tens of millions of threads, which is enough to launch all the agents of a social
simulation, and has a small start and stop overhead, allowing for concurrency parallel processing.

6 Applications of SIS Simulator

This chapter outlines application examples of the Social Impact Simulator based on the previous
chapter’s contents.

6.1 Simulation for Park-PFI Operators
Park Private Finance Initiative (hereafter referred to as Park-PFI) [23] is a procedure for selecting

private operators to establish or manage park facilities such as restaurants and stores through
public solicitation. Suppose the revenue generated from the facilities installed by the operator is
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returned to the park. In that case, the operator is given incentives such as relaxing the maximum
building coverage ratio for newly installed cafes, stores, and other facilities.

In this simulation, in the area shown in Figure 15, to stabilize the PFI business by increasing the
income of the Park-PFI operator, we tried to see if the number of park visitors could be improved
by holding weekend events in the park, enhancing SC to promote interaction among residents,
and increasing SWB (entertainment and health). We attempted to see if the number of visitors to
the park could be improved by holding weekend events and enhancing SC that encourages inter-
action among residents.

The left figure in Figure 19 shows the methods used in each layer of the agents in this simulator.
The upper right figure in Figure 19 also offers an overview of the Park-PFI project and the tar-
geted simulation area. The lower right figure shows the simulation's results. Thanks to this sim-
ulation, we could quantitatively estimate new findings, such as that regular park events effectively
attract visitors or that improved visitor attraction on weekends contributes to increased visitor
attraction on weekdays.

SOCiaI/ + : '
Fun ‘ :
Layer of SWB 5 3
i Profitabl® facilities 10-minute A
! Walk Area ! 7

" Public |
par!(

Motivation to [Ceublic Revenue i Reveniedfprivotecapital ] i TR
mobility(t) (b) Park Private Finance Initiative
Layer of SM [ Cafe only ] Pezors:n [ Cafe + Weekend Events ] Pe!zgns
vi/s;t;;s Visitors after 1800 days V'/séta'fs Visitors after 1800 days
BE SC
capabilities capabilities 1
(Ing, lat, t) | | (Ing, Iat, t) il

Layer of BE Layer of SC
day
(a) Methods of each layer (c) Customer Attraction Effect

Figure 19: Overview of simulation for Park-PFI operators

7 Discussion

7.1 Insight from the Evaluation

In this paper, we attempted to analyze a new approach to calculating social capital using our
method, which performs the calculation using multi-agent simulation. From the validation of
Park-PFI in Chapter VI using this approach, we believe that this method has achieved specific
results for calculating social capital.

7.2 Methodological Contributions

This paper adopts a new approach, whereas previous studies have relied primarily on analyzing
questionnaire results from a small number of subjects based on the empirical findings of ex-
perts. Earlier methods were time-consuming, expensive, and difficult to reuse the results. How-
ever, this study uses the same number of agents as the real-world population to simulate the
daily behavior of agents over five years. Although this approach is time-consuming to simulate,
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the case in Chapter VI was completed in a few dozen hours on a personal computer, demon-
strating that it is cost-effective.

7.3 Impact to Industries

Calculating and predicting social capital based on subjective well-being (SWB) has become es-
sential in modern society. In particular, as SWBs are strongly related to people's physical and
mental health, this study will be helpful in the healthcare, medical, pharmaceutical, nursing,
food, and life insurance industries. It will also reduce long-term care insurance costs among so-
cial security budgets. While the simulation approach presented in this paper does not guarantee
the formation of current or future social capital, it does provide the industry with a means to
consider policies before fully implementing them. This approach helps policymakers make
more informed choices by building predictable future scenarios.

8 Conclusion

This paper examines social impact simulation (SIS) that calculates the outputs and outcomes of
social impact as one method of expanding the market for social impact bonds (SIBs) to solve the
problems facing capitalism today. Social capital (SC), one of the factors for SIB evaluation, is an
invisible social connection and resource such as trust, networks, and cooperative relationships
among people and organizations, which are difficult to observe and predict. For such "visualiza-
tion of SC," we focused on the "individual," the smallest fundamental unit that constitutes SC,
and decided to base our research on MAS, which handles a large number of individuals as agents
and enables "visualization" of social phenomena as a whole.

First, we surveyed papers from the past 30 years on the use of MAS. The results show that the
number of papers and interest in MAS increased from 2001 to 2005. This was brought about by
the advent of 64-bit operating systems on PCs and the associated increase in resources that ena-
bled PCs to provide the computational power to deploy MAS simulations from the experimental
and verification level to the real world. It was also found that versatile MAS simulators, which
pre-describe agent attributes and behaviors and realize agent movement and interference through
time-based iterations, have difficulty incorporating agent characteristics and personalities and
calculating SC and SWB.

Therefore, we decided to modify the existing MAS from three perspectives to realize SIS. By
"modeling of agents," we showed that layers of BE, SC, SWB, and SM were inserted between
them and placed methods that could serve as a basis for computing the mobility literacy of an
agent. In addition, as "behavior of agents," we incorporated imitation strategies and proposed a
specific computation method using the Pairwise-Fermi method. Furthermore, regarding "scala-
bility and flexibility of agents," we devised a technique for mass-producing agents using GA and
a method to autonomously generate agents to annihilate themselves using lightweight agents in
a programming language. An example was used to demonstrate that this simulation can contrib-
ute to the visualization of SC of individuals and society.
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9 Future Work

In this study, we presented a method using GA for the mass production of agents. We plan to
consider what constraint functions should be used and what chromosomes should be modeled for
mobility information.

We also plan to study how to implement SIS developed in this study to versatile MAS simulators
in 3.5.3. The versatile MAS simulators are multifunctional and have been used and trusted for a
long time. Such implementations will enable many people, especially decision-makers in gov-
ernments, to use it to visualize SC and social impact easily.
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