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Abstract. In the context of sustainable development, a complex adaptive sys-

tems framework can help address the coupling of macro social, environmental 

and economic constraints and opportunities with individual agency. Using a 

simple evolutionary game approach, we fuse endogenously derived so-

cio-economic system dynamics from human and nature dynamics (HANDY) 

theory with Prisoner’s Dilemma, spatial intra-societal economic transactions. 

We explore the potential of spectral information from the social network adja-

cency matrices to predict synchronization dynamics and see how behavioral so-

cial spatial heterogeneity entrain with wealth, carrying capacity and population. 
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1 Introduction 

Social scientists have long identified dynamic linkages between economic devel-
opment, population dynamics, and environment [8][6][11]. Starting in ecological 
economics, the human and nature dynamics (HANDY) perspective is a quantitative, 
trans-disciplinary approach to understanding modernization and development through 
interdependent economic and social forces at the aggregate society level. Here we 
extend previous work by Motesharrei.’s [11] novel systems dynamic representation of 
societal level theory towards integrated macro-micro scales in a complex adaptive 
systems framework using an agent-based approach. As macroscopic structures 
emerging from microscopic events lead to entrainment and modification of both, 



co-evolutionary processes are created over time [13]. Similar to Abdollahian et al 
[1-3] and Yang [15], we posit a new, approach where agency matters: individual 
game interactions, strategy decisions and historical outcomes determine an individu-
al’s experience. These decisions are constrained or incentivized by the changing 
macro economic, cultural, social and political environment via human and nature 
dynamics theory, conditioned on individual attributes at any particular time. Emergent 
behavior results from individuals’ current feasible choice set, conditioned upon past 
behavior, event history and macro societal outcomes. Conversely, progress on eco-
nomic development, the formation of cultural mores, societal norms and democratic 
preferences emerge from individuals’ behavior interactions. 

To explore potential real-world applications of this analysis, we consider the po-
tential explanatory power of information contained in the eigenspectrum of the Lapla-
cian matrix describing the dynamic adjacency matrices of the underlying social net-
work of relationships between competing agents.  This approach, borrowed from the 
theoretical physics literature, allows potential mean-field style analysis of an other-
wise intractably complex game. 

2 HANDY Background 

HANDY postulates a development process in which inequality and use of resources 
play a critical role. Brander and Taylor [5] developed an ancestor model of population 
and renewable resource dynamics and demonstrated that reasonable parameter values 
can produce cyclical feast and famine patterns of population and resources. Their 
model shows that a system with a slow-growing resource base will exhibit overshoot-
ing and collapse, whereas a more rapidly growing resource base will produce an ad-
justment of population and resources toward equilibrium values. However, this ap-
proach does not include a central component of population dynamics: economic strat-
ification and the accumulation of wealth.  

Inspired by a Lotka-Voltera model at the core, Motesharrei et al. [11] develop a 
human population dynamics model by adding accumulated wealth and economic 
inequality. They develop and measure “carrying capacity” and show it to be a poten-
tially practical means for early detection of societal collapse. When a population sur-
passes the carrying capacity, starvation or migration can threaten to significantly im-
pact population levels and rates of change. However, humans can also accumulate 
wealth and then draw down resources when production cannot match consumption 



needs. Empirically, they posit that accumulated surpluses are not evenly distributed 
throughout society. As elites control resources normally, they could leave the mass of 
the population, while producing a portion of generated wealth, with only a small por-
tion of it usually at or just above subsistence levels [7][4]. While the Brander–Taylor 
model has only two equations, Motesharrei et al’s model supplements an additional 
two equations to predict the evolution of nature, accumulated wealth, elites and 
commoners as an interdependent, asymmetric first order system. Their HANDY 
equations are given by: 

 

In this system, the total population is divided between the two variables, XC and XE, 

representing commoners and elites respectively. The population grows at a birth rate β 
and decreases at a death rate α. In their model, β is assumed to be constant for both 
elites and commoners but α depends on wealth. The equation for nature includes a 

regeneration or gain term γY(λ − Y), and a depletion or loss term −δXCY. Technological 

change can make the use of resources more efficient, but it also tends to raise both per 
capita resource consumption as well as resource extraction scales. Thus accumulated 

wealth increases with production, δXCY, and decreases with the consumption of the 

elites and the commoners 

3 An Agent-Based, Complex Adaptive Systems Approach 

While innovating a formal a systems approach for HANDY theory, a limitation of 
Motesharrei et al’s [11] work lacks coupling and interdependence across human 
scales, from individuals to institutions and finally the societal outcomes they generate. 
Inspired by Motesharrei et al., our agent-based, complex adaptive systems HANDY 
model uniquely combines the interactive effects and feedbacks between individual 
human agency as well as the macro environmental constraints and opportunities that 
change over time for any given society. Decisions by individuals, including both 
elites and commoners, are affected by other individuals, social context, and system 

Nature, and accumulated Wealth (we examine other differences in
Section 6.4 of the paper) The HANDY equations are given by:

ẋC ¼ βCxC−αCxC
ẋE ¼ βExE−αExE
ẏ¼ γy λ−yð Þ−δxCy
ẇ¼ δxCy−CC−CE:
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It is to be noted thatαC,αE, CC, and CE are all functions ofw, xC, and xE.
See Eqs. (4) and (6) and Fig. 2a and b.

3.1. Model Description

The total population is divided between the two variables, xC and xE,
representing the population of commoners and of elites. The population
grows through a birth rate β and decreases through a death rate α. β is
assumed to be constant for both Elites and Commoners but α depends
on Wealth as explained below.

In reality, natural resources exist in three forms: nonrenewable
stocks (fossil fuels, mineral deposits, etc.), regenerating stocks (forests,
soils, animal herds, wild fish stocks, game animals, aquifers, etc.), and
renewable flows (wind, solar radiation, precipitation, rivers, etc.). Fu-
ture generations of the model will disaggregate these forms. We have
adopted a single formulation intended to represent an amalgamation
of the three forms, allowing for a clear understanding of the role that
natural resources play in collapse or sustainability of human societies.

Thus, the equation for Nature includes a regeneration term,
γy(λ − y), and a depletion term, −δxCy. The regeneration term has
been written in the form of a logistic equation, with a regeneration fac-
tor, γ, exponential regrowth for low values of y, and saturation when y
approaches λ, Nature's capacity — maximum size of Nature in absence
of depletion. As a result, the maximum rate of regeneration takes
place when y = λ / 2. Production is understood according to the stan-
dard Ecological Economics formulations as involving both inputs from,
and outputs to, Nature (i.e., depletion of natural sources and pollution
of natural sinks) (Daly, 1996; Daly and Farley, 2003). This first genera-
tion of HANDYmodels the depletion side of the equation as if it includes
the reduction in Nature due to pollution.

The depletion term includes a rate of depletion per worker, δ, and
is proportional to both Nature and the number of workers. However,
the economic activity of Elites is modeled to represent executive,
management, and supervisory functions, but not engagement in the di-
rect extraction of resources, which is done by Commoners. Thus, only
Commoners produce.

It is frequently claimed that technological change can reduce resource
depletion and therefore increase carrying capacity. However, the effects
of technological change on resource use are not unidirectional. Techno-
logical change can raise the efficiency of resource use, but it also tends to
raise both per capita resource consumption and the scale of resource ex-
traction, so that, absent policy effects, the increases in consumption
often compensate for the increased efficiency of resource use. These
are associated with the phenomena referred to as the Jevons Paradox,
and the “Rebound Effect” (Greening et al., 2000; Polimeni et al., 2008;
Ruth, 2009). For example, an increase in vehicle fuel efficiency tends
to enable increased per capita vehicle miles driven, heavier cars, and
higher average speeds, which then negate the gains from the increased
fuel-efficiency. In addition, technological advances can enable greater
resource extraction and throughput, which then appears as increases
in the productivity of other factors of production. As Daly points out,
much of the increase in productivity in both agriculture and industry
in the last two centuries has actually come from increased (rather
than decreased) resource throughput (Daly, 1991). A decline in the
price of a resource is usually thought to reflect an increase in the abun-
dance of that resource, but in fact, it often reflects that the resource is
simply being extracted more rapidly. Rather than extend carrying ca-
pacity, this reduces it. Over the long-term, per capita resource-use has
tended to rise over time despite dramatic technological advances in re-
source efficiency. Thus, the sign and magnitude of the effect of techno-
logical change on resource use varies and the overall effect is difficult
to predict. Therefore, in this generation of HANDY, we assume that the
effects of these trends cancel each other out. The model will be devel-
oped further to allow the rates of these technology-induced trends to
be adjusted in either direction.

Finally, there is an equation for accumulatedWealth,which increases
with production, δxCy, and decreases with the consumption of the Elites
and the Commoners, CC and CE, respectively. The consumption of the
Commoners (as long as there is enough wealth to pay them) is sxC, a
subsistence salary per capita, s, multiplied by the working population.
The Elites pay themselves a salary κ times larger, so that the consump-
tion of the Elites is κsxE. However, when the wealth becomes too small
to pay for this consumption, i.e., when w b wth, the payment is reduced
and eventually stopped, and famine takes place, with amuchhigher rate
of death. κ is meant to represent here the factors that determine the di-
vision of the output of the total production of society between elites and
masses, such as the balance of class power between elites and masses,
and the capacity of each group to organize and pursue their economic
interests.We recognize the inherent limitations, in this initial generation
of our model, of holding that balance (κ) constant in each scenario, but
we expect to develop κ further in later generations of HANDY so that it
can be endogenously determined by other factors in the model.

a) Consumption rates in HANDY b) Death rates in HANDY

Fig. 2. Per capita Consumption rates and Death rates for Elites and Commoners as a function of Wealth. Famine starts when C
sx ≤1. Therefore, Com-

moners start experiencing famine when w
wth

≤1, while Elites do not experience famine until w
wth

≤ 1
κ . This delay is due to Elites' unequal access to

Wealth.
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states, including accumulated wealth and resources. These decisions have variegated 
first and second order effects, given any particular system state, individual attributes 
or spatial heterogeneity. Such an approach attempts to increase both theoretical and 
empirical verisimilitude for some key elements of complexity processes, emergence, 
connectivity, interdependence and feedback [10] found across all scales of human 
development. 

We specifically model socio-economic transaction games as producing either posi-
tive or negative values to capture both upside gains or downside losses. Subsequently, 
Aij games’ Vij outcomes condition agent Wi

t+1 values, modeling realized costs or bene-
fits from any particular interaction. The updated Wi

t+1 = Wi
t + Aij game payoff for each 

agent subsequently gets added to the individual’s attributes for the next iteration. We 
then repeat individual endogenous processing, aggregated up to society as a whole 
and repeat the game processes for t+n iterations.  
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A Type-N collapse, on the other hand, starts with an exhaustion
of Nature, followed by a decline of Wealth that in turn, causes a fall
of the Commoners and then the Elites. Depending on the depletion
rate, Type-N collapses can be “reversible” or “irreversible”. After a
reversible collapse, regrowth of nature can trigger another cycle of
prosperity, examples of which can be seen in Figs. 3c and 4c. This
could represent historical cases such as the Greek and Roman
collapses.

When depletion is pushed beyond a certain limit, Nature fully
collapses and the whole system completely collapses after that.
This is why we call an irreversible Type-N collapse a “full” collapse.
Examples of such collapses can be seen in Figs. 3d, 4d, and 6b. This
could represent a historical case such as the exhaustion of Nature
on Easter Island. Type-N collapses can arise because of excessive de-
pletion only (Figs. 3d and 4d), or both excessive depletion and in-
equality (Fig. 6b).

It is important to understand the inter-relation of the depletion fac-
tor, δ, and the Carrying Capacity, χ. The further δ is taken away from its
optimal value, the further χmoves down from its maximum value, χM.
An equilibrium can be reached if and only if χ is not too far away from
χM, which means δ cannot be too far away from its optimal value,
given by Eqs. (10), (14), and (18) in the three types of societies under
consideration. Note that in all of the scenario outputs presented below
(for the three types of societies under consideration), Carrying Capacity
(χ) and theMaximum Carrying Capacity (χM) are calculated from their
defining Eqs. (9) and (11), respectively.

Important note about the units of the vertical axis of all the subse-
quent graphs: Populations, xC and xE, and the Carrying Capacity, χ, are

all normalized to the Maximum Carrying Capacity, χM. Nature and
Wealth are both shown in units of Nature's capacity, λ. The top scale
of the vertical axis of the graph pertains to Population(s) and Carrying
Capacity; the middle scale pertains to Nature, which (normally) stays
bounded by 1λ; and the bottom scale is for Wealth.

Note: All the simulations below use the Euler integration method
with a time-step of 1 year and single precision.

5.1. Egalitarian Society (No-Elites): xE = 0

In the four following scenarios, κ does not play any role since we
set xE ≡ 0. We start the depletion rate from δ = δ∗, the optimal equi-
librium value that maximizes the Carrying Capacity, and increase it
slowly to get additional scenarios. The horizontal red line in the
graphs for the four scenarios of this section represents the zero pop-
ulation of Elites.

5.1.1. Egalitarian Society: Soft Landing to Equilibrium
For the scenario in Fig. 3a, δ= δ∗ =6.67 × 10−6. Therefore, the car-

rying capacity, χ, is at its maximum level, χM. Notice that Nature also
settles to ye = λ / 2, which is the value that results in the maximum re-
generation rate. This maximal regeneration can in turn support a max-
imum sustainable depletion and population.

If we set δ b δ*, we still see a soft landing to the carrying capacity, χ.
However, χ would be at a lower level than χM because a lower-than-
optimal δ does not correspond to themaximum regeneration of nature,
which is a necessity if we want to have the maximum sustainable

a) Soft landing to the optimal equilibrium when Elite
population (marked in red) equals zero. Final population
reaches the carrying capacity, which is at its maximum
value,        , in this scenario.
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b) Oscillatory approach to equilibrium when Elite popu-
lation (marked in red) equals zero. Final population co-
nverges to the carrying capacity, which is lower than its
maximum value,        , in this scenario.
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c) Cycles of prosperity, overshoot, (reversible Type-N)
collapse, and revival when Elite population (marked in
red) equals zero.
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d) Irreversible Type-N collapse (full collapse) when Elite
population (marked in red) equals zero. All the state va-
riables collapse to zero in this scenario due to over-
depletion.

Fig. 3. Experiment results for the Egalitarian society.
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tribute to each individual and societal current states as an initial effort at a scale inte-
grated framework. Thus agents simultaneously co-evolve as strategy pair outcomes at 
t to impact Wi at t+1, thus driving both positive and negative feedback process through 
t+n iterations. These shape Ai attributes that spur adaptation to a changing environ-
ment. Feedback into subsequent Aij

 game selection networks and strategy choice 
yields a complex adaptive system representation across multiple scales. Fig.1 shows 
our high level architecture and agent processing. 

We instantiate a non-cooperative, socio-economic Prisoner’s Dilemma (PD) trans-
action game given agent i’s attribute vector (Ai) of individual agent attributes similar-
ity to agent j (Aj) for any Aij pairs. The motivation behind this is that individuals are 
more likely to interact, engage and conduct transactions with other agents of similar 
norms [14] and produce different co-evolutionary behavior via frequency and rate 
dynamics [9]. To capture complex, nonlinear and emergent behavior, we first ran-
domly choose 50% of spatially proximal agents as sources who can choose a partner 
at each iteration t. The remaining targets are chosen by other agents based on sym-
metric preference rankings and asymmetric neighborhood proximity distributions. 
Following Abdollahian et al. [1-3] and Yang [38], we explore communications reach, 
social connectivity and technology diffusion that constrains the potential set of Aij 
game pairs through talk-span.  

The resulting networks provide a rich simulation dataset ripe for spectral analysis. 
By considering spectral gap metrics, the characteristic times between stable periods 
can be regressed against predictive qualities of the socio-economic transaction games 
networks. Following Neal [12], specifically this analysis proceeds on the basis of 
using mean values of the maximum eigenvalue gap max for a given t, the average 
eigenvalue gap mean, and the median eigenvalue gap median, averaged over the pro-
ceeding period of disorder. This is as opposed to using the maximum value of any of 
these measures observed during the disorder period, as doing so would bias longer 
disorder n(t) periods towards higher maximum observations simply by means of more 
draws. 

We detail a generic example of the type of information and results such analysis 
can provide, examining whether or not the eigenspectrum of the Laplacian matrix of 
the system under examination is able to predict the sequence of synchronization over 
the examination period. Fig.2 [12] gives two such examples of thresholds which gen-
erate a monotonically decreasing number of separate components over time. The top 
row of Fig. 2 examines the time evolution phase of synchronization of GDP for two 



networks, defined by thresholds of 0.976, 0.99, respectively. The second row displays 
the index of eigenvalues from the Laplacian, in ascending order, against the inverse of 
the eigenvalues themselves, from the Laplacian matrix derived from the adjacency 
matrix. 

 

 

Fig.2 Floor field distribution of different algorithms 
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Figure 2.8: First row: Time evolution of synchronization of GDP for two networks,
defined by w

⇢

= 50 and by thresholds ⌧ = 0.976, 0.99, respectively. Second row:
Index of eigenvalues from the Laplacian, in ascending order, against the inverse of
the eigenvalues themselves, from the Laplacian matrix derived from the adjacency
matrix from period Q1, 2005 (left), and Q4, 2007 (right), for the same respective
thresholds ⌧ . Third row: Laplacian information for Q4, 2011 (left) and Q4, 2012
(right).
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4 Results 

A sample one-simulation result is visualized below in Fig. 3, with number of agents 
initialized at 200 and talkspan social space compression parameterized at 15 indicat-
ing medium high social connectivity. The time series plot in the center of the figure 
shows the level of commoner and elite populations with natural carrying capacity 
over time. For selected iterations t, we then sampled the particular agent social space 
to the corresponding summed time series plot. Agent size represents wealth, color 
represents carrying capacity ranging from darker brown indicating lower and bright 
green higher capacity. Edges indicate the cumulative sum of agent pairs engaged in a 
socio-economic transaction games from t = 0 to t, which could be either coercive or 
cooperative.  

 

 
Fig.3 simulation result 
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while wealth responds inversely, increasing marginally over time with the same fre-
quency. In each of the agent social space plots at t, first we can observe that edges are 
consistent over time indicating the rate of socio-economic transaction games is rela-
tively stable, regardless of population, wealth or carrying capacity concerns. When 
either population is positive and increasing, the carrying capacity is relatively high 
indicated by green agents and the converse is true with negative and decreasing series. 
This supports our hypotheses for high levels of carrying capacity, population and 
wealth increases until thresholds where there are short, sharp phase transitions, until 
equilibrium recovery of society where wealth continues to accumulate. Regardless of 
wealth levels or carrying capacity, agent interactions are likely to continue and help 
drive recovery phases. 

5 Discussion 

In the context of sustainable development, a complex adaptive systems framework 
can help address the coupling of nature constraint and opportunity with population 
dynamics and individual agency. Our work demonstrates the theoretical importance of 
individual agency entrainment with macro-social and environmental outcomes; how 
societal phase shifts and tipping points result from, and recover to, human behavior. 
By taking our previous research a step further with the introduction of spectral analy-
sis on simulated social network fabrics, we contribute both to the understanding of 
complex, strategically driven economic societies, as well as to the understanding of 
the value of theoretical physics methods in a new domain. The benefit is a potentially 
substantial, computational cost savings in the pursuit of understanding complex 
games and could represent a significant advance in the practice of artificial econom-
ics.  
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