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Abstract
The life cycle pattern is pervasive for both natural and social sciences, from
events to empires. The man-land relationship governs the rising and falling cycles of
empires. Based on the life cycle model of collective actions in 2016, we combine agentbased modeling, systemic dynamics, and numerical simulations, to build the life cycle
model of empire. It aims to investigate the rise and fall process of major empires (N=18)
in the 2132-year history of China, from BC 221 to AD 1912. The core principle is to
find the optimal solution, which achieves the best matching between simulated and real
target empires. According to our algorithm, we have three steps to find possible optimal
solutions, which can be obtained with minimal difference. First, we traverse all related
parameters, and select simulations with N=18 empires; Second, we select cases with
the sum of 2122 to 2132 years; Third, we select cases whose differences are less than
20 years. Finally, we obtain three optimal solutions. Under each one of them, we add
10000 simulations to check both validity and robustness of three solutions. It seems that
our life cycle model has achieved the best fitness to real empires in history. For the
distribution matching of durations or spans, both discrete and continuous matching
forms can be achieved. Besides, the simulate-real duration matching can be achieved,
under 16, 17, 18, 19 & 20 pairs. Therefore, it seems that the historical trend of human
societies may be an automatic process. Based on our model, we can back-calculate the
whole history process of China, and even predict the future.
Keywords: life cycle model; empires; agent-based modeling; the optimal solution.

1

1. Introduction
For both natural and social sciences, the life cycle pattern can be witnessed within
multiple systems, such as cells [1, 2], individuals [3], collective actions (events) [4],
organizations [5], population [6], firms & corporations [7], and even countries or
empires [8], the giant complex system during human history. Here, we focus on the
continuous rise and fall cycles of empires, and China has provided ideal big data of
historical trends. For 18 major empires or dynasties in history of China, the life cycle
pattern is robust and persistent. No matter how harsh conditions at the early stage, new
empires will grow stronger and stronger until the peak stage. No matter how strong,
glorious, and prosperous it can be in history, the empires (Han, Tang, Ming & Qing) are
doomed to be decline and die. As a unique sample of sequential empires and dynasties,
the dynastic periodicity of Chinese history has been long discussed by Historians [9].
Other than theoretical analysis, we use mathematical model and simulations to reveal
the underlying mechanism of empire dynamics in China.
The rise, development, and decline of empires are affected by many factors.
Taagepera (1995) described the life cycle of the Empire as a flat-topped parabola, which
suggests that imperial collapse must be an exceptional event due to exceptional
circumstance [10]. In previous studies, regional stability, revolutionary elites, imperial
ideologies, abandoned brethren and state capacity are closely related to the imperial
collapse [11]. Olson (2008) believes that the exist of large number of interest groups is
a sufficient and necessary condition for imperial collapse [12]. The climate change is
also considered as an important reason for the rise and decline of dynasties [13-16]. For
example, colder temperature led to the decline of Tang and Ming Dynasties [17], and
high atmospheric moisture levels promoted the formation and development of big cities
and empires [18]. Besides, economical [19], financial [20, 21], reserve currency [22,
23] and geopolitical role [24, 25], and their relative power are also influential during
the rise and fall of Empire [26]. In sociological fields, the reasonable explanation for
the decline mechanism of agricultural empires is probably the demographic-structural
theory [27]. Population growth indirectly causes social crisis, by causing economic,
political and social problems, which jointly affect social stability [28]. In agricultural
empires, the land is the most important resource. Population growth would lead to
scarcity of materials, and intensified contradictions within elites, the Asabiya lost, and
factional conflicts eventually leading to the collapse [29]. When the growth of
population exceeds the growth of land productivity, the systemic problems, such as
rising prices, tax increases [30], and social movements will follow, which undermines
affect social institutions and leads to decay of the country [31].
Regarding to the rise-and-fall dynamics, many models were proposed. Collins
(1978) proposed the geopolitics theory, focusing on territorial dynamics of empires [32].
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It utilized three mechanisms, such as geopolitical resources, logistical loads, and the
marchland position [33]. The digital structural (1995) [28] and ruler legitimacy models
(1995) [34], then perfected this geopolitical model. Some use the sense of collectivity
(Asabiya) to demonstrate the relationship between population and resources. Empire’s
life cycle is determined by the rise and fall of Asabiya. Turchin (2003) argued that
metathnic frontiers is central in promoting Asabiya, and proposed the metathnic frontier
model to explain imperial cycles. He also expanded demographic-structural theory, and
established Demographic-Fiscal and Elite Cycle models, to discusses the relationship
between population density, elite reproduction, extraction ability, and national decline
[27]. For history of China, the dynastic cycle is defined as the periodic alternation of
societies between autonomy and management [35]. The demographic structural theory
becomes a principal model for China. Some use simple but effective models of bandits,
peasants & rulers, to explored dynastic cycles [36, 37]. For Chu and Lee's model (1994),
the population growth led to the shortage of resources, and more farmers became
bandits. Under a certain scale, they became fatal threats to the rulers, and the regime
will decay [38]. Demographic structural theory can be still applied to political stability
studies [39]. For example, Turchin (2010) [40] and Ortmans et al. (2017) [41] use it to
predict the political pressures for USA and UK, as well as the factors and patterns of
social & political stability worldwide [42].
We apply the collective action model to simulate the empires in China, and the
concept of Asabiya connects them both. In his book, Historical dynamics: Why states
rise and fall, Turchin (2003) discussed the similarity between Asabiya (the collective
action ability of group) and empire cycles [27]. For collective action, the rise and fall
is captured by dynamic number of participants, determined by micro-level individual
choices. If more people take part in, it will be stronger. Otherwise, it declines, with
more and more people standing by as nonparticipants or free-riders [43-46]. It also
holds for empires where the people live. Full of corruptions and information bias [47],
the empire will decay and die, with more and more people (non-supporters) hating the
rulers. More people will become unloyalty, resistant, or uncooperative. For the healthy
periods, the empire is with less corruption and information bias, with more and more
supportive people who are loyalty to rulers of empire, with Passionarity. For stronger
empires, major crisis can be even overcome, with massive supporters [48]. Since 2016,
the peak model has been used to explore the life cycle dynamics of collective actions
[49]. Hence, this can be also applicable to rise and fall dynamics of Empire. The microlevel mechanism of individuals or agents, under collective actions and empires, are
similar to each other. The rise and fall of empires are determined by individuals, the
fundamental actors of society. Based on behaviors of micro-level agents, we construct
the life cycle model of empires, to simulate real life cycles in history of China.
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2. The Life Cycle Model: Collective Actions to Empires
2.1 Similar life cycle processes
The peak model describes the whole life cycle process of collective actions,
such as outbreak, growth, peak, and vanish [49]. Under historical viewpoints, the whole
process of empires in China and the world can be also divided into four stages, such as
birth, growth, peak and perish. For instances: (a) China empires. In history of China,
we have the list of 18 major empires (Rank A) in table 1. Each empire has a clear life
cycle pattern, and we merely take the Tang empire for example. The general Yuan Li
(李渊) established the Tang Dynasty in AD 618. Then, the Emperor Taizong (李世民)
opened the flourishing age of good governance (贞观之治) during 627 and 649, and
this empire reached the first peak. After that, the Tang empire reached the second
(highest) peak stage, under the Emperor Xuanzong (from AD 712 to AD 741) period.
However, the inventible corruption and information bias led this empire to decline. In
AD 878, the Huang Chao Uprising overthrew the Tang Dynasty, which formally died
in AD 907 [50]; and (b) The Roman empire. Another typical example is the Roman
Empire, which also has the clear process of rising and falling. It was established in the
BC 6th century. From Octavian’s reign to around AD 200, it was a long period of
prosperity, development, and expanding. During that time, it was the most powerful
empire in Europe, with a vast territory area and giant developed economy. However,
the Roman began to decline after the 3rd century. In AD 395, it was cut into Eastern
and Western Rome empires. In 476, the Western Rome empire was destroyed by the
Germans [51]. Therefore, all the global empires in history have the clear pattern of life
cycles. Deeming empires as collective actions, we use the peak model of collective
actions to construct the life cycle model of empires.
2.2 Similar mechanisms and parameters
For multiple macro-level systems with numerous micro-level agents, the
relationship between micro-level individuals and macro-level collectivity, which in
reality can be groups [52], organizations, empires or countries [29]. Therefore, the life
cycle dynamics of empires and collective actions have similar mechanisms, in terms of
the production and distribution of social wealth, as well as individual calculations.
(a) The social wealth production. Both collective actions and empires can be
deemed as the production and distribution of public goods (social wealth). For the
production process, they are similar. For collective actions, the public goods can be
expected by participants. With more participants, the collective actions will be more
powerful and influential, and public goods (aims and goals) can be more likely to be
achieved. For agricultural empires, the public goods can be named as the social wealth.
For empires in history, the produced social wealth is largely determined by the size of
farmland. The land resource plays the major role for all empires in history. Thus, among
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essential resources, we regard the size of arable land as the primary indicator of social
wealth for agricultural empires. For most empire in history of China, the total size of
arable land (farmland) is fixed and limited. The amount of social wealth produced by
social members (farmers) will be therefore limited or fixed. At each year, certain
amount of social wealth will be shared or divided (unequally) by all social members.
(b) The growing population. For the process of collective actions, the size of
(potential) participants grows. and the growing participants lead to outbreak, rising, and
peak of collective actions [53]. Likely, the population is also a key indicator of empires.
For earlier stages of the Empires [29], the increasing population is the major driving
force for the rising of empires. The population growth produces sufficient labor force,
more food supplies, more taxes, and a larger number of soldiers. Therefore, this growth
fosters economic development [54], boosts social and cultural prosperity, and strength
constructions & protections of empires. However, sadly but inevitably, the empires will
decay or decline under too much population growth [27, 31]. Likewise, when the
number of participants reaches the peak, the collective action also reaches the peak and
begins to decline. Therefore, the relationship between the farmland (first indicator) and
population (second indicator) greatly forms the empire dynamics.
Table 1: Empires and Durations in History of China (in 2132 years)
Rank
A

Rank
B

Rank
C

Empires
(Dynasties)

From
(Birth Year)

To
(Death Year)

Duration
(Span)

1

NA

NA

Qin Dynasty

221 BC

206 BC

15

2

1

1

West Han dynasty

206 BC

25 AD

231

3

2

2

East Han dynasty

25 AD

220 AD

195

4

3

3

Three Kingdoms

220 AD

265 AD

45

5

4

4

West Jin dynasty

265 AD

316 AD

51

6

5

5

East Jin dynasty

316 AD

420 AD

104

7

6

6

South & North Dynasties-Song

420 AD

479 AD

59

8

NA

7

South & North Dynasties-Qi

479 AD

502 AD

23

9

7

8

South & North Dynasties-Liang

502 AD

557 AD

55

10

8

9

South & North Dynasties-Chen

557 AD

589 AD

32

11

9

10

Sui dynasty

589 AD

618 AD

29

12

10

11

Tang dynasty

618 AD

907 AD

289

13

11

12

Five Dynasties & Ten Kingdoms

907 AD

960 AD

53

14

12

13

Northern Song dynasty

960 AD

1127 AD

167

15

13

14

Southern Song dynasty

1127 AD

1279 AD

152

16

14

15

Yuan dynasty

1271 AD

1368 AD

89

17

15

16

Ming dynasty

1368 AD

1644 AD

276

18

16

17

Qing dynasty

1644 AD

1912 AD

268
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(c) The core relationship. For collective actions, the key relationship between
individuals and public goods determines the life cycle. The key relationship between
the land (farmland) and people (population) greatly shapes the life cycle pattern of
empires. According to the demographic-structural theory [28], the imbalance between
population and farmland leads to social unrest of empires, such as unemployment,
inflations, financial crisis, and uprising & rebellion [31]. Given certain amount of public
goods or social wealth, unequal or unfair distributions lead to too many free-riders, nonparticipants, and cheaters of collective actions. For the life cycle model of empires, the
continuous growth of population, is similar to adding agents (potential participants) of
collective actions [55]. For empires, the rising and decay is determined by the
percentage of supporters [56]. For individuals, the net profit determines whether they
should support. As the population grows, less benefits will be obtained by the ruled
majority, but more costs need to be paid. More people will become negative members,
waiting for the decay of empires (the tragedy of commons) [52, 57, 58].
(c) Costs & benefits calculations. During evolutionary processes, individuals
(agents) calculate their net profits based on costs and gains [59]. In the society,
individuals are rational, and they care for their own interest [46]. For participants of
collective actions, it is necessary to calculate their benefits and costs, which determines
the choices (participate or free ride) [60]. When the net benefits are positive, they will
participate the collective actions. This also holds for empires. For all individuals
(farmers and families), they calculate cost and income each year, which determines
whether they have better living qualities under current regimes. For the ruled people,
they will support the empire merely when they have positive net profits, which is
needed to make a living. If basic living cannot be supported, farmers will definitely hate
the empires, and some will choose to betray the country [44]. For our life cycle model,
the critical work is to calculate dynamic costs and benefits of individuals.
(d) Social governance levels. In addition, we have social governance parameter,
which is environment where people live in. There is an existing concept to measure this,
and groups with stronger Asabiya have more advantages [29]. Khaldun (1958) called
this tendency for individuals to participate as the sense of Asabiya, and it comes from
social contact, friendship, long-term closeness & partnership [29]. Similarly, the empire
also has this propensity (appealing) to individuals (social members). The Asabiya is
also key to the prosperity of empires. Only when Asabiya is strong enough, can the
ruler build a great dynasty [27]. When it has a strong appeal (makes potential
participants pleasure to) take part in, participation is much easier. In other words, under
higher levels of Asabiya, more participants will be encouraged [53]. Under better
governance of empires, more innovations, businesses, and cultural exchanges are
allowed or encouraged, and it will be higher. With higher participation enthusiasm
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(Asabiya), more people (love the empire) are willing to make contributions to it [61,
62]. However, under harsh or strict governance, more people will hate the empire. For
instances, the Qin Dynasty only lasted for 15 years, with the strictest ruling, such as the
one-violation-punish-all policy [63]. As an open and free empire, the Tang Dynasty
(Emperors) accepted good ideas, protected farmers, and exchanged cultures [64]. This
high level of Asabiya cultivated many talents, created cultural peak, and made a
glorious empire in history.
2.3 Some Differences and Modifications
The peak model of collective actions also requires extensions, because the
empire system is more complex. Thus, the distribution of individual visions (social
networks) differs. In the peak model, the perceived information influences individual
decisions [60]. The ℎ! represents the vision field, which determines how many people
each participant can see [49]. In other words, how many neighbors are taken into
considerations to make decisions [46]. The ℎ! captures abilities of individual visions,
and determines perceived information range. Due to social factors, such as education
levels, socio-economic index, and others [65], the vision ability is heterogeneous. We
use the normal distribution to reflect individuals in collective actions. Considering
empires have more people, the heterogeneity may be stronger. In the simulations of
empire dynamics, the ℎ! refers to how many people (mainly farmers), known by the
current agents, are sharing the common (total) wealth with them. For some agents, with
rich social capital and more power, they know the whole picture. For others with lower
social positions, they know little. The value of ℎ! also determines how many people
are sharing the social wealth with current agents (farmers). For both collective actions
and human empires, the distribution of ℎ! determines how their wealth can be shared
or divided. For collective actions within relatively small groups, we use the Pareto
distribution to reflect the vision heterogeneity of agents [49, 66-68]. However, the
distribution may be different (more diversified) for empires with tens of millions of
people. So, we apply the pareto distribution of ℎ! , because the distribution of wealth
follows the Pareto law within societies [69]. It is highly possible that the distribution of
information and social capitals are also normally distributed, because social wealth,
social capital, and information (knowledge) are scared (limited) resources in all
societies [66 ,67]. The Pareto law can be also deemed as the power law distribution [70].
In real cases, the vision and knowledge are limited (scared) and only a small percentage
of people have richer information, and most of them know little about it. So, we set the
distribution of ℎ! as random exponential distribution, within societies of empires.

3. Methods and Materials
Based on the life cycle model, the peaks can be solved and the life cycle trends
can be therefore solved and visualized [53]. Thus, life cycle model can be named as the
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peak model as well. The Agent-Based Modeling is built to simulate the rise and fall
dynamics of Empires. We use the NetLogo software to model and simulate empires.
3.1 The basic peak model of empires
In equation (1), the basic peak model of collective actions[49] captures the
decision-making mechanism of individuals who are governed by empires. Following
this mechanism, individual (family) behaviors can result in the life cycle of empires,
such as birth, growing, peak, and decline. The macro-level pattern of life cycles is
determined by micro-level behaviors of individuals or farmers, the cells of empires [71,
72]. The empire is supported by its members, as the body is formed by cells [73]. For
agricultural empires, the ruled social members (farmers) merely care about their lives.
If their income minus cost is positive, they will support the empire where they live.
Otherwise, they will hate their empire, become bandits or betrayers, support anti-social
behaviors, or participate uprisings [36, 37, 40, 41, 74]. The 𝑆! refers to individual
surplus of the farmers (families), which determines whether they can survive under
empires. For each individual, the surplus 𝑆! is calculated based on the income and cost.
For each empire, the social wealth or common goods is fixed and denoted as the 𝑉" .
Under specific public policies or social arrangements, the social wealth or common
goods will be shared by all social members. No matter whether they are working
(farmers) or free riding (rulers), they can obtain some percentages of 𝑉" , the social
wealth [46]. Generally speaking, each member has the objective income (wealth),
which is 𝑉! = 𝑉" /𝑁. The number of social members, the group size, is the term 𝑁.
However, their subjective ratings (feeling) about their income are heterogenous, and
the subjective (feeling) factor 𝑣! is applied to reflect this heterogeneity effect. As N is
the group size of empires, many people are not aware of how many members are sharing
the social wealth. So, we use the percentage values of individuals (ℎ! ) to measure
heterogenous vision abilities. The parameter J (jointness of supply) adjusts the sharing
degrees of social wealth. Under 𝐽 = 0, it refers to Complete Sharing, with a much
stronger dilution effect; under the No Sharing condition (J=1), there is no sharing or
dilution effect (personal income is not affected by others), which is too ideal to exist in
human history. Like ℎ! , the parameter 𝐽 is also within the unit interval of [0, 1]. As
well, individual (costs) contributions to the ruler of empire are also heterogeneous [46].
Hence, the term 𝑐! is different for social members. It indicates that the surplus 𝑆! (net
income) is jointly determined by social wealth (𝑉" ), individual rating (𝑣! ), group size
(𝑁), jointness of supply (𝐽), and individual costs (𝑐! ).
𝑣! ∙ 𝑉"
𝑆! = 𝑣! 𝑉! − 𝑐! =
− 𝑐! ,
𝑠. 𝑡. 𝐽 ∈ [0, 1]
(1)
(ℎ! ∙ 𝑁)($%&)
3.2 Parameter settings for multiple empires
The previous 3.1 section refers to the one empire. In the history of China, we have
22 empires or dynasties, recognized by mainstream or official historians. It indicates in
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Table 1 that we can also regard the chaotic period of Five Dynasty & Ten Kingdom as
one dynasty. Therefore, we have 18 empires (dynasties), which form recycled rise and
fall trends of empires, in history of China. This fixed big data in history forms the target
function, 𝑓(!) (∙), for our model and simulations to best match it. In our agent-based
model, we use the revised peak model to simulate 18 dynasty cycles. Therefore, we
need to set distributions of parameters for multiple empires (N=18). Related parameters
include: (a) Social Wealth Levels. During each simulation of empire, the 𝑉" refers to
the social wealth level of empires. Considering the empires of China, both rich (Han,
Tang, Song & Ming) and poor empires (Jin & Ming) can be witnessed in history. Hence,
in order to better explore the interaction between population and land resources, we use
the setting of dynasty area in Turchin's basic demographic-fiscal model for reference
[27], the 𝑉" is set to be fixed for each empire. For 18 empires in history, it follows a
normal distribution (N=18). The mean is 𝑢*" and standard deviation is 𝜎*" ; (b)
Jointness of Supply. The parameter of jointness of supply (J) measure the public
governance and attractiveness of empires. In history, the public policy determines
attractiveness to individuals or farmers. Under more relaxed public policy
environments, the societies are free and open, with loose laws and regulations. People
have more Passionarity to work (participate) and make contributions to empires, which
lead to the prosperity of empire [48]. J is the key attribution of empires. In equation (1),
the empire with a higher J is more attractive to common members, because the income
is not largely diluted under good governance. However, the income will be largely
diluted by others under the empires with poor governance capabilities. The parameter J
is set to follow the normal distribution, with the mean of 𝑢& and standard deviation of
𝜎& ; (c) Contributions to empires. Living in agricultural empires in China, the members
(farmers) need to make contributions, which is required and forced by the rulers of
empires, such as grains, taxes (money) and free (forced) services [31, 38]. These are
necessary cost for individuals to survive under empires. As the taxes are based on
farmland or population, we assume individual cost follows the normal distribution,
because the size of them is fixed for most empires in history [75]. The mean is 𝑢+ , and
the standard deviation (SD) of 𝜎+ ; (d) Individual utility ratings. As we have too many
members, whose subject ratings on payoffs are different. The elite get more resources
than the farmers [27]. Hence, we apply the exponential distribution to capture
heterogeneity of individual subjective ratings. Within a large population, the subjective
feelings of individuals can be greatly diverse [68]. Hence, we deem that the 𝑣𝑖 follows
the exponential distribution in Table 2; (e) Individual visions. Individual vision (ℎ! )
represents different vision capabilities of individuals. As mentioned before, we also let
ℎ! obey the exponential distribution in Table 2; and (f) individual surplus. The
individual surplus or net income (𝑆! ) is the aggregated and overall threshold, which
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guides behaviors of individuals [46]. The indicator 𝑆! is calculated and therefore
determined by previous variables or parameters.
3.3 Rise & Fall Dynamics of Empires
The life cycles (rises and falls) of empires are caused by the following aspects,
which have been modeled dynamically: (a) Fixed amount of social wealth 𝑽𝒈 . For
agricultural empires, the amount of social wealth is determined by the area of farmland.
Due to the limitation of farmland in empires, the total social wealth is fixed or limited.
For all empires in history of China, the fixed size of farmland leads to limited
production of grains, limited populations, and limited social wealth. For instance, the
total amounts of arable lands (plain) are roughly the same for all dynasties in China; (b)
The growing population size (N). The contradiction between man and land plays the
biggest role in shaping the life cycle dynamics of empires. Although the social wealth
is fixed or limited, the population tends to rebirth and grow, until the end (crash) of
empires [28]. According to the Malthus theory of population, only wars, disasters and
pandemics can stop the temporary growth of people [76]. The growing population tends
to decrease the average payoffs of all individuals, according to equation (2)[46].
Besides, under certain social stratification or power structure, the imparity distribution
further dampens this satiation, like the collapse of the Roman Empire [77]. Hence, this
deeply-rooted contradiction leads to decays, chaos and declines of empires; and (c) The
effects of governance capability. The parameter J captures the governance quality of
empires. For advanced or successful social governance, the dilution effect of income
becomes weaker or more latent, and social cohesion levels is much higher. For instance,
we have more people supporting their empires, because successful economic reforms
[78] and cultural policies, such as the Confucianism [79, 80], were successfully
performed for several times in history. For poor governance, the dilution effect is much
stronger, and there were more social members hating their empires.
𝑣! ∙ 𝑉"
𝑆!, = 𝑣! 𝑉!, − 𝑐! =
− 𝑐!
(2)
(ℎ! ∙ 𝑁, )($%&)
𝑣! ~𝑓 (𝑥 ) = 𝜆- 𝑒 %.! /
𝑠. 𝑡. =ℎ! ~𝑓(𝑥) = 𝜆- 𝑒 %." /
𝑁, = 𝑡 ∈ {0, 1, 2, 3, … . . 𝑡)0/ }
3.4 Dynamic Settings of Empires
In NetLogo, we use agents to model social members (farmers), and calculate
the number of supporters. Because it determines Asabiya [29] and Passionarity [48],
the scale of supports can measure the strength of empires [27]. From equation (1) to
equation (2), we apply the evolutionary algorithm. The settings include: (a) Agents
settings. For each tick (𝑡), one new agent will be added. As the tick (𝑡) grows, the
potential group size (population) increases with the time (𝑁, = 𝑡). In a stable society,
the population increases gradually [28, 29]. Adding one person once is to simulate the
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population growth in history [31]. When a new agent is created and added, the
attribution is given by parameter settings in Table 2. Each agent is given random values,
such as individual cost 𝑐! , individual income 𝑉!, , subjective rating 𝑣! , and individual
visions (social networks) ℎ𝑖. As the time goes on, the group size is increased by one at
each time (year). Therefore, each agent calculates their yearly incomes 𝑉!, , which is
determined by total social wealth 𝑉" divided by its perceived size of sharing agents
(ℎ! ∙ 𝑁, ). Different social environment and governance quality form different social
types, and social types determine the strength of Asabiya, so the dilution or sharing
effect of specific empire is different [67, 68]. Hence, we apply the jointness of supply
(J) to capture the dilution effects of empires. At each time (year), all social members
(agents) calculate their surplus (net income) 𝑆!, , which is perceived payoff (𝑣! ∙ 𝑉!, )
minus cost (𝑐! ). The yearly individual surplus determines individual dynamic decision
on whether to support their empire or not; (b) Evolutionary settings of empires. The
macro-level strength (healthy) of empires is determined by how many micro-level
agents (members) that are supporting it [71, 72]. Based on equation (3), we calculate
dynamic (yearly) size of supporters as the life cycle value of empire, 𝐿𝑖𝑓𝑒(𝑡). The life
cycle pattern is formed by individual calculations of rational actors [12]. If farmers
(agents) have positive surplus (𝑆!, > 0), their will support their empire (𝐴!, = 1).
Otherwise (𝑆!, ≤ 0), they tend to not support their empires (𝐴!, = 0). These nonsupporting agents (such as bandits and rebels) [36, 37, 74] become free-riders [43-45]
who enjoy the social wealth but do not make contributions (grains, tax & free service)
[46]. Following the algorithm in equation (3), the whole life cycle function of a serial
of empires during 2132 years can be obtained. From the begging (𝑡 = 0) to the end
(𝑡 = 𝑡)0/ ), it is a solid trend that each empire in history initially grows fiercely (more
supporters) but declines and decays later on inevitable (less and less supporters) [27,
48]; and (c) Deaths and rebirths of empires. During 2132 years, our model should
present the 18 life cycles of empires, the same as history. Thus, the decay (ending)
mechanism is essential for empire dynamics. For each simulated empire, we calculate
and monitor the ending function 𝐷𝑒𝑐𝑎𝑦(𝑡), which is current strength divided by its
peak height. This is relative life value 𝐿𝑖𝑓𝑒(𝑡) compared to the peak value 𝑃𝑒𝑎𝑘(𝑡),
under same 𝑘,1 empire. In equation (4), it is highly expected that total number of
simulated empires should be as close as to 18 within 2132 years. For each empire, as
the population grows, and the averaged benefits declines [46]. As more supporters reach
their threshold (𝑆!, = 0), there are less and less supporters (𝐴!, = 1). Therefore, after
the 𝑃𝑒𝑎𝑘(𝑡), the life value 𝐿𝑖𝑓𝑒(𝑡) becomes weaker and weaker, and the empire
definitely dies. We set the critical threshold to be 33% of peak value [81]. For each
empire, it will be terminated or ended, if the decay function is below the threshold, i.e.,
𝐷𝑒𝑐𝑎𝑦(𝑡) < 33%. A new empire will be generated in our multi-agent system. We use
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these settings to simulate a serial of 18 empires in history. Simulations automatically
end, if 2132 ticks (years) can be satisfied.
𝐿𝑖𝑓𝑒(𝑡) = 𝑓(𝑡) = #{𝑖|𝐴!, = 1}
𝐴 =1
𝑖𝑓 𝑆!, > 0
𝑠. 𝑡. S !,
𝐴!, = 0
𝑖𝑓 𝑆!, ≤ 0
𝐷𝑒𝑐𝑎𝑦(𝑡)2)3!4567 =

(3)

𝐿𝑖𝑓𝑒(𝑡)2)3!4567
#{𝑖|𝐴!, = 1}
=
𝑃𝑒𝑎𝑘(𝑡)2)3!4567 𝑚𝑎𝑥 (#{𝑖|𝐴!, = 1})

(4)

𝑠. 𝑡. 𝐾 = 𝑚𝑎𝑥(𝑘) → 18,
𝑘=𝑘
𝑖𝑓 𝐷𝑒𝑐𝑎𝑦(𝑡) ≥ 33%
𝑎𝑛𝑑 S
𝑘 =𝑘+1
𝑖𝑓 𝐷𝑒𝑐𝑎𝑦(𝑡) < 33%
Table 2: Parameters of Models and Agents
Parameters
𝑆𝑖
𝑣𝑖
𝑉𝑔
𝑁
𝐽

Interpretations
Individual Surplus
(Net Income)
Individual Subjective
Ratings on Utility
Social Wealth or
Collective goods
Group Size
(Total Population)
Jointness of Supply
(Policy & Governance)

ℎ𝑖

Individual Visions
(Social Networks)

𝑐𝑖

Participation Costs
(Contributions to
Empires)

Settings/Calculations

Simulation Values

𝑆!, = 𝑣! 𝑉!, − 𝑐!

Real-Time Calculated

𝑣𝑖~𝑓 (𝑥) = 𝜆" 𝑒 #$! %
𝜆" = 𝑣 = 𝑚𝑒𝑎𝑛(𝑣& )

𝑥 ∈ (0, +∞]
%
𝜆" = 𝑣 ∈ (0, 10]

%

𝑉𝑔~𝑁(𝑉𝑔' , 𝑉𝑔() * )

%

%

𝑉𝑔' ∈ [120,150]
𝑉𝑔() = 0.2

N=t

1, 2, 3…𝑁+,%

𝐽~𝑁(𝐽' , 𝐽() * )

𝐽 ∈ [0.1,0.19]
%'
𝐽() ∈ [0.13,0.18]

ℎ𝑖~𝑓 (𝑥) = 𝜆" 𝑒 #$" %
𝜆- = ℎ = 𝑚𝑒𝑎𝑛(ℎ& )

𝑥 ∈ (0, +∞]
%
𝜆- = 𝑣 ∈ (0, 1]

𝑐𝑖~𝑁(𝑐𝑖' , 𝑐𝑖() * )

𝑐𝑖 ∈ [120,150]
% '
𝑐𝑖() = 0.2

4. Results and Findings
4.1 Typical Simulation of Multiple Empires
Based on parameter settings of our agent-based model, we obtain the continuous
process of sequential empires, which is illustrated by Figure 1. The upper left panel is
parameter setting area. Under each unique combination of parameters, we run it with
2132 years (ticks), to obtain 18 empires. For the upper right corner, it records the agents
of empires, such as farmers in families. The gray dot refers to supportive agents, and
the green dot means negative agents. Under the life cycle model (algorithm), the empire
(society) evolves periodically. At each time, we calculate how many people supporting
their empire (𝐴!, = 1), out of the whole population (𝑁, ). If there is no sufficient
proportion of supporters, the threshold (33%) will be reached. The empire will die, and
new empire will start [29]. Figure 1 provides one typical simulation under one unique
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combination of parameters. We already have empires A, B, C, and D, which can be seen
at the bottom. For empire A with 390 years, the peak is relatively higher. After the peak,
there are less and less supporters and the society decline [28, 31]. Then, a new empire
B will overtake the previous A. Before the peak, the empire grows very fast. However,
it begins to decay, as we have more people sharing total social wealth. The empire
evolves from A, B, C, to D, which is called as dynastical cycles [11, 30, 35]. For each
simulation with 2132 ticks (years), we obtain key information such as durations.

Figure 1: The simulation of rises and falls for empires. This is NetLogo
simulation interface, where we have command, parameters, and outcomes panels.
4.2 Solving the Optimal Solutions
(A) Optimal Solution Algorithm
In the history of China, 18 empire durations are fixed and recorded by historians
in table 1. Hence, the simulations with 18 empires and a total of (about) 2132 years will
be selected, and to find possible optimal solutions, we calculate the fitness between real
and simulation empires in equation (1). The history is complex, and we need several
criteria to find optimal solutions: (a) The number of simulated empires should be 18.
This is the same number of real empires in history, based on which, we form 18 pairs
of real-simulated empires to calculate total difference, ∆= 𝑓(&+ (∙) − 𝑓./,0 (∙), between
simulations and real history; (b) The total duration of 18 simulated empires should
be as close to 2132 years as possible. Based on matched empires, the total duration of
18 simulated empire should match history. Its deviation to 2132 years should be as tiny
as possible. We apply the interval [2122, 2142] to select simulations with a tiny error
within 10 years; (c) The distribution of simulated durations should match real
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empires in history (N=18). The distribution has two forms, such as discrete
distributions (histograms) and continues distributions (kernel density function). We
check both discrete and continues distribution forms, to validate the optimal solutions;
and (d) One-by-one span matching should be achieved. Under the optimal solution,
we obtain 18 paired empires. For each pair, two durations should be as close as well.
We calculate the total difference of paired durations, which should be minimal. To
% %
guarantee enough (possible) optimal solutions, we define the term ∑&'
& "𝑌# − 𝑌$ & +(𝑛 − 1)
should be less than 1000 in equation (5). This is the highest or strictest standard.
𝑃𝑎𝑟

∗ (∙)

= 𝐴𝑟𝑔𝑀𝑖𝑛(∆) = 𝐴𝑟𝑔𝑀𝑖𝑛[𝑓(&+ (∙) − 𝑓./,0 (∙)] = 𝐴𝑟𝑔𝑚𝑖𝑛 M

3

𝑠. 𝑡.

*

P2 Q
−𝑌
𝑛−1

34 N𝑌
&

(5)

∑ 𝑌& = 2132

(B) Finding the optimal solutions
We first traverse our parameters of Table 2. Among these 5638 combinations,
we collect simulations satisfying the first (N=18) and second (total deviance less than
10 years) standards. We obtain 32 combinations of parameters, which are possible
solutions. The existence of optimal solutions holds validity of our model. Furthermore,
we check the robustness by repeating each combination for 1000 times. We plot the the
size of empires (N=1000), under 32 combinations of parameters. We consider the
mean=18 or median=18 values, to search optimal solutions. In figure 2, the outcomes
of 1000 simulations, under each one of 32 cases, obviously follow some rules and
regularities. For the number of empires simulated, the 32 distributions (N=1000) seem
to follow normal distributions. This can be supported by the Q-Q normal plots (P1 to
P32), excluding extreme values. According to 18 empires in history, both mean=18 and
median=18 will be applied to find final optimal solutions. Figure 2 indicates: (a)
Matched Cases (N=3). Either matching mean=18 or matching median=18, we have
three parameter combinations, such as P9 (mean=17.4 & median=18), P17 (mean=17.2
& median=17.8), and P31 (median=19 but mean=18.57); (b) Close Cases (N=10). We
have 10 parameter combinations, with mean or median within [16, 20]. As the deviation
is within 2, we have close cases, such as P1 (mean=16 & median=17), P2 (mean=15.8
& median=16), P6 (mean=15.8 & median=16), P11 (mean=16.9 & median=17), P12
(mean=19.1 & median=19), P13 (mean=18.8 & median=20), P14 (mean=19 &
median=20), P21 (median=21 & mean=19.8), P22 (mean=16.2 & median=16), and P28
(mean=16 & median=17); and (c) Missed Cases (N=19). There are 19 cases with faraway means or medians, such as P3 (14.8 & 15), P4 (9.7 &10), P5 (8.7 & 8), P7 (14.9 &
15), P8 (13.0 &13), P10 (14.8 & 15), P15 (13.0 & 13), P16 (14.2 & 15), P18 (9.7 & 9), P19
(9.6 & 10), P20 (11.8 & 12), P23 (12.7 & 13), P24 (14.8 & 15), P25 (12.5 & 13), P26 (13.3
& 13), P27 (13.4 & 14), P29 (13.3 & 14), P30 (14.8 & 15), and P32 (14.5 & 15).
14

15

Figure 2: The Amount Distributions of Simulated Empires under 32
Parameter Combinations. Each subfigure refers to the aggregated outcome of
1000 simulations. Three red subfigures are final optimal solutions.
Out of the 32 parameter combinations in figure 2, three optimal (best)
solutions (P9, P17, and P31) can be therefore found. In order to check the
robustness, we repeat simulations for 10000 times under each one of P9, P17, and
P31. Hence, we in total have 11000=10000+1000 simulation outcomes under P9,
P17, and P31. The distributions can be visualized in Figure 3, and we combine two
figures to check the robustness of our optimal solutions: (a) Under the solution
P9. For 1000 simulations in figure 2, the mean value is 17.4, but the median value
is 18. For 11000 simulations, the mean is 17.8 and the median is 18 in figure 3.
In terms of the number of empires, the P9 perfectly matches the history. Both of
two distributions seem to follow the normal distributions, excluding extreme
values of two sides. Therefore, both validity and robustness of the P9 can be
guaranteed, and P9 can be a verified solution; (b) Under the solution P17. For
1000 simulations in figure 2, the mean is 17.2, but the median value is 18. For
1000+10000 simulations in figure 3, the mean is 17.6 and the median is 18. As
in history we have 18 empires in table 1, both mean and median values of
simulated empires equal 18. Hence, simulations under the P17 perfectly matches
the history. Both distributions in figure 2 (N=1000) and figure 3 (N=11000) are
bell-curved, and seem to follow normal distributions, excluding extreme values.
Therefore, both validity and robustness of the P17 can be achieved as well; and
(c) Under the solution P17. For 1000 simulations under P17 in figure 2, the mean
is 18.57 and the median is 19, which is not the exact matching of 18 empires in
history. However, the outcomes under 10000 repeated simulations can perfectly
match the number of 18 empires in history. For 11000 simulations in figure 3,
the median is 19, but the mean is 18.3 ≈ 18. Both distributions in figure 2 and
figure 3 are bell-curved, and seem to follow normal distributions. Thus, the
validity and robustness of P31 can be achieved as well. Thus, for our three verified
optimal solutions of P9, P17, and P31, both validity (matching) and robustness
(repeated simulations) can be guaranteed.
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Figure 3: the distribution of three optimal solutions. For each
subfigure, we plot the distribution of the size of empires, combining 1000
simulations in figure 2 and 10000 additional repeated simulations.
4.3 The distribution matching of empire durations
Under each one of the optimal solutions (P9, P17 & P31), we repeat simulations
again for 10000 times. Therefore, we in total have 11000 outcomes for each optimal
solution in figure 3. For the number of empires, it follows normal distributions under
three optimal solutions, with the means and medians of 18. Therefore, we select the
exact number of 18 empires. There are 595, 565 and 673 cases, from separate 11000
simulations of P9, P17 & P31. Thus, we have 595, 565 and 673 distributions of empire
durations, which should match the distribution of durations in real history of China. We
find at least one simulation that perfectly matches the history under each one of three
solutions: (a) For the P9 solution. The best one simulation can perfectly match the
history, if we group the 18 durations by 40 years. In history, we have 4, 5, 2, 1, 2, 1 &
3 empires whose durations are within (0, 40], (40, 80], (80, 120], (120, 160], (160, 240]
& (240, +∞) in figure 4A1. And one simulation under P9 in figure 4A2 can perfectly
match the history, because we also have 4, 5, 2, 1, 2, 1 & 3 cases within corresponding
duration intervals. We have four simulations with a tiny difference of 2 empires, i.e. we
have merely 2 differences within groups. For top Five (5=1+4) best matching outcomes
in figure 4A3, the averaged number is 4.5(≈4), 5.2(≈5), 2.2(≈2), 1.2(≈1), 1.6(≈2),
0.8(≈1) & 2.8(≈3), which is also perfect matching; (b) For the P17 solution. The best
one simulation can perfectly match the history, if we group the 18 durations by 55 years.
In the history, we have 8, 3, 1, 2, 2, and 2 empires, whose durations are within (0, 55],
(55, 110], (165, 220], (220, 275], and (275, 330] years in figure 4B1. Under the optimal
solution P17, we can also find one perfect matching in figure 4B2, with 8, 3, 1, 2, 2 & 2
empires within corresponding intervals. We also have two simulations with tiny
difference of 2 empires. For top Three (3=1+2) best matching simulations, we calculate
their average outcome in figure 4B3. Their robust outcome, 7.67(≈8), 3.33(≈3),
1.33(≈1), 2.00(=2), 2.00(=2) & 1.67(≈2), also perfectly matches real history; and (c)
For the P31 solution. If empires are grouped by 70 years, the best simulation can
perfectly match the history. In the history, we have 9, 2, 3, 3, and 1 empire, with (0, 55],
(55, 110], (165, 220], (220, 275], and (275, 330] years in figure 4C1. Under the optimal
solution P31, we can also find one perfect matching, with 9, 2, 3, 3 & 1 empires within
corresponding intervals in figure 4C2. We also have two simulations with tiny
difference of 2 empires. For top Three (3=1+2) best-matching simulations, we
calculate their average outcome. Their robust outcome in figure 4C3, 7.67( ≈ 8),
3.33(≈3), 1.33(≈1), 2.00(=2), 2.00(=2) & 1.67(≈2), can also perfectly match the real
empires in history of China.
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Figure 4: Distribution Matching of Empire Durations under three
different grouping outcomes. We group the empires in history by 40, 55, and 70
years, to indicate the perfect matching of optimal solutions.
4.4 Kernel Density Matching of empire durations
The discrete distribution matching can support our agent-based modeling,
because it can reflect real history to a certain extent. For each one of three solutions, P9,
P17 and P31, the existence of best one (at least) simulation can support it that our model
is valid to explain the empire dynamics in history. as a more rigor standard than discrete
distributions, the continuous distribution matching should be applied and checked, and
kernel density functions of both real history and simulations are applied and compared.
Under three solutions, we have 595 (under P9), 565 (under P17) and 673 (under P31)
simulations with 18 empires. We rank both real empires in history and simulated
empires, calculate the duration gaps for each pair of empires, and summarize the total
duration or span gaps in equation (4). We select simulations whose total gaps are within
1000 years. Eventually, we obtain 27 (under P9), 38 (under P17), and 46 (under P31)
simulations. In Figure 5, we plot kernel density functions (curves) for both real history
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and simulations. It indicates that kernel density curves of empire durations (spans) are
well matched, between real and simulated empires. The kernel density function of real
empire spans in history are fixed, because it has happened in history. Hence, we plot
the density curve of real history in blue. Under the P9 solution, 27 kernel density
functions of spans in yellow are visualized in Figure 5A. Among these 27 curves, we
find and visualize the best one curve in red. It seems that the best curve is similar and
close to the real curve in history. Under the P17 solution, the best red curve, out of 38
yellow curves in Figure 5B, is much closer to the blue curve in history. Under the P31
solution, the red curve is also close to the blue one in Figure 5C. Therefore, the P9 and
P17 are slightly better at continuous distribution matching, than P31.

Figure 5. Kernel Density Curve Matching. The blue curve is kernel density
function of empire spans in real history, which is the same for three subfigures. The
bunch of yellow curves are density functions of multiple and paralleled simulations.
The red curve is density function of empire spans, for the best one simulation.

5. Matching of Paired Empire Durations
5.1 The 18 Paired Empire Spans (Rank A)
Besides of distribution matching, we further investigate paired (real-simulated)
durations. Under optimal solutions (P9, P17 & P31), we sort both historical and simulated
empires according to durations to obtain 18 paired empire durations. Then, we recover
18 simulated empires according to original order A in history. Figures 6A1, 6B1 & 6C1
all indicate 18 empire durations in history, from the Qin empire with 15 years to Qing
empire with 268 years. Figure 6 indicates that the one-by-one matching degree of
durations is relatively high, and for some empires perfect matching can be achieved. It
includes: (a) For the P9 solution. Figure 6A2 indicates the matched spans of 18 empires
in history. The gap is the duration difference of paired empires, which can be deemed
as the errors as well. The matching degree is high, because most (17) span gaps are
within or around 20 years, expect for one extreme case, the Southern Song dynasty
(31=152-121 years). In figure 6A3, we plot 18 errors or gaps, and it seems that the
overall trend is close to zero. The solid straight line in blue refers to the trend of errors
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(N=18), which is close to horizontal zero line. As well, the dark area, which is the robust
area of values, covers the horizontal zero line. Therefore, the matching degree of P9 can
be held. For multiple simulations, we use the average outcome of top (best) 10
simulations in Figure 6A4. For most (13) cases, the gaps are below or around 20 years.
However, we have five extreme cases, such as West Han dynasty (27=231-204 years),
East Han dynasty (23=195-172 years), Northern Song dynasty (23=144-167 years),
Southern Song dynasty (32=152-120 years), and Qing dynasty (23=268-245 years). We
plot the overall trend of 18 errors (gaps), and Figure 6A5 indicates that the overall trend
is also close to zero. The matching degree of top 10 simulations can also satisfy our
research goal. The average outcome of 10 simulations is relatively weaker in matching
real empires, than the best one; (b) For the P17 solution. We plot 18 empire durations
of the best simulation under P17, and calculate 18 gaps or errors. All the 18 gaps are
within 20 years, and the largest gap is Southern Song dynasty (20=132-152 years). The
overall feature of 18 errors is visualized in figure 6B2. The straight blue line is close to
horizontal zero line, and the overall trend is infinitely close to zero. The dark area also
covers the horizontal zero line in figure 6B3, which implies that the interval of 18 errors
is not far away from zero. Therefore, the matching degree can be strongly supported.
In figure 6B4, we plot the average outcomes of 18 empires, based on top 10 simulations.
Most of 18 gaps are within 20 years, except one case of Southern Song dynasty
(28=152-124 years). In figure 6B5, we plot the 18 errors. The straight blue line is close
to horizontal zero line, which means that the trend is close to zero. The dark area can
completely swipe the horizontal zero line, which supports the duration matching
between real and simulated empires. It indicates that the matching degree of best one
simulation is better than multiple (10) simulations; and (c) For the P31 solution. Under
the P31 solution, we plot the best simulation with 18 empires durations in figure 6C2.
By comparing it with figure 6C1, we calculate 18 gaps. We have 13 gaps within 20
years, and 5 cases with 20+ years, such as West Han dynasty (26=231-205 years), East
Han dynasty (32=195-163 years), South & North Dynasties-Song (30=89-59 years),
South & North Dynasties-Liang (23=78-55 years), and even Qing dynasty (45=268223 years). Generally speaking, this is not as good as the previous two counterparts.
For the outcomes of 10 simulations, the fitness can be improved. In figure 6C3, the
straight blue line is close to the zero line, and the dark area covers horizontal zero line.
Hence, the fitness can be held. In figure 6C4, we plot 18 empire durations of 10 best
simulations and calculate 18 duration gaps. We have no cases with the gap of 40+ years,
and most gaps are small. The largest is 38=152-114 years for Southern Song dynasty,
and the second is 28=195-167 years for East Han dynasty. Figure 6C5 indicates that the
trend line is close to zero and dark area covers the horizontal zero line.
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Figure 6: Duration Matching of 18 Paired Empires. We check the
fitness of 18 paired durations, under P9 from A1 to A5, under P17 from B1 to
B5, and under P31 from C1 to C5. The grey area is the 95% confidence interval.
5.2 The 16 (Rank B) and 17 (Ranks C) Paired Spans
The history process of is full of complexity and chaos. It is highly possible that
there were tiny empires missed. Thus, the number of empires is still on disputes [82,
83]. Furthermore, we have different number of empires under different classifications.
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To further check the generality and robustness, we relax it to be 18±2.
(A) The 16 Paired durations. We drop two tiny durations, such as Qin Dynasty
(15 years) and South & North Dynasties-Qi (23 years). Therefore, we form the new
history rank, which is Rank B with 16 empire durations (fixed) in history. Under P9, P17
and P31 solutions, there are multiple simulations with 16 empires (495, 589, and 528
cases) in figure 3. Hence, we select top 10 best simulations with best fitness according
to equation (4). All the figures of 7A1, 7B1 and 7C1 visualize 16 real durations in the
history. To check the matching degrees, we use both the best one and top 10 simulations
for comparison under three solutions. It includes: (a) For the P9 solution. The best
simulation with 16 ranked empire durations can be visualized in Figure 7A2.
Comparing Figure 7A1 and Figure 7A2, we calculate 16 duration gaps. We have 11
gaps within 20 years. We also have extreme gaps with more than 20 years, such as East
Han dynasty (21=195-174 years), East Jin dynasty (24=128-104 years), South & North
Dynasties-Song (27=86-59 years), Northern Song dynasty (28=167-139 years), and
Yuan dynasty (24=113-89 years). The blue straight line in figure 7A3 is close to the
horizontal zero line, which can be fully covered by the dark area of errors or gaps
(N=16). Therefore, the matching degree of the best simulation can be held. For top 10
simulations, we calculate the mean values of durations for 16 empires in figure 7A4,
and compare with real 16 durations in figure 7A1. Among these 16 gaps, we have 13
cases with less than 20 years. There are merely 3 cases with more than 20 years, such
as Tang dynasty (324-289 years), Northern Song dynasty (27=167-140 years), and
Southern Song dynasty (39=152-113 years). In figure 7A5, the blue trend is much closer
to the horizontal zero line. Locally speaking, the fitness of 10 simulations is better than
the best one; (b) For the P17 solution. Under this solution, 16 ranked empire durations
of the best one simulation can be visualized in Figure 7B2. Comparing it with Figure
7B1, the 16 duration gaps can be obtained. There are 13 gaps within 20 years, and we
only have 3 extreme cases, such as West Han dynasty (38=231-193 years), Three
Kingdoms (22=45-23 years), and East Jin dynasty (31=135-104 years). We plot 18
errors in figure 7B3, and the matching degree can be held as well. The blue trend line
is close to the horizontal zero line, and the dark area completely covers the zero line.
For the outcomes of top 10 simulations, the 16 averaged empire durations can be seen
in figure 7B4. Accordingly, we calculate 16 gaps and we only have two extreme gaps,
such as West Han dynasty (22=231-209 years) and Northern Song dynasty (28=152124 years). therefore, it seems that the fitness of top 10 simulations is better than the
best one simulation; and (c) For the P31 solution. Comparing figures 7C1 and 7C2, we
calculate 16 gaps of empire durations. We have 15 gaps within 20 years, and there is
only one case with more than 20 years, which is Tang dynasty (22=289-267 years). We
plot the 16 errors in figure 7C3, which supports the matching degree, because the blue
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line is close to zero and the dark area fully covers this horizontal zero line. The average
empire durations (N=16) can be obtained, based on top 10 simulations under this
solution. We have three extreme cases, for Tang dynasty (33=322-289 years), Southern
Song dynasty (28=152-124 years), and Ming dynasty (21=297-276 years). Figure 7C5
plots the 16 errors and holds our model, because the blue trend line is close to the
horizontal zero line and the dark area can cover this horizontal zero line. Locally
speaking, the matching degree of the best one is better than top 10 simulations.
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Figure 7: Duration Matching of 16 Paired Empires. Under each
solution, we check the fitness of paired durations, using the best one simulation,
and we check the robustness by using outcomes of repeated simulations. The
grey area is the 95% confidence interval of the linear fitting line of errors.
(B) The 17 Paired Durations. Separately, there are 537, 568, and 564 cases
with 17 empires out of 11000 simulations, under P9, P17 and P31 solutions. In table 1,
we drop one tiny duration of the Qin Dynasty (span=15 years) and obtain the list of 17
empires. This is the Rank C with 17 empire durations, which are fixed in history of
China. Under P9, P17 and P31 solutions, there are too many simulations with 17 empires
(537, 568, and 564 cases). Hence, we also keep top 10 simulations under each solution.
It includes: (a) For the P9 solution. Following the history rank C, the 17 empire
durations can be visualized in Figures 8A1, 8A1, and 8C1. Comparing Figure 8A1 and
Figure 8A2, gaps of empires (N=17) can be obtained. It seems that all the 17 gaps are
within 20 years, and we have no gaps beyond 20 years. For 17 errors (gaps) in figure
7A3, the blue trend line is infinitely close to y=0 line, which can be completely covered
by the dark area as well. Therefore, the matching degree of the best simulation can be
fully supported. Based on top 10 simulations, mean values of 17 gaps can be obtained
and visualized in figure 8A4. Among these 17 gaps, we only have 13 cases less than 20
years. There are 4 cases larger than 20 years, such as East Han dynasty (23=195-172
years), Tang dynasty (22=311-289 years), Southern Song dynasty (26=152-124 years)
and Qing dynasty (22=246-268 years). For 17 errors in figure 8A5, the blue trend is
close to the y=0 line, and the dark area asymmetrically covers the y=0 line. Therefore,
the fitness of the best one simulation is better than top 10 ones; (b) For the P17 solution.
Following the history order C, we have 17 simulated durations in Figure 8B2.
Comparing with Figure 8B1, we calculate 17 gaps or errors. There are 14 gaps less than
20 years, and we have 3 extreme cases, such as East Han dynasty (27=195-168 years),
South & North Dynasties-Song (26=85-59 years), and Southern Song dynasty (35=152117 years). We plot 17 gaps or errors in figure 8B3, and the matching degree can be
held as well. The blue trend line is close to the horizontal zero (y=0) line, and the dark
area completely covers the zero line. For the outcomes of top 10 simulations, the 17
averaged empire durations can be visualized in figure 8B4. Accordingly, we calculate
17 gaps and we also have four larger gaps, such as Tang dynasty (36=325-289 years),
Northern Song dynasty (24=167-143 years), Southern Song dynasty (28=152-124
years), and Qing dynasty (25=268-243 years); and (c) For the P31 solution. Comparing
figures 8C1 and 8C2, we calculate 17 gaps of empire durations. We have 15 gaps less
than 20 years, and there are only two cases larger than 20 years, which are West Han
dynasty (26=231-205 years) and East Han dynasty (33=195-162 years). We plot the 17
errors in figure 8C3, which supports the matching degree, because the blue line is close
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to y=0 line and the dark area fully covers this horizontal zero line. Based on top 10
simulations, we calculate 17 averaged durations, as well as 17 gaps. We have three
cases larger than 20 years, such as West Han dynasty (26=231-205 years), East Han
dynasty (33=195-162 years), and Qing dynasty (21=268-247 years). Figure 8C5 plots
the 17 errors, which jointly support our model, because the blue trend is close to the
horizontal zero line and the dark area can cover this y=0 line.
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Figure 8: Duration Matching of 17 Paired Empires. Under each
optimal solution, we compare durations of real-simulated pairs. From A1 to A5,
we check the fitness P9 solution, from B1 to B5 we check the P17 soultion, and
from C1 to C5 we check the P31 solution. The A2, B2 & C2 reflect the best one
simulation, and A4, B4 & C4 show best 10 simulation results. The grey area is
the 95% confidence interval of the linear fitting line of errors.
5.3 The 19 & 20 Paired Empires Spans
We check it under both 19 and 20 empire pairs. It includes:
(A) The 19 Paired Durations. Under three solutions (P9, P17 and P31), we have
11000 simulations (10000+1000). Separately, there are 537 (under P9), 568 (under P17),
and 564 (under P31) simulations with 19 empires. As there are too many simulations,
such as 537 under P9, 568 under P17, and 564 under P31, we use top 10 simulations with
best matching degrees, according to equation (4). For each simulation, we drop the
shortest one duration (empire) from simulated 19 empires, to match 18 empires in
history rank A, in Figures 9A1, 9B1 and 9C1. To check the matching degrees and
robustness, we use both the best one and top 10 simulations for comparison under three
solutions. It includes: (a) For the P9 solution. The best one simulation with 18 ranked
durations can be visualized in Figure 9A2. Based on Figure 9A1 and Figure 9A2, we
calculate the duration gaps or paired empires (N=18). In figure 9A3, all the 18 gaps are
not large, but within 25 years. We have no extreme gaps beyond 25 years. The blue
straight line in figure 9A3 is close to the horizontal zero line, which can be fully covered
by the dark area formed by errors (N=18). For top 10 simulations, most gaps are within
25 years and not large, except for the Qing dynasty (32=268-236 years). In figure 9A5,
the blue trend is close to the horizontal zero line, and the dark area fully covers the y=0
line; (b) For the P17 solution. Under this solution, 18 (19-1) ranked empire durations
of the best one simulation is visualized in Figure 9B2. Comparing it with Figure 9B1,
we obtain 18 duration gaps. There are 14 gaps within 20 years, and we only have 4 gaps
beyond 20 years, such as West Han dynasty (31=231-200 years), East Han dynasty
(27=195-168 years), South & North Dynasties-Song (23=82-59 years), and Ming
dynasty (25=276-251 years). We plot 18 errors in figure 9B3, and the matching degree
can be also held. The blue trend line is close to horizontal zero line, and the dark area
completely covers y=0 line. For the outcomes of top 10 simulations, the 18 averaged
empire durations can be seen in figure 9B4. Accordingly, we calculate 18 gaps and we
only have two gaps beyond 20 years, such as Northern Song dynasty (24=167-143 years)
and Southern Song dynasty (33=152-119 years). Therefore, it seems that the fitness of
top 10 simulations is better than the best one; and (c) For the P31 solution. Comparing
figures 9C1 and 9C2, we calculate 18 gaps of empire durations. We have 15 gaps within
20 years, and there are three cases larger than 20 years, which are Southern Song
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dynasty (22=174-152 years), Ming dynasty (22=276-244), and Qing dynasty (31=268237 years). We plot the 18 errors in figure 9C3, which supports the matching degree,
because the blue line is close to the y=0 line and the dark area fully covers this
horizontal y=0 line. The average empire durations can be obtained in figure 9C4, based
on top 10 simulations. In figure 9C5, we plot the 18 errors (gaps), and most gaps are
below or around 20 years. There is only one extreme case, Qing dynasty (32=268-234
years). Locally speaking, the matching of top 10 simulations is better than the best one.
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Figure 9: Duration Matching of 19 Paired Empires. In A1 to A5, B1 to B5,
and C1 to C5, we checks the fitness under the P9, P17 and P31 solutions. The A2, B2 &
C2 shows best one simulation, and A4, B4 & C4 reflect best 10 simulations. We plot
residuals or errors in A3 & A5 (under P9), B3 & C3(under P17), B5 & C5(under P31).
(B) The 20 Paired Durations. Under three solutions (P9, P17 and P31), we have
11000 simulations (10000+1000). Separately, there are 495 (under P9), 589 (under P17),
and 528 (under P31) simulations with 20 empires. There are too many simulations, such
as 495 under P9, 589 under P17, and 528 under P31. Hence, we use top 10 simulations
with best matching degrees, according to equation (4). For each one of 30 simulation,
we drop two shortest durations from simulated 20 empires, to match the 18 empires in
Figures 10A1, 10B1 and 10C1. To check both fitness and robustness, we use both one
(best) and (top) ten simulations under three solutions. It includes: (a) For the P9
solution. One (best) simulation with 18 durations can be visualized in Figure 10A2.
Based on Figure 10A1 and Figure 10A2, we calculate the duration gaps of paired
empires (N=18). In figure 10A3, we have 14 gaps within 20 years. There are four cases
beyond 20 years, such as East Han dynasty (28=195-167 years), Tang dynasty (23=289266 years), Ming dynasty (28=276-248 years), and Qing dynasty (34=268-234 years).
In figure 10A3, the blue straight line is close to horizontal zero line (y=0), which is
fully covered by dark area formed by 18 errors. For top 10 simulations, most gaps are
within 20 years, and we have three large gaps such as West Han dynasty (23=231-208
years), Southern Song dynasty (26=152-126 years), and Qing dynasty (32=268-236
years). In figure 10A5, the blue trend is close to horizontal zero line, and dark area fully
covers this y=0 line. It seems that the average outcome of 10 best simulations is better
than the best one; (b) For the P17 solution. For the best one simulation, the 18 (=20-2)
ranked durations can be visualized in Figure 10B2. Comparing with Figure 10B1, we
calculate and obtain 18 duration gaps. There are 15 gaps within 20 years, and we have
three gaps beyond 20 years, such as West Han dynasty (28=231-203 years), East Jin
dynasty (23=104-81 years), and Qing dynasty (25=268-243 years). We plot 18 errors
in, and the matching degree can be held as well. In figure 10B3, the blue trend line is
close to horizontal zero line, and the dark area completely covers y=0 line. For top 10
simulations, the 18 averaged durations can be seen in figure 10B4. Accordingly, we
calculate 18 gaps. For most cases, the gaps are below or around 20 years, and we still
have three larger cases, such as West Han dynasty (25=231-206 years), Southern Song
dynasty (23=152-129 years), and Qing dynasty (37=268-231 years). In figure 10B5, the
blue trend is close to y=0 line, and the dark area also covers it; and (c) For the P31
solution. Comparing figures 10C1 and 10C2, we calculate and obtain 18 gaps of empire
durations. We have 17 gaps below or around 20 years, and there is only one case larger
than 20 years, such as East Han dynasty (34=195-161 years). We plot the 18 errors in
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figure 10C3, which supports the matching degree of our peak model, as the blue line is
close to the y=0 line and the dark area fully covers this horizontal y=0 line. The average
durations of empires can be obtained and visualized in figure 10C4, based on top 10
simulations. In figure 10C5, we plot the 18 errors (gaps), and we have 16 gaps below
or around 20 years. There are two extreme case, such as Northern Song dynasty
(27=167-140 years) and Southern Song dynasty (33=152-119 years). Locally speaking,
the matching degree of the best one is better than top 10 simulations.
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Figure 10: Duration Matching of 20 Paired Empires. Under each solution,
we compare real and simulated durations. From A1 to A5, we check the fitness of the
solution P9. From B1 to B5, we check P17. From C1 to C5, we checks the P31. The A2,
B2 & C2 shows best one simulation, and A4, B4 & C4 reflect best 10 simulations. We
plot residuals or errors in A3 & A5 (under P9), B3 & C3(under P17), B5 & C5(under
P31). We plot residuals or errors in A3 & A5 (under P9), B3 & C3(under P17), B5 &
C5(under P31). The grey area is 95% confidence interval for linear fitting lines of errors.

7. Conclusions and Discussions
The historical trend of human societies seems to be an automatic process, which
cannot be eliminated by the will of human. Governing the rising and falling of empires,
the underlying power of dynastic cycles always exist during 2132 years. For this long
period of agricultural empires, the man-land relationship plays the central role in the
healthy status (strength) of empires [28]. The total area of land refers to social wealth,
and its distribution determines the distribution of social wealth. In history, the imparity
distribution results in decay and death of empires. In earlier stages, there are less people
and more land, and the empire grows. However, there are more people and less land
(social wealth) later on. After the peak, the empire will be problematic and decaying
[27, 31]. Obtaining this core mechanism, we can model empire dynamics in history.
The life cycle model can be applied to multi-layer systems. Things take on life
cycle pattern at different levels. For events such as collective actions, they have life
cycles as well [4, 84]. As well, the empires, countries or dynasties in history have the
clear pattern of life cycles. The peak model of collective actions can be applied to
empires, because they have similar mechanisms of individual behaviors. The collective
action is held by individual behaviors, and the strength is formed by the number of
participants. For each empire, the strength is determined by how many supporters,
whose have net payoff in the empires where they live. Therefore, the macro-level
dynamics is actually determined by the micro-level behaviors of individuals, which is
applicable to both natural and social phenomena in multi-layer systems.
The proposed life cycle model has achieved the best fitness to real empires and
dynasties in history. Based on individual (farmers) behaviors, we build the life cycle
model to solve real empires in history. Under three optimal solutions, the outcomes can
well match empires in history. For the distribution matching of durations or spans, both
discrete and continuous matching forms can be achieved. Besides of the 18 pairs, the
duration matching of real and simulated empires can be achieved, under 16 & 17 and
19 & 20 pairs. Based on our model, we can back-calculate the whole history process of
China, with 18 empires or dynasties, which can be visualized in figure 11. Due to
limitations of data missing in history, we cannot obtain high-definition (yearly) data.
However, the main trends in history can be modeled and therefore calculated, based on
30

which the future of both China and the world system can be therefore predicted.

Figure 11: Back-Calculation of Big History in China. Based on outcomes of
our agent-based model under optimal solutions, we back-calculate possible life cycle
curves for 18 major empires, following the original history order.
We also have some limitations. According to the theory of population structure,
population N (group size) should change nonlinearly. The growth rate of N follows the
law of first fast and then slow, and so does the real society. In our model, we set N to
grow uniformly. That is, a tick adds 1agent. This will be our next step to improve. In
addition, with the expansion of the Dynasty and the expansion of the elite class, Asabiya
(closely related to J) will gradually decline, thus affecting people's Passionarity for
participation. This is also the direction of our further research in the future. The ability
of elites and civilians to obtain benefits is different (this is reflected in the article,
namely individual heterogeneity). The ability to obtain the benefits will affect the
participation cost of individuals. With the prosperity of the empire and the emergence
of luxury goods, elites need more and more benefits, so the cost of some people should
be higher and higher, i.e., the contribution is unequal. It has not been considered in the
present model, but will be introduced to a more complex model in the future.
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