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We develoEed a high performance software to simulate the national economy in
1:1-scale and integrated it with a large scale earthquake disaster simulator to comprehensively
estimate the long-term economic performance of given recovery plans. Analyzing data from government
sources, such as e-Stat, we identified the parameters to simulate the Japanese economy in 1:1 scale;

i.e., consisting of 127 million economic entities. Starting with the conditions of 2015, we
simulated the Japanese economy until the end of 2019. Good agreement of the simulation results with
the observed records demonstrated that the developed model can simulate the Japanese economy to a
reasonable degree. We integrated the economic simulator with an earthquake disaster simulator to
seamlessly simulate an earthquake disaster in a large urban area, evaluate the degree of the damage,

repair cost, recovery period, etc. of each building, and evaluate the long economic performance of
potential recovery plans.
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Since a mega-thrust earthquake disaster in a highly industrialized regions like in Tokai and To-
nankai can significantly impact the national economy, it is vital to prepare comprehensive plans
when recovering from amajor disaster. Considering the business entities’ heavy interdependence
on each other and dependence of infrastructure, it is vital to prepare recovery plans that detail
which component of lifelines and infrastructures will be recovered when. Finding such detailed
recovery plans that minimize long-term economic losses is a mathematically hard problem and
no solution method has been discovered yet. An attainable alternative is to solve this problemin
two steps; 1) find fine-grained recovery plans(i.e., detailed plans of which component of damaged
lifelines and infrastructures will be recovered when, which economic entities receive subsidizes,
low-interest loans, etc.) using techniques like genetic algorithms, machine-learning, heuristic
search, and 2) identify the best performing plan by comprehensively estimating their short- and
long-term economic performance. Such a system will significantly contribute to the mitigation of
large-scale disasters, elevating the disaster resilience of the nation.

The purpose of this research was to develop a set of high-performance software to generate
potential fine-grained recovery plans, and comprehensively evaluate (i.e., checking whether each
economic entity has access to lifeline networks, supply-chain networks, etc. required for
contributing to the economy) the long-term economic performance of given set of recovery plans.
The developed software was integrated with physics based high-resolution earthquake disaster
simulator such that high resolution simulations of natural disaster, and its long-term economic
impacts under a given recovery plan could be estimated comprehensively.

We used agent-based economic modeling for comprehensive evaluation economic performance,
and heuristic search for generating recovery plans. High-performance computing enhanced codes
were developed so that comprehensive fine-grained simulations could be performed. The
developed codes were integrated with large scale physics-based disaster simulator, which was
developed under K-computer project.

3.1 Agent-based economic modeling:

Economic entities’ strong interdependence on each other, and their dependence of infrastructure
and lifelines make comprehensive evaluation one of the important keyword in planning disaster
recovery. Toillustrate its importance, let’s consider the recovery of a business firm damaged by
an earthquake. Even if it manages to recover the lost capital and repair all its damaged buildings,
it will not be able to start business until it can purchase necessary goods for its production from
other firms, its supply networks such as gas, sewer, water are repaired, workers have recovered
their damaged homes or can occupy temporary shelters, etc. Unless all such conditions are satis-
fied, the firm cannot start contributing to the economy. Hence, comprehensively evaluating the
progress of the economy considering the satisfaction of all such requirements of each economic
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Figure 1 Schematic diagram of atypical agent-based economic model. Each industry consists of a
large number of firms. The economy is connected to outside word through imports and exports.



entity isvital in evaluating the economic performance of a given recovery plan. Such comprehen-
sive evaluations are not possible with standard economic models like DSGE, and only Agent-
Based Economic Models (ABEMS) have the flexibilities required for this desired level of com-
prehensive evaluations. Figure 1 shows a schematic diagram of atypical ABEM. At the center,
there are many industries, consisting of hundreds of thousands of firms, households of working
population provide human resources to firms, government, etc. An ABEM includes all the major
interactions occurring in an economy. We selected the model proposed by Sebastian et al. as the
base agent-based model of this project.

3.2 HPC extension:

A major chalenge in utilizing ABEM is the lack of High-Performance Computing (HPC) en-
hanced computer implementations capable of simulating 1:1-scale models (i.e., include each in-
dividual economic entity of a country, such as each household, each firm, etc.). Though there had
been several efforts to develop HPC enhanced ABEMS, such as EURACE, software capable of
simulating 1:1-scale models of large economies have not been realized to date. The main hurdle
in devel oping such a software is the complex interactions among economic agents. We addressed
the problem of generating balanced partitioning and minimizing the number of communications
between ranks by partitioning the agents based on arepresentative empl oyer-employeeinteraction
graph and adopting various techniques to ensure complete availability of remaining interaction
graphs at very small communication overhead. While adopted parallel computing strategies ena-
bled us to develop a distributed parallel computing extension with reasonably high salability for
small scale simulations with around 10 million agents, further improvements to the serial compu-
ting algorithms and data structures were required to attain high scalability with the target large
scale simulations involving hundreds of millions of agents. Performance tests conducted using a
model consisting of 330 million agents, which is equivalent to a 1:1 scale model of Euro-zone
economy, produced around 80% strong scalability, which is quite high for this class of problems.

3.3 Recovery plan generation:

Allocating limited human resources (i.e., repair crews) and material to recover damaged lifeline
networks and other infrastructures such that the net economic output of the nation will be
maximized is a mathematically hard problem. Hence, as mentioned in the first section, our
approach isto generate potential recovery plans using amethod like genetic algorithm or heuristic
search, using a simple objective function to maximize. We developed a greedy search algorithm
guided by a simple heuristic, and a genetic algorithm. Further, we extended the greedy search
agorithm to find near optimal recovery plans subjected to network constraints to find recovery
plansthat maximizesthe output produced by the customers of lifeline networkslike gas and water.
In order to solve the target large scal e problems, we implemented HPC enhanced codesfor all the
proposed recovery plan generating al gorithms.

3.4 Integration with physics-based disaster simulators

In order to comprehensively evaluate a given repair plan considering the satisfaction of every
need of economic entity (e.g., availability of water, sewer, power, transportation, etc. and access
to market) the developed HPC enhanced economic simulator has to be integrated with other
infrastructures. As the first step towards that, we integrated the developed simulator with a
physics-based earthquake disaster simulator, capable of conducting large-scale earthquake
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Figure 2 The HPC enhanced ABEM is integrated with physics-based earthquake disaster simulator.
PACT is used to estimate the losses, repair cost, repair time, etc. based on the damage indices
estimated by the disaster simulator.



disaster simulations in high spatial and tempora resolutions, as shown in Fig. 2. We used
Performance Assessment Calculation Tool (PACT), developed by Federal Emergency
Management Agency of the USA, for estimating the repair costs, repair time, amount of loss
capitd, etc. according to the damage indices from the disaster simulator.

While developing a scalable HPC extension was challenging, generating input parameters, and
tuning the developed ABEM to reproduce Japanese economy were equally challenging. The
implemented base ABEM is a micro-founded model, which ideally requires the parameters of
each agent set according to the balance sheet of its real-world counterpart. However, data at such
a fine scale are too expensive to buy with the grants available for the current research. In the
absence of the data of individua economic entity, we generated a consistent data set to initialize
each individual agent by disaggregating the macroeconomic data published by the Cabinet Office
of Japan, portal site of official statistics of Japan (e-Stat), and the Bank of Japan. The generated
1:1 scale model consisted of nearly 127 million agents.

4.1 Model validation

To ensure that the developed ABEM and the above generated data set can reproduce the Japanese
economy to a sufficient accuracy, we conducted a validation test by comparing the model outputs
with the observed economic data. In the validation test, the model is initialized according to the
Japanese economy data of Q1 2015, and Monte-Carlo simulations are conducted for 22 periods
starting from Q1 2015 to Q2 2020, and the results are compared with the observed data from the
System of National Accounts. Figure 3 compares four macro-economic parameters. The dark and
light gray regions represent +1 and +2 standard-deviations of uncertainty margins, respectively.
As seen in Fig. 3, the simulation results are in a good agreement with the observed macro-
economic data, except for the last two periods corresponding to the COVID-19 pandemic, of
which the model agents are not aware. These results indicates that the devel oped HPC-enhanced
ABEM can forecast the Japanese economy reasonably well.

4.2 Simulation of post-disaster economy

In order to demonstrate the devel oped integrated system, we conducted a hypothetical earthquake
scenario in economically important Hanshin industrial region of western Japan. We chose the
Nankai-trough earthquake scenario, as proposed by the Cabinet Office of Japan, as our
hypothetical disaster scenario. In order to estimate the economic impacts, 1,786,845 buildings of
Osaka city, Kabe city, Awagji island, and surrounding areas were considered in this study. Strong
ground motion beneath each building, and the corresponding seismic response of each building
were simulated using the physics-based earthquake disaster ssimulator. The calculated seismic
induced maximum displacement, story drift, etc. of each floor of each building were fed into
PACT to estimate the associated loss of capital, repair costs and repair time. Figure 4 shows the
digtribution of the repair time and repair cost of each building estimated by PACT. Finaly, the
repair cost estimated by PACT are assigned to the economic agents occupying the damaged
buildings. Because of the lack of rea data, we made several assumptions such as all the agents
alocate recovery budget equal to their unrecovered capital, the households receive government
aid to recover their damaged homes whereas firms use their own financing for the recovery.

Figure 5 compares the mean values of various macro-economic indicators under disaster
scenario and normal scenario. The decreasein total production is significantly small compared to
total production, mainly due to the fact that the firms try to maintain their capital utilization rate
at 0.85. For most of the firms, the capital loss didn’t impact their production since the loss is
smaller than the extra capital stock. In case of higher capital losses, a significant decrease in
production is expected and consequently, the economy will take a different recovery path. The
firms keep producing at full capacity to satisfy higher demands in the economy surpassing the
normal scenario production level in the second period. The figure a so shows increased economic
activities in the long run because of sustained higher demand and consequently higher
employment in the economy.

A very simple recovery scenario, assuming that there are unlimited repair crews, no
disruptionsto transportation, etc., was considered in this demonstrative simul ation. M ore complex
settings, considering the behavior of economic entities during a disaster, availability of repair
crews, availability of transportation networks, etc., are necessary for realistic estimations of the



economic impacts and to evaluate the effectiveness of different recovery plans. We plan to
continue this research to include those influential constraints to the devel oped integrated system,
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Figure 3 Comparison of the results of the simulation of Japanese economy from 2015 to 2020 with
the observed past records. Black line shows the mean of the simulation results while the red line
shows the real-world observations. Each unit period indicates one quarter.
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Figure 4 Distribution of repair cost and repair time of each building estimated by PACT. Cost of
new building is approximately 323,000 (JPY /m?)
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Figure 5 Comparison of mean values of various economic indicators under disaster scenario and
normal scenario.
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