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Abstract—The MÖBIUS agent-based models (ABM) design system is presented, which allows
creating efficiently scalable models with the number of agent populations up to 1 billion. The
system supports dynamic changes in the number and spatial distribution of agents by simulating
the processes of disappearance of agents and the emergence of new ones. The system allows
one to create ABM, including populations of agents of various types, forming social connections
and implementing complex multi-stage interactions with each other. It was tested during the
implementation of a large-scale demographic agent-based model of Russia, in which the basic
processes of the country’s population motion by regions are imitated. The agents in it are people
who exchange messages, maintain family ties, give birth to children, grow old and die. Testing
results are shown.
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1. INTRODUCTION

Using modern computing tools (especially supercomputers) allows one to create realistic models of
large-scale natural phenomena, as well as models—analogues of existing and / or designed objects, for
example, such as ships, aircraft, architectural structures, etc. Using analog models allows us to study
the properties of real objects during computer experiments, optimize the process of their construction,
and also evaluate the impact on these objects of various possible events. Artificial societies can also be
created with the same goals—analogous models of large socio-economic systems. Such models can be
used as polygons for staging virtual social experiments, since such experiments are too costly (in every
sense) to be put in a real-life society.

Large socio-economic systems of the regional level or the level of the country as a whole are in
the terminology of Burkov [1] active systems, that is, they include independent actors with their own
interests and the ability to act in these interests. One of the most promising methods for modeling
such large systems is recognized as a special type of simulation—agent-based [2, 3]. An agent-based
approach is the construction of the system from the bottom up, based on the description in the model of
independent agents with a set of individual properties, as well as the conditions of existence of these
agents (environmental factors) and the rules of their behavior. Moreover, each type of agent in the
model represents a certain class of actors in a real society, including the corresponding set of personality
characteristics and decision-making and implementation procedures. The work of the agent-based
model (ABM) is based on simulating the behavior of each agent, and changes in the general state of
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the entire system are an integral result of the actions of individual agents. In ABM, populations of
agents of large numbers can be created (up to the population of modeled regions), moreover, agents are
individualized, differing in specific values of personality characteristics. This makes it possible to recreate
in agent-based models the complex structure of a real-life society, taking into account the diversity of its
members. A detailed description of the environment of agents allows one to simulate a set of laws and
rules of behavior that make up the institutional environment of economic actors.

A classic example of a very large ABM created to solve an applied problem can be a full-scale
distributed agent model of epidemics [4]. Initially, it included 300 million agents moving around the US
map in accordance with a 4000 × 4000 correspondence matrix. The model was used by specialists from
the US Department of Homeland Security as part of research on a rapid response strategy for various
epidemics. The model was later expanded to 6.5 billion agents to simulate the effects of the spread of
influenza A virus H1N1 / 09 worldwide.

It is important that each agent-based model is a simulator of certain processes, the choice of which
is determined by experts based on an urgent management task, and the simulation is carried out using
special software. That is, ABM is an integral complex that includes an understanding of the structure of
the simulated sphere, the purpose of ABM as a tool for finding solutions to certain managerial tasks and
software as a technological basis for the implementation of ideological design.

2. THE FORMULATION OF THE PROBLEM
Let us briefly consider each aspect of the creation of ABM and the position of the authors.
Firstly, this is the purpose of the model, based on which a set of simulated processes is determined,

which allows us to consider the model as a sufficient approximation to reality. And secondly, this is the
definition of requirements for the corresponding software and its development tools.

So, the goal is to create an artificial society that can serve as a testing ground for delivering
socio-economic experiments and assessing the consequences of managerial decisions. Any ABM is
a simplification of reality, it is important to determine the permissible level of this simplification, that
minimal set of simulated processes that would make it possible to extend the conclusions obtained as a
result of experiments to a simulated object.

A general approach to the development of regional models representing an artificial society has
developed at CEMI RAS [5]. Within the framework of such a model, several specific models should be
combined—the natural environment of the region, the socio-demographic structure of its population,
as well as the structure of its economy. The model should be created in such a way as to imitate
the interconnections of processes occurring in these areas. The agents in the model are people and
organizations capable of receiving signals from the external environment and acting in accordance with
their interests under given institutional constraints. Moreover, the diversity of agents in the model should
reproduce the social structure of the real region. And larger actors, such as municipalities and the region
as a whole as an administrative unit and as part of an ecosystem, serve as agents for the environment.

The basis of ABM is an imitation of the behavior of the population of the region—its age-gender
and social structure and spatial distribution, as well as imitation of demographic processes that ensure
the reproduction of the population. People agents in the model have labor potential, depending on the
level of their health, education and work experience. It is the aggregated labor potential of workers in the
model that plays the role of a labor factor in the production function of agent-enterprises. The production
serves as a source of income for enterprises and the wages of its employees, which are the tax base for
contributions to the budget. Enterprises and people, in addition to the useful result (products), also
produce waste and emissions of harmful substances into the environment. The environmental model
includes mechanisms for simulating the propagation of these emissions. In addition, it allows one to
get an integrated assessment of the environmental load on the territory of the region to compare it with
the normative and classification of the environmental situation. The deterioration of the environmental
situation leads to an increase of the sickness rate and mortality. Thus, the presented general design of the
model allows us to simulate not only the influence of people’s activities on the economy and ecology of
the region, but also the inverse effect of the conditions of people’s existence on their health, performance
and behavior. A diagram of the mutual influence of agents and their environment in the socio-ecological-
economic regional model is presented in Fig. 1, which shows the directions of movement of resources
with wide arrows and the directions of information flows with thin arrows.

Consider the requirements that, in the opinion of the authors, the model must satisfy from a
technological point of view:
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Fig. 1. The diagram of interaction of agents with their environment in a regional agent-based model.

• Scalability. The model should allow an increase in the population of agents to the population
of regions, countries, and possibly continents. That is, it should be suitable for running on a
supercomputer and include mechanisms for parallelizing its operation. But in case the required
number of agents is small, it should be suitable for launching on a personal computer.

• Taking into account the features of ABM in implementation of its parallelization. These features
are: a) the agents of the model have a place of residence, that is, a binding to a particular object
(region) and to the coordinates on the map of the region; b) the number and spatial distribution
of agents change during the simulation period, since agents can disappear ("die"), create ("give
birth") new ones and migrate from region to region; c) agents have "social links" with other agents
with whom they exchange messages, moreover, these connections can be formed by agents
dynamically during the simulation period; d) both the place of residence of the agents and their
relationship with other agents significantly affect the behavior of agents in simulating various
processes (for example, choice of place of residence, family formation, etc.).

• The architecture of the model should allow the connection of new units designed to simulate
additional processes without a fundamental alteration of the model and with the provision of
automatic parallelization of their work. Moreover, the development of new thematic blocks should
be facilitated and accelerated as much as possible.

• Adaptability for modeling other large socio-economic objects. Any model is not universal, but it
should be applicable when modeling various objects of a similar class—regions, countries.

Taking into account the listed requirements for the properties of software for the implementation of the
design of socio-ecological-economic ABM, it is possible to determine the requirements for the design
system of such models, as well as evaluate existing developments.

In the past few years, many specialized software environments have appeared for building agent
models with the function of automatic or semi-automatic parallelization of program code for running
on supercomputers. Moreover, some of them are presented in the public domain. It is enough to
mention here the most famous developments, such as: Repast for High Performance Computing
(RepastHPC) [6]; Pandora [7]; ABM++ [8]; SWAGES [9]; HPABM [10]; POLARIS [11], Care HPS
(High Performance Simulation) [12]. In addition to the above, one can also mention MUSE [13],
LUNES [14], MASS [15].

It should be noted that the number of software products for implementing agent models on super-
computers is constantly growing. Which in itself testifies to the demand for both multiagent models
themselves and their development tools. On the other hand, this also indicates that a fairly universal
development environment for such models has not yet been created. So, all of the above tools were
initially developed to solve specialized problems, and although in the future they expanded significantly
to the level of broad-based frameworks, nevertheless, they retained a certain "legacy" in the form of
insufficiently effective algorithms for solving other problems.
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Ultimately, a less time-consuming way to build agent models that satisfy the author’s system of
requirements is to develop their own design system for such models. Of course, the development of a
software product of such complexity should be carried out using best practices and focus on the most
successful samples.

3. SCALABLE ABM DESIGN SYSTEM

Taking into account all the above requirements, when developing a design system for scalable ABM
"MÖBIUS" at the CEMI RAS (MÖBIUS strip is a symbol of CEMI RAS), the following approach was
adopted:

1. The system should not be organized as a library (like RepastHPC or POLARIS), but rather
as a base unit, a core for which all the basic functions are implemented (including automatic
distribution of executable code, balancing computing load, communication and synchronization).
The core should also include mechanisms for adding new blocks as they are developed.

2. The system should consist of two layers—the modules responsible for the procedures of par-
allelization, load balancing, messaging between agents should be implemented in C++ and
separated from modules designed to simulate socio-economic processes. The latter, to facilitate
the development of ABM, can be implemented in high-level language C#. This approach is similar
to the Care HPS concept.

3. The system should support the binding of agents to the place of residence in the territory of the
simulated region (country). This is implemented as follows: based on the initial data on the
number of agents for individual regions of the territory, as well as information on their geometry,
obtained from the territory map in a raster format, a rectangular grid is automatically constructed,
each cell of which is attached to a specific pixel in the image. Each individual region of the
territory must be colored in the map with its color, then when reading this image, the connection
of the cells of the rectangular grid with the codes of the regions and their other characteristics is
established. After that, the decomposition of grid cells by processors is calculated. To calculate
the decomposition of the grid, the graph algorithm METIS [16] with the task of weights is used
(METIS_PartGraphRecursive variant). The METIS algorithm takes as input a graph defined
through a matrix of links in the CSR format [17] and an array of weights of the nodes of the graph,
and returns the optimal distribution of the graph for a given number of parts with minimizing
the relationships between them. It is important that such a distribution is carried out before
the creation of agents, since the latter should be properly distributed between the nodes of the
cluster. The algorithm is able to effectively scale the work of ABM with the number of agents up to
1 billion. More about this in [18]. We emphasize that such a technology ensures the applicability
of the system in the development of ABM for different territories.

4. The system should support the disappearance of agents and the emergence of new ones during the
simulation. Since the agents in the system must have individual unique indices, the removal of one
agent entails a revision of the indices of the others. In addition, agents may be related. Therefore,
the operation of removing an agent from the system should include removing links to it from all
agents associated with it. Thus, the removal of agents cannot be performed by a simple operation,
but it should be divided into stages performed sequentially within one simulation step. Moreover,
after performing any of the steps, it may be necessary to review the general parameters related to
regions or groups of agents, and/or exchange messages between agents. The presence of such
stages means the appearance of synchronization points at the step, that is, the suspension of part
of the processors that have already finished processing the agents placed on them and expect the
completion of all other processors. We emphasize that the mechanism of dividing the simulation
step into stages allows us to simulate arbitrarily complex interactions of agents both with the
environment and with each other.
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5. A scalable ABM is developed in the design system MÖBIUS as a separate executable module,
the connection of which with the interface is via external files. Obviously, each ABM designed
for computer experiments should have a developed interface that allows the user to manage these
experiments and observe their results. But since the supercomputer, in the general case, is not
used in exclusive mode, one cannot count on the interactive connection of the model with the user
interface. Therefore, the results of the calculations should be accumulated in auxiliary external
files and then visualized when the user requests.

The Fig. 2 below presents a generalized organization diagram of the operation of a scalable ABM
in the MÖBIUS design system. In the diagram, each stage of StageOfAlgorithmj is selected by
the model developer from the list Stage|j=0,...,J based on the logic of the simulated processes. For
each stage, the type of objects to which it refers - TypeOfObjectk, and which is selected from the list
Type|k=0,...,K, is also indicated. Thus, the choice of the stage indicates the place in the program where
the procedure that implements this stage will be called, and the procedure itself should be described in
the class of the corresponding type of objects.

Since both lists—both the stage list and the list of object types—are open, they can be expanded.
So, one can add procedures to simulate new processes and their corresponding stages. Moreover, a new
kind of objects or agents can be introduced into consideration by adding the appropriate class to the
model.

4. A TEST EXAMPLE OF A SCALABLE ABM DESIGN SYSTEM

The core part of a large regional socio-ecological-economic ABM is a demographic model that
imitates the processes of natural population movement. It was such a model that was developed
for Russia using the capabilities of the presented MÖBIUS design system of scalable ABM. The
general parameters of the model are: source file addresses, including a map of Russia with highlighting
its regions; agent population size; the number of processors allocated to the model; the number of
simulation steps (years of the forecast period).

The initial data for the simulation was obtained from the Federal State Statistic Service tables for the
base year:

• At the level of the country as a whole: population distribution by sex and age (age-sex pyramid);
mortality rates differentiated by sex and age; retirement age for men and women according to the
years of transition corresponding to the pension reform of 2018.

• At the level of individual regions: population; distribution of the population by major age groups
(the proportion of the population younger than working age, working age and older than working
age); total fertility rate; distribution of births by maternal age within reproductive age.

The work [19] described in details how the demographic ABM of Russia establishes the initial state of
a system that ensures reproduction of the age-sex structure of the population and its spatial distribution
by region (and corresponding cells and processors) in accordance with the specified statistical data. It
is also shown how, by organizing collections of children and parents in an agent class, the problem
of establishing family ties between agents is solved. In the model, it is relatives who maintain social
relations by exchanging messages with each other. Here we dwell on the design techniques used and on
the quality of parallelization of the model during the simulation.

Actions on each simulation step were divided into stages that implement the stages of simulating
demographic processes. Each stage can relate to objects of one of the following types: country, region,
agent. The model implements the following stages of simulation and their blocks:

1. The stage of preparing the implementation of the step during the transition to the next year:

• The stage of resetting counters related to imitation of birth rate at the level of the whole country
and at the level of each region.

2. Stage of extinction of agents:
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Fig. 2. Generalized scheme for organizing the operation of scalable ABM in a MÖBIUS design system. Where stage
of StageOfAlgorithmj is selected by the model developer from the list Stage|j=0,...,J for corresponding object type
TypeOfObjectk. Large dots in the diagram indicate Si synchronization points, and T is the specified number of
simulation steps.

• Stage of distribution of the "black mark" (at the agent level). The marking of the agent in the case
of a black mark (death) that falls to him in accordance with the age-sex mortality rate. Otherwise,
an increase in the agent age by one;

• Stage of recalculation of agent indices (at the country level). Calculation of new indices for the
remaining agents in those cells in which agent removals are scheduled;

• Stage replacement indexes (at the agent level). Sending all related agents an updated agent index;
the old index is replaced by a new one in all collections;

• Stage of removal of agents (at the country level). Removing labeled agents from collections.

3. The stage of creating new agents:
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• Stage of calculating birth probabilities (at the country level). Calculation of birth probabilities for
women of different ages (by region);

• Stage of birth of agents (at agent level). Creation of a child agent in the event of a birth event.
And establishing family ties.

4. Stage of completion of the simulation step:

• Collection of statistics by region and by country as a whole;

• Stage of saving results of the simulation (at the country level). Saving the results obtained in the
simulation step by region and country as a whole, in external files.

5. Stage of completion of the simulation:

• Stage of saving the results of the simulation (at the country level). Saving the dynamics of the
resulting indicators for the country as a whole, obtained during the entire simulation, in external
files.

At the end of each stage, except the last, the message queue is checked, and if it is not empty, then
the messages are sent to the recipients.

The analysis of the parallelization efficiency of the model was carried out as follows: at constant values
of mortality and fertility, ten steps were calculated, and the average time value for the step was taken.
Table 1 shows the results of running the model on a different number of processors for the cases of two
and eight million agents on MVS-100K supercomputer.

Comparing the obtained dependence of the model’s acceleration on the number of processors with
the curves of the well-known Amdahl’s law [20], we can evaluate how well the algorithms used to
simulate agent behavior in the model are configured to parallelize its operation. Comparison with
the theoretically achievable level of acceleration shows that for two million agents, the decrease in
parallelization efficiency in our case is comparable to the fact that as if the fraction of sequential
calculations was about 10%, and for eight million—as if it was less than 5%. A subset of simulations
was also performed on HPC resources of MSU Lomonosov and Tianhe 2 supercomputing center to
check the portability of the software package. The absolute values of the simulation time were two times
smaller due to newer processors used in these supercomputers but the scaling curves were the same [21].

Obviously, dividing each simulation step into stages and the appearance of additional synchronization
points should lead to a decrease in the efficiency of parallelization. It was possible to evaluate how much
acceleration worsened, comparing the results with the results of the first version of the model (without
stages) presented in [18]. It turned out that an increase in the number of processors up to eight provides
almost the same acceleration of the two versions of the model, but a further increase in the number
of processors reveals a significant difference in the parallelization efficiency. So, for 16 processors, the
acceleration of the model with additional synchronization points is 2.1 times less than for the first version
of the model, and for 48 processors—3.1 times.

When evaluating the effectiveness of the author’s approach to organizing the parallelization of the
model, it should be compared with the closest analogues. So, in [22], an approach is also considered to
parallelize resource-intensive ABMs, whose agents exchange information and have a spatial reference.
The speedup obtained by the authors compared to the serial version of the model averaged 20 times. In
our case, in the case of the first version of the model, acceleration was obtained up to 25 times with 48
processors, but the addition of synchronization points significantly reduces this figure. However, the
total calculation time, as can be seen from Table 1, is quite acceptable.

It should be noted that even the basic demographic ABM is of independent value, making it possible
to solve such practically significant tasks as obtaining a demographic forecast for the country as a whole
and by regions. And this already allows one to get an assessment of demographic trends and identify
problems. The most serious problems are depopulation and aging of the population, which is clearly
seen in Fig. 3, which shows the projected size and age structure of the Russian population. Thus,
in the base year 2018, the population was 146833.3 thousand people, 143570.9 is expected in 2028
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Table 1. Evaluation of acceleration in parallel calculation depending on the number of processors on MVS-100K
supercomputer

CPUs Simulation Parallel Simulation Parallel

time 2M, s speedup 2M , times time 8M, s speedup, times 8M

1 3.029 1 17.211 1

2 2.016 1.50 11.064 1.55

4 0.948 3.19 7.053 2.44

8 0.625 4.84 5.215 3.30

16 0.653 4.64 2.962 5.81

24 0.499 6.07 2.245 7.66

32 0.476 6.35 1.019 16.88

48 0.383 7.90 1.395 12.33

(decrease by 2.2%), and 136757 thousand people in 2038. (decrease of 6.9% compared to the base year).
That practically coincides with the forecasts of Federal State Statistic Service obtained on the basis of
classical forecasting methods. At the same time, the share of the population aged 65 and over in 2018
amounted to 14.4%, and in 2028 and 2038 it is expected to be at the level of 18.6 and 19.0%, respectively.
An increase in the average age of agents from 39.2 years in 2018 to 41.3 in 2038 also indicates an aging
population.

Using the model of Russia, experiments were carried out to assess the effect of a phased increase in
the retirement age as part of the ongoing pension reform. So, the dynamics of the share of the working-
age population, obtained without raising the retirement age and in the context of pension reform, was
compared. The comparison results are presented in Fig. 4.

Fig. 4 shows how, during the ten-year period of the reform, the share of the able-bodied population
in the first version has steadily decreased (from 56.1 to 52.9%), and in the second it has been growing
(to 58.6%). As a result, in 2028 the difference was already 5.7 percentage points (which corresponds to
8184.1 thousand people). By the end of the entire forecast period, the share of the able-bodied population
in the first variant fell to 52.6%, and in the second it grew to 59.0%, and the difference between them
increased to 6.4 percentage points (9189.2 thousand people).

Obviously, pension reform, although formally improving these indicators, does not solve the problem
of depopulation or the problem of actual aging of the population. To solve these problems, measures
are planned aimed at supporting families with children to increase fertility. To assess the effect of such
measures, one can also use ABM, but for this it will be necessary to expand its functionality—abandon
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the use of a constant value of the total fertility rate and proceed to its modeling. Why would it be
necessary to include new properties of agents and the environment, first of all, related to the economic
state, and besides, procedures that simulate the influence of various factors on agents choosing the
number of desired children and their birth time.
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