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Abstract: This study constructs an agent-based model suitable for analyzing the propagation of
economic shocks based on a macroeconomic agent-based model structure that covers major economic
entities. Instead of setting an upstream and downstream structure of firms in the inter-firm networks,
our model includes a mechanism that connects each firm through supplier—-customer relationships
and incorporates interactions between firms mutually buying and selling intermediate input materials.
It is confirmed through the proposed model’s simulation analysis that, although a firm’s sales volume
temporarily falls due to an economic shock of the type that causes a sharp decline in households’
final demand, the increase in assets held by households as they refrain from spending rather expands
their capacity for consumption. As a result, after the economic shock ceases to exist, the firm’s sales
volume tends to be even greater than that of the preceding periods of the shock. Furthermore, we
found that when the sales volume of products in a final consumer goods sector falls during the shock,
the falls in sales in the non-final consumer goods sectors are suppressed due to replacement demand,
and the increase in sales volume for the non-final consumer goods sectors is moderated after the
shock ceases to exist.

Keywords: agent-based model; macroeconomic simulator; supplier—customer network

1. Introduction

The real economy has been experiencing various economic shocks of varying mag-
nitudes of impact, such as a sharp increase in the inflation rate in 2022 and an increase in
policy interest rates in various countries. These economic shocks spread through various
channels. Because economic shocks can potentially affect our real lives in various ways,
it is important to develop an analytical framework capable of accurately capturing the
propagation of a shock’s effects. The agent-based model (ABM) is a modeling method that
can represent the interactions of agents in minute detail Dawid and Gatti (2018) and has
been used in a wide range of economic and social analyses Haldane and Turrell (2018).
The motivation of this paper is to construct an ABM that can be used to analyze various
real-world problems involving shocks.

Two approaches can be used to analyze economic shocks using ABM: the macroeco-
nomic approach Dosi et al. (2022), van der Hoog and Dawid (2015), Delli Gatti and Reissl
(2022), in which models are constructed in a way that encompasses representative entities
in the economy, and in which models are constructed by narrowing the analysis target to
a specific area such as, for example, the corporate sector Hillman et al. (2021), Inoue and
Todo (2019). The latter approach, which narrows the analysis target to the corporate sector,
has been widely used in studies of the supplier—customer network (SCN) among firms,
particularly in the context of economic shock analysis. Each of these two approaches has
benefits and drawbacks. The macroeconomic approach has the advantage of being able to
analyze the various interactions among economic agents; however, it has the disadvantage
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of simplifying the attributes and behaviors of each agent when modeling. In particular,
modeling that broadly categorizes firms into two types, namely, capital and consumer
goods firms, and which is commonly used in macroeconomic approaches, may result in
the fixation of upstream and downstream firms in the inter-firm network, thereby biasing
the propagation of the impact of economic shocks. According to the world input-output
table (WIOT) and other sources, the trading relationship between industries is bidirectional,
and no single industry is always on the upstream side of the inter-industry exchange. As
specified by Reissl et al. (2022), who analyzed the effects of lockdown measures using an
input-output table, inter-industry networks create complex interactions. Meanwhile, an
approach that narrows the domain makes it easier to construct an elaborate model for the
domain under analysis, but it cannot capture interactions outside the domain.

To the best of the authors’ knowledge, few efforts have been made to construct mod-
els that combine the strengths of these two approaches Delli Gatti and Grugni (2022),
Di Domenico et al. (2022), Poledna et al. (2023). Delli Gatti and Grugni’s study Delli Gatti
and Grugni (2022) is one example, but their modeling of upstream and downstream firms
is very similar to the traditional macroeconomic approach’s modeling of capital goods and
consumer goods firms. The relationship between firm sectors in Di Domenico et al. (2022) also
retains an upstream and downstream structure of conventional models. In Poledna et al. (2023),
the SCN changes from time to time, and the inter-firm trading relationships are not pre-
served. Therefore, this study aims to design an ABM that combines the strengths of these
two approaches. We build a macroeconomic ABM that includes a mechanism in which
firms have SCNis that can be interconnected, and firm products are bought and sold as
intermediate input materials on the SCNs. The contribution of this paper is the develop-
ment of a macroeconomic ABS model that incorporates the concepts of inter-firm SCNs
and intermediate input materials, as well as providing a model that allows for a more
sophisticated analysis of the transmission of economic shocks through firm interactions.
The primary research question addressed in this paper is whether the incorporation of
concepts such as interactive inter-firm networks and intermediate input materials into a
macroeconomic model can reproduce reasonable simulation results and the propagation
of economic shocks. In the latter part of the paper, we verify the validity of the model by
checking its consistency with real economic data, and we confirm that a macroeconomic
model which can output appropriate results can be constructed even when the concepts of
inter-firm SCNs and intermediate input materials are introduced.

The remainder of this paper is structured as follows: Section 2 summarizes previous
studies and reviews the related literature. Section 3 follows with a brief description of the
model. Section 4 explains the simulation’s settings and results. Section 5 discusses the
simulation analysis. Finally, Section 6 concludes the paper with a summary of the study
and the findings.

2. Related Works
2.1. Macroeconomic Approach and Agent-Based Computational Economics

This section summarizes the previous studies that utilized a macroeconomic approach.
The use of ABMs in macroeconomic analysis has expanded over the past two decades,
and interest in ABMs has grown even more since the Great Recession Dilaver et al. (2018).
The term agent-based computational economics (ACE) is commonly used to describe
macroeconomic research that uses ABMs. According to Brancacciom et al. (2021) and Di
Guilmi (2017), research utilizing ACE from the perspective of post-Keynesian economics
has been conducted, particularly by combining the ABM with the stock-flow consistent
(SFC) model Godley and Lavoie (2007). The SFC model comprehensively and completely
integrates the real and financial aspects of the economy through the adoption of strict
accounting rules based on the quadruple-entry principle developed by Copeland (1949).
According to Ohno and Nishi (2011), the SFC model does not treat intersectoral economic
transactions as a black box, but rather incorporates them into the analytical perspective,
allowing for a more accurate understanding of accounting coherence. The SFC model is
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vigorously pursued in post-Keynesian economics. While the SFC model has many desirable
features, Caiani et al. (2014) and Kinsella (2011) pointed out several shortcomings of the
SFC model. The traditional SFC model divides the economy into major institutional sectors,
such as firms, households, banks, central banks, and governments, and is highly aggregated.
This perspective affects the tracking of intra-departmental flows and makes it difficult to
analyze the causes and effects of agent heterogeneity that occur within a sector or across
sectors. In this regard, agent-based models centered on the concept of the economy as a
complex adaptive system are helpful for overcoming many of these limitations.

Various ACE models exist, but Dilaver et al. (2018) identified three as representative
ACE models: (1) the Keynes meets Schumpeter model (K&S), (2) the complex adaptive
trivial system (CATS) model, and (3) the EURACE model.!

The K&S model, proposed by Dosi et al. in Dosi et al. (2006), Dosi et al. (2008), and
Dosi et al. (2010), combines the elements of Keynesian demand dynamism and Schum-
peterian innovation. It is characterized by an endogenous mechanism of technological
development. The authors of Dosi et al. (2022) constructed a model consisting of capital
goods firms, consumer goods firms, households, banks, the government, and the central
bank to analyze the impact of technological innovation on the working environment. The
model analyzes the impact of technological innovation as it spreads through a process in
which capital goods firms are the primary actors in technological innovation. The capital
goods firms provide goods manufactured by capital goods firms to consumer goods firms.
Delli Gatti and Gallegati developed the CATS model Delli Gatti et al. (2005, 2006), Dawid
and Gatti (2018), and their collaborators Caiani et al. (2016) proposed a benchmark model
for various analyses. The model structure is similar to that of the K&S model in that capital
goods firms’ customers are only consumer goods firms, and consumer goods firms only
sell to households. The EURACE is a massive model that aims to precisely replicate the
characteristics of the Eurozone economy Deissenberg et al. (2008), Dawid and Harting
(2012), Cincotti et al. (2010, 2012). The authors of van der Hoog and Dawid (2015) used the
EURACE model to analyze the impact of credit and liquidity regulations on the economic
growth rate. The Hooga model, similarly to the S&K and CATS models, divides firms
into two sectors, namely, capital and consumer goods sectors, with no customer—supplier
relationship between firms in the same sector.

2.2. Sector-Focused Approach

This section summarizes the previous studies that focused on the corporate sector and
dealt with inter-firm supplier—customer relationships. The authors of Hillman et al. (2021)
developed the CAB model for analysis of the new coronavirus outbreak and subsequent
economic stagnation. They employed a model designed for the corporate sector rather
than a macroeconomic approach. Attempts have been made to match the attributes of the
firm agent with various real-world firm data characteristics. The following are the main
features of the CAB model: (1) The attributes of the individual firm (firm size, production
capacity, industry, and financial status) are skewed. (2) Firms are connected through sparse
supplier—-customer relationships. (3) Firms interact through supplier—customer and credit
relationships (accounts receivable, accounts payable, etc.). (4) Firm behavior varies and
can be nonlinear based on expectation formation, productivity constraints, and irrational
judgments. Thus, the CAB model has the following implications: (1) The structure and
interactions among firms amplify or shape the robustness of the demand shocks. (2) Inter-
firm relationships and firm statistics influence economic dynamics. (3) Corporate chain
failures are rarely the result of a domino effect, but rather of the cumulative effects of
multiple shocks and supplier—customer relationships. The authors of Rahman et al. (2021)
developed a model for the face mask supply chain network and used it to analyze measures
to mitigate the impact of COVID-19 on product manufacturing and supply. The authors of
Inoue and Todo (2019, 2020) analyzed the propagation of shock effects through domestic
firms’ inter-firm supplier—customer relationship networks. Relationship data were used to
construct a model in which approximately 890,000 corporate agents were used to form an
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inter-company network and to study the propagation of shocks from natural disasters and
the effects of the lockdown of Tokyo on Tokyo and other areas in Japan. The author of Inoue
(2021) extended the model using a WIOT to analyze the impact of shocks on domestic firms’
exports and imports.

Instead of firm-level agents, some models subdivide the firm sector into many sub-
industries and use industry-level agents. The authors of Otto et al. (2017) analyzed the
effect of supply shocks propagating through the supply chain networks in global markets
using the model with country-industry-level agents. The authors of Guan et al. (2020) used
sector-level agents in global markets to analyze the impact of lockdowns. The authors of
Pichler et al. (2020) subdivided 55 industries based on the WIOT and used industry-level
agents to analyze demand shocks, supply shocks, and their combinations due to coronal
shocks in the U.K.

2.3. Advantages and Disadvantages of the Two Approaches

We outlined two approaches for analyzing the spread of shocks in the economy using
agent-based models; however, both approaches have advantages and disadvantages. The
ACE approach has the advantage of analyzing interactions between economic agents. How-
ever, its disadvantage is that the model’s overall structure is large and complex. Meanwhile,
each entity’s attributes and behaviors tend to be simplified. As an example of simplifica-
tion, the model structure used in the representative ACE model, which divides firms into
two categories, namely, capital and consumer goods firms, is considered a bottleneck in
analyzing the propagation of the impact of economic shocks. This is because capital goods
firms produce capital goods solely using labor power and sell them to consumer goods
firms. However, in reality, no firms manufacture products solely through the use of labor.
Furthermore, because capital goods firms do not use intermediate input materials, they are
always on the upwind side of the inter-firm supplier—customer relationship, which may
distort the propagation of effects among firms.

The approach that focuses on the corporate sector has the advantage of easily conduct-
ing precise modeling in the corporate sector, which is the inverse of the ACE approach.
However, its disadvantage is that it cannot capture interactions with other sectors. For ex-
ample, it is difficult to model the interactions among entities, such as changes in household
consumption activities caused by changes in household sentiments that perceive favorable
or unfavorable corporate activities, using only the corporate sector.

As explained in the Introduction, there are few researchers making efforts to construct
models that combine the strengths of these two approaches. The authors of Delli Gatti and
Grugni (2022) developed an agent-based framework characterized by two networks, a credit
network connecting banks and firms and a production network connecting upstream and
downstream firms, in order to analyze the macro-financial consequences of the disruption
of a supply chain. The structure of upstream and downstream firms is similar to the
structure of the traditional macroeconomic models with capital goods and consumer goods
firms. The authors of Di Domenico et al. (2022) developed a macroeconomic ABM in
which the corporate sector is divided into a mining sector that produces non-reusable
materials, a recycling sector that produces reusable materials, a capital goods sector, an
energy sector, and a final consumer goods sector, and analyzed the conditions under which
reusable materials are selected. The basic transaction relationships among sectors are
one-way flows of materials, for example, from the capital sector to the mining sector to
the recycle sector to the final consumer goods sector (except for the relationship between
the energy sector and the capital sector). In this respect, it can be said that this one-way
type of relationship is an extension of the relationship between capital and consumer goods
firms in conventional macroeconomic ABMs. On the other hand, the relationships in the
proposed model in this paper can be regarded as two-way types, and we believe this is
what makes the difference between the two models. The authors of Poledna et al. (2023)
developed a very sophisticated ABM for a small open economy utilizing the System of
National Accounts, business statistics, and input—output tables in order to forecast macro
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variables. The business relationships among firms can be bidirectional, which is similar in
our model, but differs in the aspect that the business relationships are randomly established
at any given point in time, and the business transaction network structure is not maintained,
having to be constructed on each occasion accordingly. In Poledna’s model, if a particular
firm is unable to produce output, other firms in the same industry can cover for it, whereas
in the proposed model in this paper, the impact of production failure directly affects the
production of the client firm.

3. Model

As discussed in Section 2, these two conventional approaches have advantages and
disadvantages. This study aims to build a model that incorporates the advantages of both
approaches. We also aim to build a model that incorporates a mechanism that allows each
firm to be connected through a supplier—customer relationship without distinction between
capital and consumer goods firms, as in the CAB model, while using the economic and
social bird’s-eye-view model structure of the ACE approach. This section provides an
overview of the model.

3.1. Overall Attributes of the Model

First, a brief overview of the model in this paper is provided. The model has five
types of agents: firms, banks, households, governments, and central banks. These agents
interact through five types of trading markets that are described later in this section. Firms
manufacture products based on labor and intermediate input materials. Meanwhile, house-
holds supply the labor force and receive wages in exchange for their labor. Households
purchase and consume products based on their earnings and assets. Banks lend money to
firms and accept deposits from households and firms. Meanwhile, governments provide
unemployment benefits to the unemployed while collecting taxes from other agents. Lastly,
the central bank provides liquidity to banks when they are short of funds.

The following is a detailed description of each agent:

e  Firm Agents: firms develop a production strategy, secure the necessary labor and
intermediate input materials, and then manufacture products. Wages are paid to
employees. Products are sold to households and firms through supplier—customer
relationships. Firms also seek loans from banks to fund their operations and cover
shortfalls. Meanwhile, the government taxes the profits earned from business activities.
After-tax profits are distributed to households as dividends, and the remainder is kept
in bank deposits.

e Banking Agents: banks accept deposits from households and firms while lending
to firms, but not to households. When they have excess funds, they invest them in
government bonds. Banks are subject to financial regulations, such as liquidity ratio
regulations, and they must borrow short-term funds from the central bank when they
do not have enough funds to meet these regulations. Banks do not employ workers.

¢  Household Agents: households provide labor to firms and the government in ex-
change for wages. Wages are accumulated in the form of bank deposits. They spend
their wages and some of their accumulated assets to consume and purchase goods
from firms. Households do not borrow. Households are shareholders in firms and
banks, depending on the size of their assets. They receive distributions from the
firms” and banks’ profits. In addition, they earn interest on their bank deposits. More-
over, they receive unemployment benefits from the government while unemployed.
They must pay income taxes to the government if they receive income from wages
or dividends.

*  Government Agent: the government hires and compensates government employees.
It also provides unemployment benefits to people who are unemployed. Revenue is
generated by the amount of taxes collected from each entity, and if the fiscal balance is
negative, the government issues government bonds.
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¢  Central Bank Agent: the central bank is responsible for issuing legal tender, main-
taining central bank accounts for banks and the government, and holding central
bank reserves. It also holds the portion of government bond issues that banks do not
hold. The central bank lends short-term funds to banks to meet their funding needs.
The government receives all interest income from government bond holdings and
short-term lending. The central bank does not employ workers.

Each agent interacts with one of the five model types. In the business-to-business (B2B)
product trading market, products are ordered and delivered between firms through the
supplier—customer relationship, which is described as follows: in the business-to-household
product trading market, households purchase unsold products and engage in consumption
activities. Households, firms, and the government interact in the labor market. Firms
and the government contract to pay the household’s desired wage in exchange for the
latter’s required labor. In the credit market, firms apply to banks for loans to cover capital
shortages, and banks review the applications and decide whether to accept or reject them.
Meanwhile, in the deposit market, households and firms interact with banks, which accept
deposits from households and firms to secure funds for loans. Section 3.4 describes the
details of the interactions in each market.

3.2. Order of Events

This section describes the model’s time flow or the order in which each event occurs.
In economic activities, the actions of each entity are repeated over time. For example, firm
activities include production planning, raw material procurement and labor, the provision
of necessary funds, product production, sales, profit determination, and shareholder returns.
In this study’s model, a cycle of economic activity is represented as a single step, and the
events corresponding to the actions of the economic agents occur sequentially within each
step. One step in the model corresponds to a quarter in reality. Table Al in Appendix A
summarizes these events.

3.3. Construction of Business-to-Business Supplier—Customer Networks

This section describes how to build the SCN that determines which companies a firm
interacts with. In this model, each firm requires at least one product as an intermediate
input material for production. Each firm’s intermediate input material suppliers are
predetermined, and the required quantities are purchased at each step via inter-firm
supplier—customer relationships. The procedure for establishing a network of supplier—
customer B2B relationships is as follows:

1. With the number of firm agents as ¢ , we generate a matrix ¢y X ¢s (called the SC
matrix), where the rows of the SC matrix represent product sales destinations, and
the columns represent intermediate input material suppliers. For example, the first
row represents firm 1’s product sales destinations, and the first column represents
the suppliers of intermediate input materials required by firm 1 to manufacture its
product.

2. Determine the number of firms to which products are sold per firm according to the
following probabilities:

{1:50%,2:30%,3:10%,4:7%,5:3%}.

According to Fujiwara and Aoyama (2008), the number of clients for Japanese firms
follows the cumulative frequency distribution P~ (k) o« k~*, and Fujiwara and Aoyama
(2008) estimated —x as —1.26, where x represents the thickness of the right hem of
the distribution, or the large proportion of large values in the frequency distribution.’
Such probabilities are based on Fujiwara and Aoyama (2008) and have been adjusted
to account for the number of firm agents. The number of clients of the final consumer
goods firms is set to zero.

3. For each firm, select a destination firm randomly from the remaining firms, excluding
itself, based on the number of destination firms determined in the previous step.
Accordingly, 1 is entered in the cell corresponding to the number of destination firms
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in the row for the selling firms in the SC matrix. If a company does not have any
intermediate input material suppliers, it is assigned a supplier.

4. The proportion of the value of intermediate input materials required for a firm to
manufacture one product is distributed equally among the suppliers of intermediate
input materials. The value ratio of intermediate input materials procured by firm
i from the intermediate input material supplier, firm j, is denoted by inpv;;. To
determine the proportions of the values, we divide the value of each cell by the sum
of the columns in the SC matrix.

Each column in the SC matrix created by the preceding procedure represents the value ratio
of the intermediate input materials required to manufacture products by the corresponding
firm. Meanwhile, although firms with cell values greater than 0 in each row represent firms
to which products are sold, the size of the cell value is not proportional to the number of
sales. Each customer’s sales amount varies depending on the number of orders received
from the customer company. The quantity of intermediate input materials required for a
firm to manufacture a product unit is calculated at the start of the simulation using the
following formula:

inpq;; = 1xcostratio / #of supplier; (firm; € supplier;) (1)
costratio = 1/u;

inpg; ; denotes the quantity of intermediate input materials that firm i procures from firm j,
the intermediate input material supplier, to produce one unit of the product. supplier; is
the set of supplier firms for firm i, and firm; € supplier; denotes that firm j is a supplier
for firm i. #of supplier; is the total number of elements in the set of supplier firms for firm
i, and yp is the raw material productivity, which in this study was 1.5.% In the real-world,
product prices vary from company to company; hence, inpg; ; calculated on a value basis
must be converted to a quantity basis by considering the product price (the intermediate
input material price). However, in the initial state of this model, the product prices of
each company are the same, so inpg; ; can be used as the quantity of intermediate input
materials required to manufacture a unit of a product. As a numerical example of inpyg; ,
assuming that firm; has three suppliers, we calculate the required amounts of intermediate
input materials that are required for firm; to produce one unit of a product. The cost
ratio is 1/1.5 = 0.67 for all firms. The quantity of intermediate input materials purchased
from supplier;, i.e., inpq; ;, is 0.67/3 = 0.22. The quantity of intermediate input materials
required to produce a unit of a product is determined in the initial step and is fixed in the
subsequent steps.

3.4. Demand Matching

This section provides an overview of the transactions that occurred in the five markets
comprising the model. Each market has a demand side that seeks out an object for trade
and a supply side that provides it. For example, in the labor market, labor is the object
of exchange; households providing labor are on the supply side, whereas firms and gov-
ernments seeking labor are on the demand side. Table 1 lists each market’s demand and
supply sides.

Table 1. Demand side and supply side by market.

Market Demand Side Supply Side
Business-to-business product market Firms Firms
Business-to-household product market Households Firms
Labor market Firms, government Households
Credit market Firms Banks

Deposit market Firms, households Banks
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The flow of transactions between the demand and supply sides in each market can be
organized as shown in Algorithm 1, although some differences exist between markets.

Algorithm 1 Market demand-supply matching process

1: while Agents with demand exist, and agents with supply capacity exist and iterations
< predetermined number do

2. All agents with demand greater than zero on the demand side are extracted.
3:  The agents extracted in step 2 become randomly sorted.
4 for The following steps are executed for the top of the sorted agents in order. do
5: The predetermined number of agents with supply capacity on the supply side is
extracted.
6: The agents extracted in step 5 become sorted by the specified rule.
7 for The following steps are executed in order for the top of the sorted agents on
the supply side. do
8: if Supply and demand match. then
9: Transaction is executed.
10: end if
11: end for

12: end for
13: end while

The parameters varying from market to market in Algorithm 1 are listed in Table 2.

Table 2. Matching parameters by market.

Market Repetitions Extracts Sort by Matching Quantity
B2B market 1 1 - All demand
B2C market 10 5 Lowest price One at a time
Labor market 100 10 Lowest asking wage All demand
Credit market 10 3 Lowest loan interest rate All demand
Deposit market 100 3 Highest interest rate All demand

B2B market means business-to-business product market. B2C market means business-to-household product market.

If the matching quantity is set to “all demand”, and, for example, if a demand for ten
items exists, all ten demands will be met in a single matching. However, when “one at a
time” is selected, only one of the ten demands is met, leaving nine unmet demands. In
this case, the demand—-supply matching process is repeated, beginning with the first step
of the process. In the B2C product trading market, the matching quantity is set to “one
at a time” because households are assumed to have demands for a variety of products
rather than satisfying all of their demands with a single product. If the capacity on the
supply side is less than that on the demand side, the matching volume is limited to the
volume supplied by the supply side. In the B2B product trading market, the suppliers and
quantities to be ordered are automatically determined based on supplier and customer
relationships determined at the start of the simulation. A mechanism for customer firms
to change suppliers is a future issue. The difference in interest rates determines whether
depositors switch from their current deposit bank to another in the deposit market. This
mechanism is intended to prevent the concentration of deposits occurring at a single bank.

3.5. Agent Behaviors

Because each agent participates in various economic activities, these behaviors must
be modeled. The behavioral models used in this study are similar to those used by
Caiani et al. (2016). However, there are some differences from Caiani et al. (2016)’s model,
primarily due to the incorporation of an SCN with the firms. For example, the firms’ pro-
duction behavior has been altered to incorporate the mechanism for utilizing intermediate
input materials in the CAB model Hillman et al. (2021). Additionally, because the firms in
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this study did not have capital goods, there are no attributes or behaviors related to capital
goods, unlike in Caiani et al. (2016).

Each agent keeps track of the expected values for various indicators. The following
equation applies to all agents:

x?,t = x?,t—l + A (xip1 — xf,tfl) ()

xf/t denotes the expected value of an indicator x for agent i at time ¢, and x;;_1 denotes the
realized value of an indicator x for agent i at time t — 1. A denotes the adaptive expectations
parameter common to all agents, and the value is set to 0.25 following Caiani et al. (2016).
For clarity, we use fi for the corporate agent’s identification number, hi for the household
agent, and bi for the bank agent in the subsequent sections in which the behaviors of each
agent are formulated. The identification numbers of the government agent and the central
bank agent are omitted because there is only one of each in the model in this paper.

3.6. Firm Behavior
3.6.1. Production Planning

Firms set the desired production volume based on the expected sales volume and a
fixed percentage v(= 0.1) of the inventory volume.

]/Jl?i,t = S}i,t(l +v) —invg, 3)
Sty = max(sf}lii,stt + Sh;i,tfygin) (4)

Y}Di,t denotes the desired production volume of firm fi in step ¢, S/*fz‘,t means the sum of the
estimated sales volume for firms and households, and invg;; 1 is the product inventory
volume of firm fiin step t — 1. Sf ]’lestt is the average of the quantity of orders received
from other firms in the last four steps, Sh;i/ ; is the expected quantity of products sold to

households, and y2.  is the lower bound of the desired production quantity. The reason
for using the volume of orders received by firms when calculating the expected product
sales volume is to avoid the possibility that using the volume of product sales to firms
would be insufficient to halt the economy’s overall contraction. A reduction in firm sales
volume reduces the number of intermediate inputs that can be obtained, and a shortage
in the intermediate input material inventory creates a negative spiral in which firms can
only manufacture a smaller number of products than the number of orders received. In
this study’s simulations, a lower limit of y2. is set for the desired production volume. This
is to prevent the economy’s unemployment rate from becoming too high, and specifically,
y%n is set to 240. In this model, the number of household agents is set to 8000, and if
each firm has at least 30 employees, the unemployment rate’s upper limit is around 40%.
Therefore, we set the lower limit of the desired output at 240, which is the number of
employees multiplied by 30 and labor productivity multiplied by 8. Labor productivity
will be explained later.

Firms require labor to manufacture their goods. The following equation determines
the number of workers required to produce the desired quantity of goods:

N = Yfie/ N 5)
N ng)‘ ; is the desired number of workers for firm fi in step ¢, and uy is physical labor
productivity, which is set to 8 for all firms. The value of 8 was obtained by searching for a
setting where the number of employees remains stable at an unemployment rate of about
10%-20% in simulation. The model restricts the number of employees that can be increased

or decreased. This is because changes in the number of employees do not always occur
as planned by firms, and there may be a time lag. The number of employees that can be
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changed is specifically limited to a percentage of the difference between the number of
employees in the previous step and the number of desired workers in the current step.

| Nadjspeed * (Nﬁt — Nfip1)] if N}?l.,t — Nfip—1 >0,

Nadjg;y = , . (6)
fit { [ Nadjspeed x (NfDi,t — Nyipq)] if N}Ji,t —Nfip1=0

Nadjspeed is a coefficient that expresses the rate at which the number of employees is
adjusted. When Nadjspeed is 1, firms can increase or decrease their workforce to meet their
desired number of employees, but the economy as a whole is more likely to overheat or
plummet in response to a rapid increase or decrease in workers. In light of this, Nadjspeed
is set to 0.5 in the model. | x | represents the floor function, which returns the largest integer
less than or equal to a real number x. If Nﬁ/t is 10 and Ny;; 1 is 5, then [0.5 (10 —5)| =2,
so Nadj; 1 is 2. [x] represents the ceiling function, which returns the smallest integer greater
than or equal to a real number x. If N}%t is 5 and Ny;;_1 is 10, then [0.5 % (5 — 10)] = -2,
and Nadjy;; is —2.

The number of products that a firm can produce is determined by the number of
employees and the quantity of intermediate input materials in stock.

Yy = min{maty g /inpqpia,maty g/ inpqgio, - - - maty gie/inpqsin, NN}t (7)
matg r; ; denotes the quantity of intermediate input materials s in stock for firm fi in step
t. inpqy;s denotes the quantity of intermediate input materials s required by firm fi to
produce a product unit, which is determined at the beginning of the simulation and fixed
for the simulation period. Ny;; is the number of workers employed by firm fi in step ¢.
As shown in Equation (4), the number of intermediate input materials in stock and the
number of workers are constraints on the number of products produced by firm fi in step .
Note that intermediate input materials can be substitutable or non-substitutable with the
products of other firms in the same industry, but in this paper, all products are assumed to
be substitutable.

3.6.2. Product Price

There are two types of product prices, namely, firm prices and household prices,
which are calculated by reflecting a markup of the unit cost of manufacturing each unit of
the product.

ucgip = uvcj}}i,tfl + uvcjf;ﬁ_l (8)

uvc;é’i,t = Wyis/ y]’?l-,t 9)
in L

uvcfif; = 1/up Zli”pvfi,n * P fut (10)
n=

ucy; ; represents the unit cost of firm fiin step ¢, uvc}”i ; denotes the unit variable cost related

to labor, and uvc}% represents the unit variable cost related to intermediate input materials.
In addition, Wy; ; represents the total wages paid by firm fi in step . Firms pay workers
the wages demanded by households at the time of employment, which remains in effect
throughout the employment period. Household demand wages are discussed in greater
detail in the section on household agents.

There are two types of product selling prices, namely, pf for firms and ph for house-
holds, which are calculated by reflecting the respective markups in unit costs. However,
to avoid sudden changes in product selling prices caused by unit cost fluctuations, the
unit cost is subject to an upper and lower limit of no more than a +5.0% change from the
previous period’s product selling price.
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pfrip = min(1.05% pfrir 1, max(0.95 pfrip 1, ucei+ (1 +mufp)))  (11)
phyiy = min(1.05% phis 1, max(0.95 phgiy 1, ucgiy* (1+muhgy))) (12)

For all firm agents, the initial values at the start of the simulation are 0.01 for the
product price markup for firms and 0.30 for the product price markup for households.*

Markups for both firms and households change, as shown in the following equations,
in response to trends in product inventory volumes:

muf iy = mufrip 1(1+|N(p,0)|) ifinvge o/sfipq Sv, (13)
v mufe;1(1— N o)|) ifinve o/spie1>v,

mihgs; = muhgip 1 (14 [N(u,0)|) i invee o/sfiea S v, (14)
' muhgip 1 (1= |N(u,0)|) i inveis_o/sgie1>v,

N(p, o) is a random number that follows a normal distribution with u set to 0.0 and ¢ set
to 0.0094. v is the threshold for evaluating the previous period’s sales performance, and the
markup is raised if the product inventory and ratio to the previous period’s sales volume
are less than v; otherwise, it is lowered. This paper’s model sets v at 0.1. The values of y, o,
and v are based on the settings in Caiani et al. (2016).”

3.6.3. Firms’ Profits

A firm’s pre-tax profit is the net value of the sum of product sales, the interest on de-
posits received, the change in product inventory valuation, and the change in intermediate
input material inventory valuation, minus the sum of total wages paid, intermediate input
materials purchased, and the interest on loans paid. The following formula is given:

Trip = Sfrie* Pfrit+shpis*phris+ ijir,*,tfl * Djpq + (invgp % uceip — invg 1 * ucjy 1)
Pr
+( ) (mat iy % pfur —matgie 1 % pfai-1)) (15)
n=1
br

7
—Wrip — Y sifie * Pfrit— 3 ii‘i,t—j #Lip—i{(n —j+1)/n}

j=1 j=1

7tfi denotes firm fi’s pre-tax profit in step f, sff;; denotes the volume of products sold to
firms, shy; ; denotes the volume of products sold to households, i ; + denotes the deposit
rates offered by depository banks, and Dy;; denotes the deposits. S¢; f; ; is the quantity of
products purchased by firm fi from firm fj (i.e., intermediate input materials purchased by
firm fi from firm f7j) in step t. The last term is the total amount of interest paid on loans,
where i;i,t is the interest rate on loans in step t and Ly;; is the total amount of loans in
step t. The term of the bank loan 7 is 20 steps, and the loan’s principal is repaid in equal
installments in each term.

If the profit is positive, the income tax rate 7 is imposed, and n?t

it
profit, namely, 7¢; (1 — 7). The income tax rate Tr is set to 0.18 throughout the period. In
addition, firms pay a predetermined percentage of their after-tax profits to households as a

profit dividend. The dividend amount is calculated as follows:

is the after-tax

Divjy = max(nﬁ’t * g, 0) (16)

Divy; s denotes the total dividend amount in step ¢ for firm fi. pg is the dividend payout
ratio, which is set to 0.90 for all firm agents.
Profit-related indicators include a firm’s return on equity and price-to-cash-flow ratio.
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Jt
rOEfl"t W (17)
pefreip = W (18)

roeg; + denotes the return on equity of firm fi in step ¢, pcfry; ; denotes the ratio of operating
cash flow to net worth, OCFy; ; denotes the operating cash flow, and NWg;; 1 denotes the
net worth.

The operating cash flow and net assets are expressed in the following formulas,
respectively:

OCFyy = nj’cﬁ,t — (invgj g ucsy — invg 1 *UCfy_ 1)
b5 10
—(Y_ (matgip % pfur —matgine 1% pfar1)) ==Y Lrsj (19
n=1 =
' ¢ 1
NWyiy = Dyiy+invgip s ucpip+ Y matgin e pfar— Y Lpirj (20)
n=1 j=1

3.6.4. Firms’ Finances

Bond issues and bank loans are the two main options for firms to raise funds for their
operations. Bond issues are typically used for specific purposes, such as new business
development, whereas bank loans are typically used to supplement day-to-day working
capital with no specific purpose. Because new business development is beyond the scope
of this paper, we restrict firm financing methods to bank loans.

The amount of a loan that firm fi applies for from a bank is determined by the
following formula:

Pr
L%, = Max{}_ D, * pf;s + Div;, + g W, — OCFf;, — Dyiy, 0} (1)
j=1

L?l. ; is the desired financing amount of firm fi in step ¢, S?j fip 18 the expected quantity
of intermediate input materials purchased from firm fj, Div;i ; is the expected value of

dividends paid at the end of the current period, and ij denotes the expected value of

it
total wages paid in the current period. oy is a coefficient that indicates the amount of
external financing that firms generally use as a safety valve; it is set at 1.0 in this model.

3.6.5. Labor, Credit, Product Trading, and Deposit Market

Firms procure the workforce they need from the labor market. In the model, firms
randomly select x; units of unemployed households, and then hire the household with the
lowest wage requirement. (In the model, x;, is set to 10.) This process is repeated until the
number of job openings is filled or the number of households seeking jobs reaches zero.
In reality, firms’ hiring criteria take into account not only wages but also skills and other
factors. However, because the model in this paper assumes that each household’s labor
skills are uniform, the employee with the lowest wage will have the best cost performance.
In the credit market, a firm randomly selects ). banks from among all banks and applies to
borrow the required amount from the bank with the lowest loan interest rate among the
selected banks. (In the base model of this paper, x. is set to 3.) Firms begin the product sales
process by selling the number of products ordered by the originating firms. If there is any
remaining inventory, sales activities between firms and households are conducted within
the product trading market until the product inventory is reduced to zero or household
demand is satisfied. In the deposit market, the firm chooses one bank to deposit all of its
cash holdings.
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3.6.6. Firms’ Bankruptcy

When a company runs out of cash or becomes insolvent, the shareholders, or house-
holds, bail out the bankrupt firm. In both cases, the basic process is the same. The debt is
repaid with the proceeds of the sale plus the deposits held by the shareholders. If there is a
shortfall in loan repayment, the lending bank suffers a loss. The failed entity maintains an
amount of deposits equal to the average deposit of the entire enterprise plus an amount
equal to the principal. The failed firm has assets equal to the average deposit of the firm
as a whole, as well as the product inventory and intermediate input material inventory it
originally held, and resumes operations with no debt. If the cash remaining after repaying
borrowings at the time of corporate insolvency is insufficient to cover the cost of corporate
assets, households as a whole will bear the shortfall in proportion to the amount of deposits
they hold.

3.7. Bank Behavior

Banks lend to firms to earn interest income while accepting deposits from firms and
households to finance loans and pay interest on deposits. Furthermore, banks use surplus
funds to purchase government bonds. When funds are scarce, they borrow short-term
funds from the central bank. Banks are also subject to various regulations, including
leverage and liquidity requirements. The following subsections explain these actions and
regulations.

3.7.1. Bank Loans

Banks provide loans to firms over multiple periods. In this paper, the loan period %
is set to 20 periods. The acceptance of the loan application is chosen stochastically based
on the potential future return from providing the loan. This setup is considered to be
consistent with the process used in actual corporate lending. For each loan application
received, the probability of bankruptcy, etc., is calculated using a logistic function based
on the applicant company’s operating cash flow and the amount of principal and interest
payments for the first term of the loan is determined as follows:

OCFyj; — G * dsL”
dsLP

(i, + ;> fLP (23)

prg,fj,t = 1/(1+exp ) (22)

dsLD

prl?i’ fj is the probability of bankruptcy for loan applications received by bank bi from

firm j in step ¢, il . is the loan interest rate offered by bank bi in step ¢, and LD is the loan
application amount. The loan interest rate is a uniform rate for each bank at each step,
regardless of lender firms. ¢ represents the bank’s risk aversion in lending to firms; the
higher this number, the more risk averse the bank is. In this paper, ¢ is set to 3.0. As a
numerical example of the probability of bankruptcy prP, if LP is 10,000 and i’ is 0.75%,
dsL” is 575 = (0.0075 +1/20) * 10,000 according to the calculation of Equation (23). Since
¢ is 3, prP is 0.50 when the OCF is 1725, according to Equation (22). pr? becomes smaller
as the OCF increases.
The return from providing loans based on the bankruptcy probabilities described
above is calculated as follows:
I D D
mifie =L (= Pryi g
*Pﬁg,fj,t * (1 - Prllaji,fj,t)(*(l —a)(1—6)—i)
P (L= prig )2 (-(1=20)(1=8) = (2~ 0))  (24)
=1 i * (L= prig ) (= (1= 30) (1= 8) = (3 — 30))
(1= prig i) i (4 - 6a)
a=1/9 (25)
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ré‘;‘j?] ; represents the future return calculated for the loan application received by bank bi

from firm fj in step f. Although 0 is the estimated percentage of the loan principal that
will be repaid if the lender goes bankrupt, ¢ is set to zero because the firm does not hold
any capital goods in this paper. The first term in the outermost parentheses on the right
side of Equation (24) represents the expected net value of profits and losses in the case
that a borrower goes bankrupt in the first step after the commencement of the lending
loan. Terms 2 through 4 should be construed likewise. The last term represents the same
one if the borrower did not go bankrupt over the course of the four steps. The smaller the
bankruptcy probability prP, the larger "

The bank’s lending rate increases or decreases by comparing its own cash ratio to the
market average cash ratio, where the cash ratio, which is calculated by dividing net assets
by the total loan amount, serves as an indicator.

(26)

p {fi_l(HlN(ﬂ,U)I) if CRyy;1 = CR],,
bit —

i_1(1=IN(u,0)]) if CRpip—1 > CR[,

Let iéi ; denote the lending rate offered by bank bi in step t and CRy,; denote the cash

ratio of bank bi in step t. I' is the average bank-wide lending rate in step t and CR] is the
average bank-wide cash ratio in step t. The cash ratio is explained in the next subsection.

3.7.2. Financial Regulations

Various regulations are in place in the real financial market to ensure sound bank
management. The capital adequacy ratio is one such regulation that is implemented under
the Basel regulations and requires banks to maintain a minimum capital adequacy ratio
for risky assets with the potential for losses. Because the only risk assets in this study are
loans and the types of assets and liabilities are limited, the cash ratio is used to express the
capital adequacy ratio. If the cash ratio fell below 6.0%, the bank could not take out new
loans. However, existing loans remain.

CRypip = NWy;iy/ Lfi,t (27)

CRy; s denotes the cash ratio of bank bi in step t, NWj,; ; represents the net worth, and Lfl. ;

denotes the total loan amount. L. , can also be expressed as the sum of outstanding loans
by the remaining term:

7
B b
Lbi,t = Z Lbi,t,u (28)
u=1

Let LY., denote the total amount of loans held by bank bi in step ¢ for the remaining period
u.
The bank’s net worth is shown in the following equation:

NWyi ¢ = L, + Bpis + Ryi — Dpiy (29)

By, ; denotes the value of bank bi’s government bond holdings in step ¢, R, ; denotes the
central bank reserve deposits, and Dy, ; denotes the total deposits.

Another regulation is the liquidity ratio rule, which requires banks to maintain a
certain ratio of central bank reserve deposits to deposits accepted.

LRpi s = Rpit/ Dpiy (30)

The model in this paper requires the LR liquidity ratio to be at least 8% as a liquidity
ratio regulation. If the LR ratio falls below 8%, the LR ratio must be raised to 8% by
receiving short-term funds from the central bank.
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3.7.3. Deposit Interest Rates

Banks finance necessary funds for loans with deposits and short-term funds provided
by the central bank. Because the interest rate on deposits is lower than the interest rate
on the central bank’s short-term funds, increasing funding through deposits leads to
higher bank profits. However, due to liquidity ratio regulations, the amount of deposits
received cannot be increased inexhaustibly. Based on these two criteria, banks raise deposit
interest rates when their liquidity ratios are higher than the market average; otherwise,
they decrease deposit interest rates when their liquidity ratios are lower.

i~ (= INGo)) LRy S LR], an
YL+ IN(w o)) if LRy 1 > LR,

3.7.4. Bank Profit

The bank’s pre-tax profit is the sum of its loan interest income and government bond
interest income minus the sum of deposit interest payments and interest paid on central
bank funds granted. The formula is as follows:

20
_ b ) ) :B ) .d ) Sf
Tit = 3 Lyit—1ubbis—214u + Boip—1ipis—1 — Dbig—1 % his 1 — SFpip1 %1 (32)
u=1

SFyi ;1 denotes the value of bank bi’s short-term funds from the central bank in step ¢, and

zi’i 1 is the interest rate for the short-term funds in step t. The same method is used for
calculating firms’ after-tax profit and dividend amounts.

3.7.5. Bank Bankruptcy

Depositors and the government bail out a failed bank when the bank becomes insol-
vent. The amount of deposits is reduced to a level that will allow the bank to eliminate
its insolvency and meet financial regulations, and failed bank depositors bear the amount
of the reduction in proportion to the amount of their deposits. However, the government
will issue government bonds to cover the portion of the reduction that exceeds 50% of the
deposits at the time of bankruptcy.

3.8. Household Behavior

Households are paid in exchange for their labor. With the obtained wages and a certain
percentage of their assets, households purchase and consume products manufactured
by firms.

3.8.1. Providing Labor

The level of desired wages that households are willing to earn varies with employment
status, as shown in the following equation:
wD _ th—l (1 - |N(V/ U) |) if Upit—1 Z Uthres (33)
hi,t — .
Y NGO i < e

w;?i, ; denotes the desired wage of household hi in step t. uy; ; is the number of consecutive
periods of unemployment backward from period ¢ and is zero if the household is employed
in step t. Meanwhile, 1, is the number of consecutive periods of unemployment during
which households begin to reduce their desired wage level, which is set to 3 in this paper
following Caiani et al. (2016).
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3.8.2. Consumption

Households consume a fixed percentage of their earnings and assets Godley and
Lavoie (2007). The following equation yields the desired quantity of consumption:

D _ Q1% Nlhi,t —+ p * NWhi,t
Chi,t - e
Phit

(34)

CIZ,t denotes the desired consumption quantity of household hi in step t; NIj;; is the
nominal income amount consisting of the sum of wages, unemployment benefits, dividend
income, and deposit interest income; and pj; , is the expected value of product prices based
on the average price of purchased products in the previous period. In addition, a1 and a5
are coefficients representing the percentage of nominal income or assets for consumption,
respectively. Following Caiani et al. (2016), this study sets a1 as 0.38581 and a; as 0.25
throughout the period in this model.

3.9. Government Behavior

The government hires a certain percentage of households as government employees,
pays their wages, and provides unemployment benefits to unemployed people. However,
the government collects an income tax from households and a tax on profits from firms and
banks. Both the income tax and the profit tax are set at 0.18. The government issues gov-
ernment bonds according to its fiscal balance. Government bonds have a single remaining
maturity term.

The following equation obtains the government’s fiscal balance:

By = Ti+7cps— Y, wyjy—Ur—i8 By (35)
JENg
Tt = Trp+ T+ Ty (36)

By is the amount of government bond issuance in step ¢, and T; is the total amount of
taxation in step t with Ty, Ty, s, and Tj, ; representing the total taxation from firms, banks,
and households, respectively. 7cp; denotes the amount of central bank profits in step ¢,
and N, denotes the set of household numbers of government employees. Note that the
wage paid by the government to each employee is the average of the wages paid to each
employee by firms. U; represents the total amount of unemployment benefits, and the
amount of unemployment benefits paid to each unemployed worker is set at 40% of the
firm’s average paid wage. i is the government bond interest rate, which is set at 0.25%
throughout the period.

3.10. Central Bank Behavior

In addition to holding the portion of government bond issues that banks cannot digest,
the central bank provides the necessary funds when the banks fall short of the funds
required by the liquidity ratio regulations. The funds the bank provides are repaid with a
predetermined interest rate after one period. In this paper’s model, the interest rate 7% on
this short-term supply of funds is set to 0.50%. Normally, the short-term money supply
rate is the effective upper limit of the deposit rate because collecting deposits becomes
meaningless if the deposit rate exceeds the short-term money supply rate. Meanwhile, the
central bank accepts reserve deposits from banks, and for the sake of simplicity, we set the
interest rate to be granted on reserve deposits as 0.0%.

As a result of these activities, the central bank’s profit 778 for period t is expressed as

7P = i8 « Bepy g + 1  SECE, (37)
Bcp t—1 represents the central bank’s holdings of government bonds in step ¢ — 1, and SFthB1

denotes the total short-term money supply to banks by the central bank in step ¢ — 1. Profits
generated by this activity are distributed directly to the government.
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4. Simulation Results

This section presents the simulation settings used with the model described in the
previous section, as well as the results.

4.1. Simulation Settings

Various hyperparameters must be determined before the simulation analysis is carried
out. These hyperparameters are largely based on the reported values in Caiani et al. (2016)°.
The authors of Caiani et al. (2016) estimated the hyperparameters by determining the
equilibrium solutions to several behavioral equations in the model. Table A2 in Appendix A
summarizes the main hyperparameters of the model used in the study.

This study adopted the asset and liability items held by each agent, such as deposits
and loans, of Caiani et al. However, some adjustments were made to reflect the fact that this
model does not differentiate between capital goods and consumer goods firms, and that
the entire firm is a single agent class. Moreover, there is no concept of capital equipment;
instead, the concept of intermediate input materials is introduced, and each firm has a
two-type inventory. Table A3 lists the total values of the assets and liabilities for each agent
class. The initial assets and liabilities held by each agent class were distributed equally
among the classes to which the agent belonged.

For each firm agent, an industry affiliation is assigned. Although there are eleven
industries after being formally divided’, only one of the eleven industries is defined as
a final consumer goods industry, while the others are recognized as general industries.
Therefore, in reality, there are only two industries, and the ratio of general industries to
final consumer goods industries is 10:1. The only difference between general industry firms
and final consumer goods industry firms is that general industry firms sell products to
both firms and households, while final consumer goods industry firms sell products only
to households.

4.2. Results

The simulation results are reported in this section based on the conditions described
in the preceding sections. Based on the set of conditions described in the previous sections,
the 400-step simulations were run ten times. In this paper’s model, one step corresponds
to a quarter in reality, and 400 steps correspond to 100 years. Panel A of Figure 1 plots
the mean and +1 standard deviation of the results of each trial, showing changes in the
nominal GDP, real GDP, real GDP growth rate (compared with the previous step), price
index, price index change rate (compared with the previous step), unemployment rate,
and the number of corporate bankruptcies. The price index was calculated by taking the
average of firm product prices and household product prices. Looking at these trends, we
can confirm that the standard deviation is within a narrow range in the early stages of the
simulation. Subsequently, the standard deviation gradually increases, and the level of the
standard deviation remains stable after 100 steps. Panel B of Figure 1 shows the results up
to step 100 to facilitate confirmation of the simulation’s initial movements. The standard
deviation is within a very small range until about 10 steps into the simulation, which is a
common trend seen in each indicator value. Thereafter, the standard deviation gradually
increases and peaks at the mid-30th step, and the standard deviation range remains stable
from around the 40th step. Because of the influence of the initial settings, the settings of
each simulation are similar in the early stages of the simulation, and thus the results are
likely to be similar in each simulation. Let us look at each item. The nominal GDP growth
rate in the early stages of the simulation rises until around 20 steps, and then falls until it
reaches the steps in the latter half of the 20s, bottoming out and rebounding around 30 steps.
After about 35 steps, it remains stable and increases steadily. In the early stages of the
simulation, the settings of each agent are similar, which is thought to cause synchronization
of the corporate agents’ activities. As if in response to the movement of the nominal GDP,
the unemployment rate also shows a downward trend after a slight increase in the early
stages of the simulation and eventually reaches 0%. The unemployment rate then rises to
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30%, which is in line with the decline in the nominal GDP, before declining again in the
late-20 steps. Subsequently, the rate is approximately 18%. Based on the aforementioned
observations, the following analysis will focus on steps 35 and beyond of the simulation.
This is because the early steps of the simulation are considered to be exceptional periods in
the whole as the actions of the agents are synchronized with each other.

Panel A: results up to 400 steps Panel B: results up to 100 steps
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Figure 1. Transitions of main economic indices in each of the 100 trials. Each line shows the results of
each simulation. (Panel A) shows the results up to 400 steps while (Panel B) shows up to 100 steps.

Checking the average value of each indicator per step (standard deviation in paren-
theses) for the 35th step and beyond, we determined that the nominal GDP growth rate is
approximately 0.86% (0.9%), the price inflation rate is 0.43% (0.8%), the real GDP growth
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rate is approximately 0.44% (0.9%), the unemployment rate is approximately 19% (3.3%),
and the number of bankrupt firms is approximately 2.5 (0.9). The authors of Caiani et al.
(2016), cited in the parameter setting section, set the nominal GDP growth rate as 0.75%,
and the nominal GDP growth rate in this paper is close to that level.

We investigated the link between product sales and the number of consumer and
supplier firms. Figure 2 plots the average product sales volume for each group of firms in
the upper row with one, two, or four or more customer firms. The sales volume for one,
two, and four or more customers hovers around 300, 320, and 550, respectively, indicating
that the larger the number of customer firms, the higher the sales volume. The lower panel
of Figure 2 shows the average sales volume of products by the number of suppliers of
intermediate input materials. Unlike the number of customers, the number of intermediate
input suppliers has no effect on the product sales volume. In this paper, all suppliers
procure their intermediate input material inventory to sufficiently cover two months of
product production, which is considered sufficient inventory for product manufacturing
and sales.
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Figure 2. Transitions in average product sales quantities of the firms grouped by number of customers
or suppliers. The first column shows the average product sales volume of the firms grouped by the
number of customers and the second column is grouped by the number of suppliers.

Finally, we analyzed the subsequent impact of economic shocks after the 35th step of
simulations.

First, an economic shock is defined in this paper as a decrease in household consump-
tion demand. The formula for calculating the consumption demand (i.e., Equation (33)) is

restated.
p _ 1% Nl +ap %« NWy;,

Chit = e
Phi

Under normal conditions, & is 0.38581; however, during economic shocks «; is set
to zero. The wage of households is assumed to be 2, and product prices for households is
0.995 at the initial state; therefore, setting a1 to zero will reduce the final demand by about
0.78 for employed households.

We analyzed two patterns: one where the economic shock occurs only in the 35th step
of the simulation, and another where the shock occurs in eight consecutive steps from the
35th to the 43rd step (corresponding to a real period length of two years). Figure 3 shows
the desired volume of consumer demand by households, the volume of product sales by
all firms, the volume of general industry product sales, and the volume of product sales in
the final consumer goods industry for the two patterns with and without economic shocks.
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The blue line in the graph represents the case without an economic shock. The desired
quantity of consumer demands remained stable around 2.0 after the 30th step (blue solid
line), whereas the cases with an economic shock in the 35th step only (green dotted line)
or from the 35th to the 43rd steps (orange dash-dot-dash line) show a drop in consumer
demand. In the case of an economic shock, we can observe that after the economic shock
is resolved, the desired quantity of consumer demands remains higher than before the
economic shock. This is because, although households curtailed consumption due to a
drop in consumption demand during the economic shock, they were able to earn income
from wages and unemployment benefits, which increased household assets and boosted
consumption demand after the shock was over. According to sales quantity graphs, the
overall sales volume declined during the economic shock, whereas the impact of this
decline differed between the general and final consumer goods industries. Because the final
consumer goods industry only sells products to households, the impact of the economic
shock in the form of a lower final demand was greater. Meanwhile, the general industry
also sells to firms, so the impact of the economic shock was relatively smaller. As a corollary,
the increase in sales volume after the resolution of the economic shock was greater in the
final consumer goods industry.
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Figure 3. Transitions in consumption demand and product sales volume before and after an economic
shock. The blue solid line shows the result without an economic shock, the green dotted line shows
the result with a short-term shock at step 35, and the orange dash-dot-dash line shows the result
with a long-term shock from the 35th to the 43rd steps. The first row shows the transition in final
demand, the second row shows average sales volume for all firms, the third row shows average sales
volume for firms in a general industry, and the fourth row shows average sales volume for firms in
the consumer goods industry.
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5. Discussion

In this section, we confirm the validity of the simulation results presented in the
previous section by comparing them with real-world data. This section also discusses the
limitations of the model.

5.1. Validation

Before applying economic shocks, we first checked the validity of the simulation
results (henceforth referred to as the base scenario). To reiterate, the mean value (standard
deviation in parentheses) of each indicator in the base scenario calculated after the 35th
step, after accounting for the effect of the dependence of the initial setting, is as follows: the
nominal GDP growth rate is approximately 0.86% (0.9%), the price inflation rate is 0.43%
(0.8%), the real GDP growth rate is approximately 0.44% (0.9%), the unemployment rate is
approximately 19% (3.3%), and the number of bankrupt firms is about 2.5 (0.9).

These figures can be compared with economic indicators in Japan. Panel A of Figure 4
shows the quarterly economic indicator values since 2000. Since Japan’s zero-interest-rate
policy was implemented in 1999, the actual quarterly statistics for Japan from 2000 to
2022, which is considered to be a relatively similar economic environment to the current
situation, have been published. We found that the nominal GDP growth rate, CPI change
rate, real GDP growth rate, and unemployment rate® are approximately 0.09% (1.38%),
0.07% (0.52%), 0.18% (1.42%), and 3.91% (0.98%), respectively. In Japan, the simulation
results for the inflation rate and nominal GDP growth rate differ from the actual results
due to continued deflation, but the real GDP growth rate is confirmed to be close to the
simulation results. The actual unemployment rate deviates from the simulation results
because Japan’s employment system, which is based on lifetime employment, keeps the
actual unemployment rate low. One reason for the discrepancy in the unemployment
rate could be that the model in this paper does not include firm capital goods or assets
that correspond to production facilities. Because this study’s model does not include
the concept of capital goods, the demand for capital goods may have been overlooked,
resulting in a smaller estimate of the labor force required by firms and thus leading to a
higher unemployment rate in the simulation. If the introduction of capital goods increases
product demand and the number of employees, the unemployment rate may improve.
However, there are numerous factors to consider, such as the industries from which to
purchase capital goods and the durability of capital goods. While different from the
number of bankruptcies, the closure rate reported in the White Paper on Small and Medium
Enterprises in Japan shows that the closure rate in 2019 was 3.4%. The average number of
bankruptcies per step in the simulation is 2.5, and one step is assumed to be one quarter, so
the annualized number is 10. With 110 firm agents, the annualized bankruptcy rate is 9.1%,
which is higher than the closure rate. It is conceivable that this discrepancy is derived from
the minimum number of employees yD. set in the simulation. Because of this minimum
number of employees, there exists a lower limit to the total amount of wages paid by a
firm, even in the case that the number of products sold decreases and the firm’s revenue
declines. Thus, this lower limit of wage payment can possibly lead the firm to go bankrupt.

The autocorrelations and cross-correlations in the simulation results were then exam-
ined. Panel A of Figure 5 plots the autocorrelations of the real GDP, the price index, and
the unemployment rate up to a lag of 20 after removing the trend component using the
Hodrick—Prescott filter Hodrick and Prescott (1997). The common trend of large, positive
autocorrelations during small lags and negative autocorrelations around a lag of 10 is
consistent with the results of Caiani et al. (2016). Panel B shows the cross-correlation of the
real GDP, price index, and unemployment rate against the real GDP after trend removal.
The cross-correlations between the price index and unemployment rate to the real GDP
are negative where the lags are small. Thus, the result indicating that the price index and
unemployment rate decline when the real GDP rises is reasonable.
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Figure 4. Transitions in economical indicators. (Panel A) shows the transitions since March 2000,

while (panel B) shows transitions since September 2017.

The solid gray lines in Figure 5 show the autocorrelation and cross-correlation values
calculated from the actual values of economic indicators in Japan. First, the solid gray line
in Panel A confirms that the behavior is consistent with the simulation results. However,
we can see that the values in the simulation results tend to be more skewed than those in the
simulation results. Looking at the values in Panel B, we can see that the simulation results
for the price index and unemployment rate have larger amplitudes, and there are some
discrepancies in the number of lags at which the maximum and minimum cross-correlation
values occur. However, the results for each indicator are generally similar between those
obtained from real economic indicators and those obtained from the simulation. Meanwhile,
the results for each indicator can be confirmed to be generally similar to those obtained
from real economic indicators and those obtained from the simulation.
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Panel A: Autocorrelation of real GDP, price index, and unemployment rate
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Figure 5. Autocorrelation of key indicators and cross-correlation of key indicators to real GDP. Cyclical
elements are subject to analysis, while trend elements are removed by the HP filter. Autocorrelations
are estimated up to a lag of 20. Cross-correlations are estimated from 10 leads to 10 lags. A —10 lag
indicates 10 leads in each graph in (panel B). The solid gray lines show the autocorrelation and
cross-correlation values calculated from the actual values of economic indicators in Japan.

5.2. Rebound of the Economy after the Resolution of Economic Shocks

As we saw in the latter half of Section 4.2, the simulation results show that, although
households’ desired product consumption demand and firms” product sales volume de-
creased during the economic shock, they tended to increase after the economic shock ceased
to exist as compared with the case without the shock. We investigated whether such a trend
exists in the real economy as well.

What was the change in corporate sales before and after the COVID-19 pandemic
in the real Japan like? Figure 6 illustrates the transition in sales for all (blue solid line),
manufacturing (orange dash-dot-dash line), and non-manufacturing (green dotted line)
industries based on figures from Corporate Statistics published by Japan’s Ministry of
Internal Affairs and Communications, with the value for the fourth quarter of 2019 set at
100. As shown, sales in each industry fell sharply in the first quarter of 2020 when COVID-
19 spread throughout the world, and that sales in all industries increased in the fourth
quarter of 2019 just before the spread. Because of the Japanese government’s cautious
approach to handling coronavirus infections, Japan has lagged behind other industrialized
nations in their deregulation and other efforts to prepare the situation for living with
COVID-19. Even by the end of 2022, concerns about COVID-19 had not been completely
dispelled. However, as previously observed, sales in the fourth quarter of 2022 rose to a
level higher than that before the coronavirus shock had dissipated, implying that demand
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may have begun growing after the economic shock, as confirmed by simulations. With
the further deregulation around coronavirus infections occurring in May 2023, the final
demand is expected to recover more strongly after May 2023, and the future evolution of
economic indicators will be closely monitored. However, whether the difference in the
impact before and after the economic shock between the general industry and the final
consumer goods industry, which was confirmed in the simulation, is consistent with the
actual statistics remains unclear, given that both the manufacturing and non-manufacturing
sectors include industries related to final consumer goods. We must wait for the release of
more detailed economic statistics.
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Figure 6. Corporate sales in Japan before and after the coronavirus shock based on figures from
Corporate Statistics published by Japan’s Ministry of Internal Affairs and Communications, with the
value of the last quarter of 2019 set at 100.

5.3. Avoidance of Final Consumer Goods during Economic Shocks

In the simulation settings, which we examined in the previous section, the selection
of products by households during economic shocks was completely random. However,
during an economic downturn, some industries related to final consumer goods, such
as leisure and entertainment, are expected to be less likely to be selected. To reflect this
situation, we implemented a mechanism in which products in the final consumption
goods industry become more difficult for households to choose with a certain probability
during economic shocks. The impact of economic shocks on the final consumption goods
industry is expected to be relatively small for the daily necessities industry, whereas luxury-
related goods such as those mentioned above are expected to be more affected. However,
because the model in this paper does not distinguish between companies that provide
daily necessities and companies that provide luxury goods, the mechanism is modified
so that the probability of selecting the final consumer goods industry in the selection of
household products is uniformly decreased. Specifically, we introduced a process that
excludes final consumer goods firms from the selection target with a certain probability
when households, the demand side, select the supply side in the procedure described in
Algorithm 1, step 5. Figure 7 shows the changes in sales volume for the cases with an
80% probability of excluding the final consumption goods industry (green dotted line),
with an economic shock but not excluding the final consumption goods industry (orange
dash-dot-dash line), and without an economic shock (blue solid line).
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Figure 7. The blue solid line shows the result without economic shock, the green dotted line shows the
result with a long-term shock from the 35th to the 43rd steps and restricted choice of final consumer
goods, and the orange dash-dot-dash line shows the result with a long-term shock from the 35th to
the 43rd steps and no restricted choice (the same with the orange dash-dot-dash line in Figure 3). The
first row shows the transition in final demand, the second row shows average sales volume for all
firms, the third row shows average sales volume for firms in a general industry, and the fourth row
shows average sales volume for firms in the consumer goods industry.

The graph at the top in Figure 7 shows the decline in consumer demand in the event
of an economic shock, and it is, of course, almost identically shaped whether or not the
final consumer goods industry is excluded. The second panel shows little difference when
excluding the final consumer goods industries or not when there is an economic shock,
but this occurs after the end of the economic shock. The rate of increase in product sales
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is slower when final consumer goods industries are excluded. The third panel shows
that when the final consumer goods industries are excluded, the decline in the average
product sales in the general industry is smaller. When the final consumer goods industry
is excluded, this is thought to be due to the stronger replacement demand from the final
consumer goods industry on general industry. (In this paper, households do not prefer the
industry in which manufacturing firms belong.) The fourth panel shows that when the
final consumer goods industry is excluded, there is a larger decline in sales volume during
the economic shock and a larger rebound after the economic shock ends.

As explained in Section 4.1, there are two industries in this paper’s model: the final
consumer goods industry and general industry. The ratio of the number of firms in the
general industry to those in the final consumer goods industry is 10:1, with the general
industry accounting for approximately 90% of the total number of firms. The reason for
the milder rebound in average sales volume after the economic shock for all firms is that
the change in sales volume for the general industry, which comprises the majority, was
moderate before and after the economic shock due in part to the replacement demand at
the time of the economic shock.

5.4. Sensitivity Analysis

For the sensitivity analysis, we compared the base scenario of holding 2.0 months
worth of intermediate input material inventories with that of 1.5 months and 1.0 month.
Figure 8 shows the transitions in the nominal GDP, unemployment rate, desired production
quantities, real production quantities, upper limit by labor, and upper limit by input
materials. The upper limit by labor is the upper limit of the amount of product that can
be produced based on the secured labor force, and the upper limit by input materials is
the corresponding amount of product that can be produced based on the intermediate
input material inventory. The values for the base scenario (2.0 months) are the average of
100 simulations, and the values for the cases for comparison (1.5 and 1.0) are the average of
20 simulations. Figure 8 shows that the results of the base scenario (blue solid line) and the
setting of 1.5 months worth of intermediate input material inventory (green dotted line)
are almost similar. This indicates that 1.5 months worth of intermediate input material
inventory is sufficient enough to achieve similar results to the base scenario. On the other
hand, the results of the 1.0 month inventory (orange dash-dot-dash line) show that the
nominal GDP is suppressed as the simulating steps proceed while the unemployment rate
remains high throughout the steps. The unemployment rate seems to have increased due
to a decrease in the number of workers required as a result of sluggish product production
volume. One reason for the sluggish product production volume is that the upper limit
by input materials is lower than the required production quantities in later steps of the
simulation, which is believed to restrain the production of products. In a case where
the inventory is 1.0 month worth of intermediate input materials, there is no sufficient
production capacity in a firm, and accordingly, the firm is not able to respond to the increase
in demand. If intermediate goods cannot be procured as planned, the amount of products
produced would have to be curtailed, and the impact of this may be transmitted to other
firms through the SCN, resulting in restrained economic activity.
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Figure 8. Transitions in average of nominal GDP, unemployment rate, desired production quantities,
real production quantities, upper limit by labor, and upper limit by input materials. The blue solid
line shows the result with input material inventory sufficient to cover two months, the green dotted
line with 1.5 months worth of input material inventory, and the orange dash-dot-dash line with
1.0 month worth of input material inventory.

6. Conclusions

In this study, we attempted to incorporate the advantages of two representative
approaches to build an agent-based model suitable for analyzing the propagation of shocks
in an economic society. Based on a model structure that covers all major economic agents,
which is one of the strengths of the macroeconomic ACE model, we constructed an agent-
based model that incorporates a mechanism that links firms, such as capital goods firms
and consumer goods firms, through supplier—customer relationships without establishing
barriers, which is a method commonly used in corporate domain analyses.

In the simulation analysis using the proposed model, we verified the model’s validity
against actual economic indicators for Japan, which fits the economic environment assumed
by the model. We also confirmed that, although the actual statistics and the simulation
results had some discrepancies in terms of the nominal growth rate and the unemployment
rate, the simulation results were close to the statistical values of the other indicators, such
as autocorrelation and cross-correlation. Subsequently, we analyzed the drop in demand
and subsequent rebound in Japan during COVID-19 as an example of a shock to confirm
the output of economic shocks. Although the sales volume of firms temporarily declined
due to an economic shock that depressed households’ final demand, the increase in assets
held by households as they refrained from consumption boosted their spending capacity.
After the economic shock was resolved, firms’ sales volumes tended to be higher than
before. Furthermore, we confirmed that, when the sales volume of products in the final
consumer goods industry falls selectively during an economic shock, the drop in sales
volume is suppressed in the general industry due to replacement demand, and the increase
in the sales volume after the economic shock is milder.

The contribution of this paper is the development of a macroeconomic model that
incorporates the concepts of inter-firm supplier—customer relationships and intermediate
input materials. The results are generally valid for real economic data.
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Appendix A

Appendix A shows model details such as the flow and content of events within a
single step, hyperparameter settings, and the aggregated values of of each agent class at
the initial step in the simulation.

Table Al. Flow of events and their contents.

No. Event Outline
1 Production planning Each firm updates its expected product sales and production volume.
2 Firm labor demand Each firm estimates the labor required.
Each agent estimates the value of the goods that each entity can
3 Price, interest rate, and wage setting offer. (Firms, banks, and households determine product prices,
deposit and lending rates, and desired wage levels, respectively.)
4 Planning for ordering intermediate inputs Each firm estimates the intermediate input materials required.
A customer firm places an order with the supplier firms for the
5 Business-to-business product market (demand) Tlumber of intermediate 'mputs requlrefi. Note thz?t the intermediate
inputs ordered and received are used in production after the next
step.
6 Credit market (demand) Each firm calculfites its financing needs, selects a bank to apply for
a loan, and applies for a loan.
7 Credit market (supply) Banks evaluate the .loan applications received and provide loans to
the successful applicants.
8 Labor market Firms and governments interact with households to secure labor.
. Firms produce products based on intermediate inputs and labor
9 Production of products . .
inventories.
10 Business-to-bulsiness product market (supply) Suppl}er firms sell pr(.)ducts to customer firms based on order
quantity and production volume.
11 Business-to-household product trading market Households purchase products from firms and consume.
Arrangement of loan/loan relationships (firms repay part of the
Interest rates, government bonds, and loan prmqpal and pay 1r.1terest on loans, the government repays the
12 principal and pays interest on government bonds, and banks repay
repayments the principal and pay interest if they receive short-term funding
from the central bank, along with interest payments on deposits).
13 Wages and unemployment benefits The firms and government pay wages tq households. The
government pays unemployment benefits to the unemployed.
14 Tax payments Taxes on profits and income are paid to the government.
15 Dividends Firms and banks pay a portion of their after-tax profits as dividends
to households.
16 Bankruptcy Bankruptcy resolution for any failed firms and banks.
. . Firms and households choose the bank where they deposit their
17 Depositor selection .
cash holdings.
The government issues new government bonds depending on fiscal
18 Government bond purchases balance, and the banks purchase them. The central bank holds any
remaining amount.
19 Short-term funds (liquidity) supply The central bank provides short-term funds to banks upon the

bank’s request.
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Table A2. Hyperparameter settings.
Category Symbol Item Value
No. of agents of Firms 110
o Households 8000
oy Banks 10
Pq Gov. 1
¢c Central bank 1
Product-related Haw Physical labor productivity 8.0
U Raw material productivity 1.5
mufo Initial firm product markup 0.01(1%)
muhy Initial household product markup 0.35(35%)
Market-related Xg Number of trading candidates on B2C market 5
Xn Number of trading candidates on labor market 10
Xc Number of trading candidates on credit market 3
Xd Number of trading candidates on deposit market 3
Interest-related ig Initial interest rate on deposit 0.0010(0.10%)
ié Initial interest rate on loan 0.0075(0.75%)
8 Interest rate on bond 0.0025(0.25%)
icB Interest rate on short-term liquidity 0.0050(0.50%)
Profit-related Tr Corporate tax rate, income tax rate 0.18(18%)
Pg Dividend payout ratio for firms and banks 0.90(90%)
Common behavior A Adaptive expectations parameters 0.25
U, Normal distribution parameters 0.0, 0.0094
Firm behavior yg in Lower bound of desired production quantity 240
Nadjspeed Number of employees, adjust rate 0.5
mu fo Initial firm product markup 0.01(1%)
muhy Initial household product markup 0.35(35%)
of Amount of external financing 1.0
Bank behavior G Bank’s risk aversion 3.0
7 Loan term 20 steps
1) Estimated recovery rate 0.0
Household behavior w1 Propensity to consume out of income 0.38581
ay Propensity to consume out of wealth 0.25
Uthre Periods of unemployment begin to reduce desired wage 3 steps
Table A3. Total asset of each entity at the beginning of the simulation.
Item Households Firms Banks Government Central Bank Total
Deposit 90,000 30,000 —120,000 0 0 0
Loan 0 —15,000 15,000 0 0 0
Product inventory 0 2694 0 0 0 2694
Material inventory 0 36,418 0 0 0 36,418
Bond 0 0 80,000 —110,000 30,000 0
Reserve 0 0 30,000 0 —30,000 0
Short-term liquidity 0 0 0 0 0 0
Net wealth 90,000 54,112 5000 —110,000 0 39,112

Notes

1

Dilaver et al. identified the strategy switching (SS) model as the fourth of the representative ACE models. The SS model is a
general mechanism characterized by utilizing multiple types of agents with different expectation formation mechanisms; it is
mainly used to analyze finances. However, it is not included in this volume because it is frequently used in financial markets to
analyze investor behavior and financial asset prices.
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The parameters of the supply chain networks’ degree distribution vary somewhat across regions, industries, and datasets studied.
The authors of Perera et al. (2017) consulted 10 sources and reported that the parameters of the degree distribution of the corporate
SCN ranged from 1.0 to 3.3, depending on the literature. Meanwhile, Fujiwara and Aoyama (2008) estimated the parameters of
the cumulative degree distribution. The author of Newman (2005) found that the power-law exponent of the cumulative degree
distribution is 1 less than the power-law exponent of the degree distribution, which is approximately 2.3 for the parameter of the
degree distribution and which is within the range of values reported by Perera et al. Therefore, Fujiwara and Aoyama (2008)’s
estimated parameters are considered to be of a general level.

According to the Basic Survey of Corporate Activities conducted by the Ministry of Economy, Trade and Industry, the cost-to-
income ratio of domestic firms has remained around 80% year after year. Note that 1.5 was chosen as the parameter that produces
stable results when the model is run because the reciprocal of 1.5 is close to this level at around 67%.

According to the data from the Growth Strategy Subcommittee of the 2nd Industrial Structure Council organized by the Ministry
of Economy, Trade and Industry, the median markup ratio for Japanese firms is approximately 1.2, although it varies slightly
by industry. In this model, each markup is set so that product prices for firms and households can be differentiated based on
this level.

Based on statistical data for Japanese firms, the product turnover rate (annualized) is about 11.1 for the manufacturing sector, 19.9
for the wholesale sector, and 11.4 for the retail sector, giving an approximate average rate of 14 for all industries. The quarterly
conversion is about 3.5, and taking the reciprocal of this value, the inventory ratio is about 0.28. Since there is no significant
deviation from the estimates of Caiani et al. (2016), we use 0.10 as the inventory ratio in this model.

Around 2016, when Caiani et al. (2016) was published, Italy’s GDP growth rate was around 1%, and the ECB was easing its
monetary policy by introducing negative interest rates. Japan also introduced negative interest rates in 2016 and continues to
have a negative interest rate policy. As the economic situation is not significantly different from seven years ago, it is reasonable
to refer to the setting of Caiani et al. (2016).

The number of industries is based on the number of industry categories used with the Japanese business statistics data, of which
the model will be adapted to in the future.

8 The source of each indicator is as follows: the GDP is based on the data published by the Cabinet office; the CPI is based on
the quarterly rate of change based on the data published by the Ministry of Internal Affairs and Communications; and the
unemployment rate is based on the Labour Force Survey published by the Ministry of Internal Affairs and Communications.
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