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ABSTRACT 
 
A logical paradox is a self-contradictory statement, whereas an empirical paradox 
(EP) arises in science when a phenomenon is observed to possess two 
characteristics that theoretically contradict one another. The thesis developed in 
the following remarks is that paradox is entailed by complexity, and a sufficiently 
rich dynamic process generates behaviors that when viewed in any snapshot of 
time are judged to be incompatible. The self-organized time criticality (SOTC) 
model shows that this incompatibility stimulates adaptive behavior, which is 
modeled to drive a two-level network towards criticality, thereby retaining 
complexity, on the one hand, while resolving paradox, on the other and 
consequently generates new kinds of knowledge. A social/biological exemplar of 
resolving an EP using the SOTC model is the altruism paradox (AP) in which 
individuals act in their own self interest, while counter-intuitively maximizing the 
benefit to society, examples of which are legion. 
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INTRODUCTION 
 
A strong argument can be made that every revolution in 
science, from quantum mechanics in physics to homeostasis 
in medicine, began with a logical contradiction, or more 
precisely, an inconsistency between experimental 
observations and a scientific theory, and therein hangs a 
tail of empirical paradox (EP) and its subsequent 
resolution. A familiar form of paradox is a self-
contradictory statement such as: This statement is false; 
about which there is a substantial literature, see, e.g. 
(https://en.wikipedia.org/wiki/Paradox). The paradox is a 
consequence of the limitations of linear logical thinking in 
the understanding of what has been communicated. The 
disruption in the logical understanding of the statement 
arises because what is presumed true at the outset is 
contradicted at the end of the reading and one must start 
again, with the opposite assumption regarding the 
statement’s truth value, but with the same contradictory 
result, thereby generating an endless cycle. The sequential 
building of interdependent statements to construct a logical 
argument, which is the hallmark of linear logical thinking, is 
disrupted. It is not possible to go beyond the self-
contradictory  statement   itself  with  any  clarity  regarding  

the consistency, or truth, of the argument. 
What concerns us here is a parallel form of paradox that 

arises in science when a phenomenon is explained by a 
theory attributing two or more mutually incompatible 
characteristics to a phenomenon and yet all the attributed 
properties are empirically observed. This natural, or 
empirical, paradox interests us because nature has devised 
ways to resolved such conflicts, since they are part of 
objective reality. However, when we attempt to reason 
about phenomenon containing an empirical paradox (EP) 
we encounter logical inconsistencies, which we herein seek 
to resolve. In resolving such an EP, we invariably generate a 
new kind of knowledge; a way of knowing that is 
incompatible with previously existing scientific theory. The 
empirical form of paradox is not new, but has been 
observed in a large number of distinct disciplines, 
including, but not restricted to sociobiology (Wilson and 
Wilson, 2007), organization management (Smith et al., 
2016), physics (Cubitt et al., 2015), macroevolutionary 
biology (Darwin, 1871), molecular biology (Dawkins, 
1976), and sociology (Balackmore, 1999), to name a few. 
One result of such studies has been that  the  subtle  concept  
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of paradox, whose nuanced definition shifts according to 
the discipline in which it is applied, appears to be 
discipline-specific. Consequently, the way in which a 
paradox is resolved in one discipline often cannot be used 
to resolve paradox within other unrelated disciplines. 

In broad outline every nascent science begins with 
elementary experiments, whose results are explained by 
simple models from which that discipline’s basic concepts 
are extracted and developed. As the scientific discipline 
matures the experiments become more sophisticated and 
those basic concepts are interwoven into ever more 
elaborate theories. This process of refinement and 
elaboration sometimes spans centuries. Finally, a point is 
reached where an experiment probes the previously hidden 
complexity of a discipline’s phenomena and in order to 
explain the data a logical contradiction arises between two 
or more of the fundamental concepts, resulting in an EP. It 
is an EP because nature has presented us with something 
that logically cannot exist and yet it does. 

Consequently, the scientific discipline must be reinvented 
to explain the new data and this is accomplished by 
investigators changing how they think about the 
phenomenon, sometimes using extensions of existing 
theory, other times inventing totally new theory, to resolve 
the paradox.  

Let us begin with an EP that, without exaggeration, totally 
changed how we understand the physical universe. Early in 
the twentieth century there existed a large body of 
empirical evidence establishing that light was a wave 
phenomenon. It was puzzling therefore that there also 
existed a significant amount of data establishing that light 
was a particle phenomenon. The fact that a particle is 
localized in space and a wave is extended in space and yet 
they both purport to explain the fundamental nature of 
light produced an EP, that being, the existence of a given 
phenomenon possessing contradictory, or mutually 
exclusive, properties. Resolving this paradox led to wave-
particle duality, the Copenhagen interpretation of quantum 
phenomena, with the result that the interpretation of what 
is observed is determined by the measurement that is 
made, as shown in the cartoon in Figure 1. The 
revolutionary interpretation of wave-particle duality was 
made in the 1928 by Niels Bohr in the form of the 
Complementarity principle. The essence of this 
interpretation is that light is neither a particle nor a wave, 
but paradoxically it is both, but one can only know this 
through direct measurement. Such measurement indicates 
that it is either a particle, or a wave, at any given time, but 
the data never indicate both simultaneously. Thus, this EP, 
interpreted under the rules of classical mechanics, entailed 
quantum mechanics for its resolution and a new way of 
knowing the universe was born.  

But this essay will not be restricted to what we know 
about physical phenomena, wave–particle duality, the 
uncertainty principle, or other such things, but are 
concerned with EP more broadly. For  this  purpose,  we  use 

altruism as a biological exemplar of an EP. We classify 
altruism as a biological EP because it was recognized by 
Darwin that the selfishness of a species required by his 
theory of Natural selection contradicted the observed 
altruistic behavior of many species  and  this  was  
subsequently  defined  as  the  altruism  paradox  (AP).  The 
resolution of this paradox was one of the motivations for 
the development of the discipline of sociobiology, about 
which more is said in due course. 
 
 
Various kinds of criticality 
 
In the early nineteenth century the successes of physics in 
understanding physical phenomena so impressed scholars 
interested in the behavior of large groups of people that the 
new science of Sociophysics was launched and could well 
be tied to the 1835 publication of Adolphe Queteletís book 
Physique sociale (Quetelet, 1835). A contemporary advocate 
for applying the fundamental models of physics to the 
understanding of society is Galam (2012), who was among 
the first to draw clear connections between the critical 
behavior in physical processes being described by 
renormalization group theory and analogous behavior in 
social phenomena that include epistemological 
contradictions, as well. Much of his interpretation of social 
phenomena was drawn from his insight into the modern 
theory of phase transitions. 

We utilize the dynamics of criticality to explore the idea 
that EP in science often results from the inappropriate 
application of linear logical thinking to complex dynamic 
phenomena that manifest phase transitions. Computational 
social science relies on the recognition that criticality, such 
as reaching consensus, comes about due to self-
organization. A number of investigators have devised 
mathematical models by which to quantify critical 
phenomena in the life, social and physical sciences, see the 
review by Sornette (Sornette, 2004). 

These models can be widely separated into two groups as 
shown in Figure 2. The first group models phenomena that 
achieve criticality through a control parameter being tuned 
externally, such as changing the temperature to induce 
physical transitions among gas, liquid and solid phases of 
fluids, or the magnetic properties of a piece of metal. This 
critical behavior was first successfully described by 
renormalization group theory, see, e.g., the work of Wilson 
(1975), which established that the properties of a system 
near phase transitions are universal, as expressed through 
scaling relations, that is, they have little, if anything, to do 
with the details of a system’s microdynamics, only with its 
level of complexity. These same scaling properties are also 
observed in the macrodynamics of complex networks 
(Turalska et al., 2009). 

The second group models phenomena criticality emerge 
through internal dynamics, along with scaling behavior, 
with no externally controlled  parameter. This  spontaneous  
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Figure 1: The nature of light in the first quarter of the 20th century 
had two competitive theories, its nature was fundamentally 
particle-like as shown on the left, or wave-like as shown on the 
right. 

 
 

 
 
Figure 2: Criticality comes in two groups, generated by 
external and internal tuning, respectively. The second group is 
further partitioned into two flavors, self-organized criticality 
(SOC) and self-orgainized temporal criticality (SOTC). 

 
 
driving of the system to a critical state by its own internal 
dynamics has acquired the name self-organized criticality 
(SOC) (Watkins et al., 2015). Here again the universality of 
criticality makes the macroproperties of the system 
independent of the detailed microdynamics. Bak (1996) 
observed in his book, tracing the history of the ‘science’ of 
SOC, that complexity is a consequence of criticality. We 
agree with that assessment and here we sketch a 
generalization of SOC, using a two-level dynamic network 
that gives rise to self-organized temporal criticality (SOTC) 
(Mahmoodi et al., 2017). The universality of criticality in 
the SOTC model is used to establish the notion that to 
resolve AP, requires the same level of complexity that 
originally produced the two sides of the paradox. 

Linear logical thinking cannot be applied to a complex 
dynamical situation, or more precisely, if applied, such 
thinking typically leads to inconsistencies when the 
phenomenon being addressed has emergent properties. 
Consider the transition from the independent behavior of 
individuals within a group to their interdependent behavior 
when the group reaches consensus. This is a tipping point 
where local independent interactions  are transformed  into 

nonlocal, long-range correlated interactions. Conclusions 
formed based on local dynamics are often invalidated when 
criticality is reached. For example, the conclusions reached 
using linear logic applied to the local dynamics of a peaceful 
demonstration can be strongly modified, if not outrightly 
contradicted, by the nonlocal dynamics of an emergent mob 
(Gladwell, 2002). 
 
 

Visual paradox (VP) 
 

Most of us believe that we see the world objectively, 
undistorted by our mental constructs of the way we think 
the world ought to be. But like most unexamined beliefs 
this turns out not to be true. The least complicated example 
of the dependence of what we see on what we believe, turns 
out to be an optical illusion, also known as an ambiguous 
figure. For our purposes here, we call such things visual 
paradox (VP), where the image observed is impossible and 
yet it is what one sees. One of the simplest forms of VP is 
given by the classical face-vase image shown in Figure 3 
and can be found in almost every college introductory 
psychology book.  

 

observed is determined by the measurement that is made, as depicted in  the  cartoon  in  Figure  fi.   The  

revolutionary  interpretation  of  wave–particle duality was made in the fi9£8 by Niels Bohr in the form of the 

GOMP1EMENTAVST4 PVSNGSP1E.   The  essence  of  this  interpretation  is  that  light  is  neither  a  particle nor  a  wave,  

but  paradoxically  it  is  both,  but  one  can  only  know  this  through direct measurement.  Such measurement 

indicates that it is either a particle, or a wave, at any given time, but the data never indicate both 

simultaneously.  Thus, this  EP,  interpreted  under  the  rules  of  classical  mechanics,  entailed  quantum 

mechanics for its resolution and a new way of knowing the universe was born. 
 

 
Figure fi: The nature of light in the first quarter of the £0th century had two 

competitive theories, its nature was fundamentally particle-like as shown on the left, 

or wave-like as shown on the right. 

 

But this essay will not be restricted to what we know about physical phe- nomena, wave–particle 
duality, the uncertainty principle, or other such things, but is concerned with EP more broadly. 
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Figure 3: Some people first see two faces looking at one 
another, while some clearly see a vase. This is the face-vase 
paradox and whichever is seen first, eventually the other will 
be seen, and then one‘s perception will flicker between the 
two. 

 
 
 

On first viewing the physical image one either ‘sees’ a 
vase or two faces peering at one another.  However, 
whichever ‘percept’ registers on the brain first is not 
important, because that percept is not stable. It will not 
persist over time. Instead the percept, say it is the vase, is 
replaced by the other, the opposing faces, which is also not 
stable in time. This forms an unstable, or a multi-stable, 
perception in which the exchanging of percepts in the brain 
flickers like the lights in a disco club of the 1970s. 

Much like the logical paradox mentioned earlier, there is 
a conflict between the views of the two percepts. In the 
logic case, it was the truth of the statement that did not 
persist from one reading to the next. Here, it is not the truth 
that flickers, but something that appears to have a quite 
different source. 
 
Or does it? 
 
We argue that a visually ambiguous figure, or VP, is the 
resolution of a paradox, since a single ambiguous figure is a 
both/and realization of the two percepts that produce the 
ambiguity, rather than an either/or contradictory view. 
Caglioti (1992), in his book The Dynamics of Ambiguity, 
introduced a double-well potential interpretation of such 
figures. In Figure 4 is depicted an "attention potential" 
similar to that introduced by Caglioti, in which the two 
minima correspond to the two percepts of the VP. The 
height of the barrier corresponds to how much attention is 
required to switch between percepts. In the case of the 
face-vase the barrier is low and the brain effortlessly 
flickers back and forth between the two percepts. The year 
was  1992  and  the  interpretation  in  terms  of  a  potential 

function was an intuitive guess, as opposed to a theory or 
model. 

While Caglioti was providing his intuitive theoretical 
explanation of VPs, neuroscientists were busy doing 
experiments to measure what was going on in the brain as a 
person observed such figures. The neural processing of the 
different percepts was observed to be done in different brain 
locations and was recorded by functional magnetic 
resonance imaging (fMRI) for bistable percepts having a 
constant physical stimulus (Kleinschmidt et al., 1998). The 
subjects in the experiments were instructed to register their 
experience of the visual scene by means of key-presses 
denoting a perceptual transition, or the retention of one 
percept, or the other. This enabled the investigators to 
associate a visual experience with an fMRI image of brain 
activity: part of the brain lights up for the experience of one 
percept, another part of the brain lights up for the 
experience of the other percept¡ the transition from one 
percept to the other coincides with observed bilateral 
activity. Caglioti (1992) got it right, at least qualitatively. 

This potential function is a mechanical analog of how the 
attention in the brain divides over time between two 
percepts, those being the different perceptual states of the 
one stable stimulus, the VP. Imagine that the potential 
describes the level of attention required to see one percept, 
or the other, each percept being located at a potential 
minima in direct analogy with physically separate regions 
of the brain that light up in the fMRI. Once the brain occupies 
a minima, we experience one percept, and it requires effort 
exceeding the barrier height to change. According to the 
top-down school of thought, cognition increases the level of 
attention  necessary to  overcome  the  barrier  separating  one  
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Figure 4: Depicted is a generic quartic, or double well 
potential. It has two minima separated by a barrier, whose 
height is indicated by the arrow. This is the attention potential 
where each minima corresponds to one of the two figures in an 
ambiguous figure. From (Turalska and West, 2014) with 
permission. 

 
 
minima (percept) from the other. Whereas, according to the 
bottom-up school of thought there are spontaneous sensor-
generated fluctuations in the attention level that can drive 
the brain from one minimum to the other. Therefore to 
complete the analogy with the VP we could assume one of 
two things: either the height of the potential barrier 
fluctuates in time, or the level of attention fluctuates in 
time. In either case, at intermittent times, the level of 
attention exceeds the barrier height and as a result our 
focus can shift from one percept to the other. 

Figure 5 is an adaptation of a more detailed sketch given 
by the Kornmeyer and Bach (2012) using the potential 
interpretation, which by 2012 has matured into a 
neurologic model. They point out that according to the top-
down (memory) school of thought, perceptual reversal is a 
consequence of passive adaptation, recovery, and the 
mutual inhibition of competing neural units. Whereas, ac- 
cording to the bottom-up (cognition) school of thought 
perceptual reversals are a consequence of attention 
decision-making and learning. 

We will show that this model for resolving VP fits into a 
more general quantitative model for the resolution of EP, 
using the altruism paradox (AP) as an exemplar. Much like 
fitting the pieces of a puzzle together. 
 
 
The altruism paradox (AP) 
 
There are many versions of the altruism paradox (AP), 
which is to say, this particular EP has been identified in a 
number   of   different  disciplinary  contexts,  which  argues 

against there being any one discipline–specific mechanism 
able to account for its occurrence in them all. It was 
recognized by Charles Darwin that some individuals in a 
number of species act in a manner that although helpful to 
others, may jeopardize their own survival and yet this 
property is often characteristic of that species. He also 
identified such altruism as contradicting his theory of 
evolution (Darwin, 1871): 
 

It is extremely doubtful whether the children of 
such [altruistic] individuals would be reared in 
greater number than the children of selfish and 
treacherous members of the same tribe...Therefore 
it hardly seems probable...that the standard of their 
excellence could be increased through natural 
selection, that is, by the survival of the fittest. 

 
It is not surprising that the proposed theories to resolve this 
AP crossed the boundary between biology and sociology to 
form a new discipline. The theory of sociobiology was 
developed in the last century, at least in part, for the specific 
purpose of explaining how and why Darwin‘s theory of 
biological evolution is compatible with sociology. 

In their rethinking of the theoretical foundations of 
sociobiology Wilson and Wilson (2007) did a remarkable 
job of explaining the reasons for the disarray in which the 
theory of sociobiology found itself. Their 2007 review is of 
interest to us here because the status of the theory is the 
result of a half century of attempts to resolve the AP in the 
form crystallized in the quotation with which Wilson and 
Wilson open their seminal paper (Darwin, 1871): 

 
 
 
 
 

 
 

Figure 4: Depicted is a generic quartic, or double well potential. It has two 

minima separated by a barrier, whose height is indicated by the arrow. This is 

the attention potential where each minima corresponds to one of the two figures 

in an ambiguous figure. From [39] with permission. 
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Figure 5: With prolonged observation of an ambiguous figure stimulus a transiently stable 
percept becomes slowly destabilized, symbolized as a depth reduction of the brain states 
current attractor. As Kornmeier and Bach (2012) point out, both bottom-up and top-down 
factors can increase or decrease the rate of change of this process.  After transition of a state of 
maximal instability, fast (40-60 ms) disambiguation occurs, resulting in a change of percept. 
This process reverses over time forming a cognitive flickers. This figure is adapted from 
Kornmeier and Bach (2012). 

 
 

It must not be forgotten that although a high 
standard of morality gives but a slight or no 
advantage to each individual man and his children 
over the other men of the same tribe...an increase 
in the number of well-endowed men and an 
advancement in the standard of morality will 
certainly give an immense advantage to one tribe 
over another. 

 
The crux of the paradox lies in the distinction between what 
is best for   the group to function as an adaptive unit 
resulting from interactions within a social group, compared 
with interactions between social groups. This failure of the 
group to achieve maximum fitness through the self–
sacrifice of individuals within the group is one formulation 
of the AP. Darwin proposed a resolution  to this problem by 
speculating that natural selection is not restricted to the 
lowest element of the social group, the individual, but can 
occur at all levels of a biological hierarchy, as paraphrased 
by Wilson and Wilson (2007): 
 

Selfish individuals might out–compete altruists 
within groups but internally altruistic groups out–
compete selfish groups. This is the essential logic of 
what has become known as multilevel selection 
theory. 

 
Theoretical inconsistency arose in sociobiology with the 
rejection of Darwin‘s multilevel selection hypothesis in the 
fi960s and the subsequent ambiguities, contradictions, and 
confusion that framed the subsequent theoretical discussion 
of the next half century in terms of the individual alone. We 
do not believe we can improve on the detailed critique of 
the alternatives to multilevel selection theory presented by 
Wilson and Wilson, even though there are a few points with 
which we may not completely agree. However, going into 
that level of detail here does not support our major 
purpose, that being, to demonstrate that the reconvergence 
of scientific consensus on the use of multilevel selection theory 
to   resolve  AP  in  sociobiology  is  compatible  with   recent 

developments in network theory (Mahmoodi et al., 2017). 
We concur with the multilevel selection hypothesis of 

Darwin, but not with the biological requirement that there 
exist strictly altruistic individuals. Historically, the 
alternative theories to multilevel selection were based on 
the failure to see the altruistic actions of individuals as 
being compatible with the more universally accepted action 
of individual acting in their own self-interest. Herein we 
introduce the SOTC model of decision making that does not 
rely on an either/or choice for the behavior of the individual 
on which the AP is based. 

Contradictions exist in the real world, complex, organized 
social groups, some of which form fundamental paradoxes 
that cannot be resolved by adopting to support one side of 
the paradox or the other. Both sides of the contradiction 
have value and a successfully organized group is one that 
can devise and implement enabling strategies to cope with 
paradox, without becoming doctrinaire. The resolution of 
paradox entails that diametrically opposed alternatives be 
examined and consequently, such alternatives not only 
contradict one another, but also depend on one another. 
Our goal is to establish a model whose dynamics embrace 
paradox and that persists over time. 

The two poles of AP, selfishness and selflessness 
(altruism), stand in such sharp contrast to one another that 
their incompatibility appears irrefutable. But if this logical 
incompatibility were not routinely resolved at the 
operational level, in the form of heroes, first responders, 
martyrs and other examples of people caring for other 
people, often strangers, the need to resolve the paradox 
would not be so compelling. 
 
 
SOTC MODEL 
 
To resolve the conflict in an EP we introduce a two-level 
dynamic network model of decision making, having 
criticality as an emergent property, and show how such a 
model can drive a social group, through the selfish behavior 
of   individuals   within  the  group,  to  the  counter-intuitive  

 

 

fluctuates in time. In either case, at intermittent times, the level of attention exceeds 

the barrier height and as a result our focus can shift from one percept to the other. 
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result of spontaneously achieving maximum social benefit. 
The self-organized temporal criticality (SOTC) model 
(Mahmoodi et al., 2017, 2018), or two-level dynamic 
network, shows that an individual can consistently act in 
their own self-interest, while simultaneously producing 
maximum social benefit from their decisions. This benefit 
accrues independently of any specific physical, social or 
biological mechanism. The mathematics demonstrates that 
the intellectual conflict in an EP is mitigated when the 
thinking is treated dynamically. The SOTC model reveals 
that what is good for society need not be purchased at the 
cost of what is good for the individual. In other words, the 
resolution of an EP is not an either/or choice between 
absolutes. 

The decisions made by individuals within the SOTC 
model are consistent with bounded rationality (Kahneman, 
2012; March, 2006), which has recently been modeled 
using evolutionary game theory (EGT) (Rand and Nowak, 
2013; Rand, 2016). The tension between what is of benefit 
to society and what is of benefit to the individual is 
formulated using EGT by Rand and Nowak (2013, 2016). 
From his meta-analysis of 67 empirical studies of cognitive-
manipulation of economic cooperation games. Rand (2016) 
concluded that all the experimental data could be explained 
using a heuristic model of cooperation. The heuristic model 
balanced the influences of deliberation and intuition, where 
the former is considered to be a rational process that never 
favors cooperation, whereas the latter is treated as an 
irrational process that can favor non-cooperation or 
cooperation, and depends on the individual. 

A two-level network model has been constructed that 
incorporates the related concepts of intuition and 
deliberation (Mahmoodi et al., 2017). One network (level) 
has dynamics resulting from individuals’ strategy choices 
determined by imitating the behavior of their nearest 
neighbors based on the decision making model (DMM) 
(West et al., 2014). A second network (level) quantifies 
these choices using the payoffs based on a play of the 
Prisoner’s Dilemma Game (PDG). The two levels interact by 
making the imitation strength Kr for individual r, between 
members of the DMM, change according to whether the 
average difference of the last two payoffs from playing the 
PDG changes. The value of the imitation strength is always 
made in the best interests of the individual at each point in 
time, which is to say, the decision is a selfish one. Although 
the individual is behaving selfishly, the internal network 
dynamics drives the social system towards the critical state 
of cooperation. It is this critical state that has the greatest 
social benefit. In this way the AP is resolved by means of the 
internal dynamics of the two-level network. 
 
 
Two-level network process 
 
Consider a two-level network, whose elements can be 
people  within  a  social   group,   neurons   within   a   neural 

network, or any other of a large category of complex 
networks with emergent properties. Each element makes 
decisions simultaneously, but interdependently, using the 
criteria indicated in Figure 6. 

On the one hand, individuals make rapid intuitive 
decisions by imperfectly imitating the behaviors of their 
neighbors. This imitative behavior of the DMM (Turalska et 
al., 2009, 2011) captures the cooperative conduct induced 
by the DMM dynamics leading to a phase transition, or 
tipping point, into a critical state. This intuitive behavior is 
balanced by the rationality of the evolutionary PDG (EPDG). 

Thus, in a social setting the decisions of an individual are 
weighted by wanting to be liked and accepted. In addition 
individuals also weigh the possible effect of certain 
relations on their long-term goals, balancing the costs 
against the payoffs of such relations. This latter behavior is 
modeled by the EPDG rules in the spirit of the Nowak and 
May (1992) approach to modeling rational choice, but 
extended to the dynamic situation. 

This two-level model of decision making dynamically 
captures both the fast and slow ways humans make 
decisions (Kahneman, 2012), a model of human thinking 
based on decades of research for which Kahneman received 
the 2002 Noble Prize in Economics. Individuals make 
decisions based on bounded rationality (Kahneman, 2012; 
March, 2006) and more recently discussed using EGT (Rand 
and Nowak, 2013; Rand, 2016). Rand (2016) proposed an 
intuitive mechanism for making decisions that are modeled 
through the dynamics of the DMM (West et al., 2014) and 
the deliberative mechanism is realized through the 
dynamics of the second network through an EPDG. 
 
 
DMM models thinking fast 
 

One realization of the DMM is on a simple two-dimensional 
lattice. In the nomenclature of Turalska and West (2014) 
imitation biases the time-dependent probability of deciding 
to transition from being a protagonist (1), also called a 
cooperator, to being an antagonist (2), also called a 
defector: 
 

                        (1) 
 

 is the number of protagonists that are nearest 

neighbors to individual v at time t, and  is the 
number of antagonists. On the two–dimensional lattice each 
individual has M = 4 nearest neighbors. The transition rate 

from antagonists to protagonists  is obtained by 
interchanging indices in Equation (1). 
 

The unbiased transition rate is go = 0.01 for all the 
calculations presented, and 1/go defines the  time  scale  for  
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Figure 6: Decision-making process within a society, 
or by an individual, is modeled by a two-level 
network. The DMM, with +1 and -1 opinions held by 
an individual is represented by black and white 
nodes, respectively, in the lower level. The rational 
behavior of the EPDG, selecting between a 
protagonist (P) or antagonist (A) strategy is 
depicted on the upper level. The colored arrows 
below (P, protagonist -red; A, antagonist -blue) 
indicate the strategy adopted above that influences 
the character of the imitating behavior. From 
(Turalska and West, 2014) with permission. 

 
 
 
the process. All the Kr can all be different in the present 
two–level model. The DMM mimics a process that is fast, 
emotional and there is no reasoning about any payoff 
connected to a decision. 

We now abandon the lattice for an all–to–all (ATA) 
coupled network, but we still refer to sr =+1  as state 1 and 
sr = -1 as state 2. The ATA assumption means that a mean 
field approach becomes quantitatively accurate. The mean 
field of the population N is defined by an average over all 
individuals: 
 

                                                                (2) 
 
As discussed by Svenkeson and West (2018), one 
conceptual difficulty when associating critical phenomena 
with biological or sociological systems is that critical points 
are rare in parameter space, and it is not obvious how 
natural systems come to be operating there. Self–
organization (Hidalgo et al., 2014) and extended criticality 
(Bailly and Longo, 2008; Longo and Montevil, 2012, 2014) 
can both make critical phenomena more robust and are 
plausible mechanisms for inducing cooperation outside 
physics. We synthesize the two methods in the SOTC model. 

One of the significant properties of the DMM dynamics is 
a second–order phase transition at the critical value K = Kc, 
where Kc = 1 in the ATA  case  and Kc   1.7 on a lattice, 
which along with the scaling properties of a number of 
parameters indicates that the DMM falls within the Ising 
Universality class (West et al., 2014). This universal 
behavior becomes evident from the study of the expanded 
version of the Langevin equation, obtained from an N 
dimensional two–state master equation for the network 
dynamics in the vicinity of the critical point. The  
fluctuations  in  the  resulting  Langevin  equation  (t) arise  

from  the  finite size of the network being of size 1/ 𝑁 for a 
network having N elements (Svenkeson and West, 2018): 
 

                              (3) 
 
In particular, the coefficient of the linear term vanishes 
when the imitation parameter is at the critical value Kc = 
1. When the imitation parameter is subcritical K  Kc 
there is only one stable equilibrium point  = 0. When the 
imitation parameter is supercritical K > Kc there are two 
stable equilibrium points, that scale as follows: 
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                                                                     (4) 
 
Equation (3) in the vicinity of the critical point   K — 
Kc 1 simplifies to: 
 

                                                       (5) 
 
Note that this equation can be written in the form of the 
double–well potential given by Figure 4, with the height of 
the barrier separating the two minima expressed in terms of 
the imitation parameter. Consequently, the DMM captures 
the intuition of Caglioti (1992) in quantitative form. The 
fluctuations  (t) have been shown to represent the 
numerical calculations of N interacting two–state units by a 
Wiener process of unit strength quite well. 

The solution to Equation (5) has been associated with 
non–ergodic  fluctuations and enhanced information 
transport properties (Lokovic et al., 2014; Turalska et al., 
2011; Vanni et al., 2011).  The nomenclature temporal 
complexity was  introduced  to  describe  the  special  
nature  of  the  stochastic  dynamics  near  criticality 
(Turalska et al., 2011; West et al., 2014). These features are 
relegated to the critical region which becomes more 
extended for small populations.  This dependence on 
system size imply that some benefits might be gained by 
limiting the population size, but signatures of the 
bifurcation can be lost if the size becomes too small (Rosas 
et al., 2016).  The system can be shifted from a non–ergodic 
condition to an ergodic condition by decreasing its size.  
Note that there are no free parameters in the DMM once K 
has been fixed to a near–critical value. This locks the phase 
transition and prevents the possibility of generating 
extended critical behavior. 
 
 
EPDG models thinking slow 
 
The self-interest aspect of decision making is introduced 
through the cognitive, thinking slow mechanism of 
Kahneman (2012) and modeled by the EPDG payoffs 
(Gintis, 2014). This is the second level of the two-level brain 
and is realized using Rand’s deliberative mechanism (Rand, 
2016), within the SOTC model. Each individual interacts 
pair-wise with its nearest neighbors and receives from that 
interaction, a payoff by adopting either an antagonist or a 
protagonist strategy.  

The SOTC model developed here differs from the one 
studied earlier (Turalska and West, 2014) in the way the 
levels are coupled. In the earlier model all individuals had 
the same imitation strength in the DMM level, an 
assumption we relax.  At the evolutionary game level the 

payoff matrix  was normalized by R = 1 and P = 
0,   leaving  a   two-dimensional   plane   of   values   for    the 

"temptation" payoff T and the "sucker’s" payoff S in the 
domain -1  T, S  3. At each point in time the payoff to each 
player is calculated and every individual appropriates the 
tactics of their most successful neighbor. We found in this 
earlier calculation that in the region T  1, R = 1, P = 0 and 
for all values of S, that protagonists dominates at long times 
and critical behavior is robust. Criticality occurs in this 
domain even when the initial fraction of antagonists, when 
the DMM is isolated is sufficient to inhibit criticality. 

In the network calculations shown here we choose R = 1, 
P = 0, T - R = 0.5 and S = 0 (Gintis, 2014) and evaluate each 
individual’s benefit, as well as, the benefit for the whole 
community. First the payoff Pr to the individual r is defined. 
Each individual receives a total payoff from the pairwise 
play with the four nearest neighbors. If in a play both are 
protagonists (cooperators) the payoff to r is Br = 2. If one is 
a protagonist and the other is an antagonist (defector), the 
payoff to r is Br = T. If both are antagonists the payoff to r is 
Br = 0. The total payoff Pr to r is the sum over the four Br. 

The PDG is only a subset of the games included in the 
earlier work and belongs to the region T > R > P > S. 
 
 

Information exchange 
 

Mahmoodi et al. (2017) point out the importance of 
noticing that the value of the imitation strength Kr adopted 
by r and determined by the strategy choices of antagonist 
or protagonist made by its four nearest neighbors, is not 
necessarily the value adopted by its four nearest neighbors. 
This means that the imitation strength at time t, Kr(t), is 
unidirectional and connects r to all its nearest neighbors, 
but changes from individual to individual, as well as in time. 
Consequently, it is the internal dynamics that determines 
the spectrum of values for the imitation strength. 

Individuals in the calculation are given an initial 
vanishingly small value of imitation strength. Thus, the 
initial state corresponds to one in which the choices made 
by individual r are totally independent of the choices made 
by its nearest neighbors. At each subsequent time step 
individuals play the EPDG and independently change their 
imitation strengths. As shown in Equation (6) the typical 
individual makes the implicit assumption that the increase 
(decrease) of its payoff in the last two plays makes it 
profitable for them to increase (decrease) their imitation 
strength. 

As stated earlier, time is discrete and the interval between 
two consecutive time events is t = 1. In the present two–
level model each individual v receives a total payoff from the 
play of the EPDG with the four nearest neighbors Pv(t) and 
adjusts their present imitation strength based on their two 
previous payoffs as follows: 
 

 
 

The value of  decides the influence of the fractional change  
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in the total payoff on the new strength of the imitation 
parameter. Consequently, the imitation strength of the 
individual in the DMM network is responsive to the recent 
history of the payoffs determined by the PDG network, 
through this coupling. In this way an individual‘s DMM 
dynamics is not responsive to the absolute change in the 
total payoff received, but instead responds to that change 
relative to what the average total payoff has been in the 
recent past. It is referred to as a bottom-up interaction for 
reasons that will soon become clear. 

In the SOTC model calculation we simulate a society of N 
individuals. The average benefit to society from all its 
members is given by aggregating all the individual payoffs 
Pv: 
 

                                                                       (7) 
 
By the same token the average imitation strength is given 
by aggregating all the individual imitation strengths Kr(t): 
 

                                                                         (8) 
 
The dynamics, internally determined by the interaction 
using Equation (6), that being the interaction between the 
network levels, drives the average imitation strength, as 
well as, the average social benefit to the fluctuating plateau 
depicted in Figure 7. The emergence of maximum social 
benefit corresponds to the composite network evolving 
towards a majority of protagonists, thereby requiring the 
definition of the mean field X(t) given by Equation (2). The 
condition X(t) = 1 corresponds to an altruistic social group 
consisting entirely of protagonists. 
 
 
Computational results 
 
Criticality generates crucial events, which are characterized 
by an inverse power law (IPL) probability density function 
(PDF) (West et al., 2014) for the time intervals between 
independent events.  Critical behavior is a consequence of 
the DMM being a member of the Ising Universality class and 
the phase transition generating crucial events. The  phase  
transition  occurs  in  the  DMM  network  at  a  critical value  
of  the  imitation  parameter  K  = Kc,  even  though  there  are  
only a  finite number of elements interacting within the 
network.  At criticality the mean field (t) fluctuates around 
a non–zero average value and the time interval between 
consecutive crossings of this average value   is described by 
a IPL waiting–time PDF (): 
 

                                                                                   (9) 

which is markedly non–exponential. It is determined by 
numerical calculations that the IPL index is µ = 1.5 for an 
isolated DMM network (Turalska et al., 2009). 

In the sub–critical regime K   Kc the waiting–time PDF is 
exponential, as is the PDF in the super–critical regime K > 
Kc.  Temporal complexity in the SOTC model emerges at 
criticality and the network‘s mean field requires that the 
IPL PDF of the time intervals between consecutive crucial 
events be exponentially truncated. More precisely, the IPL 
in Equation (9) is a long–time property emerging after an 
initial non-complex regime, which lasts forever only in the 
thermodynamic limit N. For finite-size systems the IPL 
structure is exponentially truncated and the complex time 
regime is properly defined by intermediate asymptotics 
(Barenblatt, 1996). 

The calculations shown in Figure 7 are carried out 
imposing periodic boundary conditions on a regular lattice. 
The network’s mean field is driven toward the critical state 
by the internal dynamics of the SOTC model and is referred 
to as a bottom-up interaction. The time averaged value of 
the network’s mean field   (𝑡)        (=constant) is non-zero 
because in this case criticality generates a majority of 
altruists (protagonists). A mean field of  = 1 has all 
individuals in the protagonist state and the maximum 
average social benefit has the value  = 4, due to the way 
the function was normalized. The mean field is seen to 
fluctuate around 0.8, which means about 90% of 
individuals are protagonists and 10% are antagonists. The 
mean social benefit in this calculation is seen to fluctuate 
slightly below its maximum value, as well. Thus, this 
calculation vindicates the assertion that the SOTC model 
entails maximum social benefit, even though each person 
acts to maximize their individual gain. 

The time-dependent parameters of the SOTC model 
network are shown in Figure 7. This figure shows the self-
organization of the social system as a consequence of the 
individual choices made by the interacting individuals and 
is referred to as bottom-up. The average imitation strength, 
shown by the middle curve, quickly adjusts from the 
vanishing initial value, corresponding to social anarchy, 
toward a maximal, as well as a critical value of 𝐾  1.5. Note 
that the critical value of the imitation strength depends of 
the size of the network. In the absence of interactions with 
the PDG level, the DMM in the case of a regular lattice (West 
et al., 2014) has a critical value Kc  1.65 for N =  and, as 
mentioned, Kc  1.5 for N = 100. 

The bottom-up configuration is not the only one that 
produces self-organization of the SOTC type. Another is 
produced assuming that all the individuals have the same 
imitation strength K(t), but one which changes in time 
according to a modified version of Equation (6). In this new 
strategy the individual payoffs Pr(t) are replaced with the 
social benefit (t) at the two previous time steps in 
Equation (6).The implicit rationale for this replacement is 
that society and individuals assume the same imitation 
strength. The new form of Equation (6)  entails  a  top-down  



Academia Journal of Scientific Research; West. 038 
 
 
 

 
 

Figure 7: The time evolution of the mean social benefit  (t) 
(top curve), the mean imitation strength K(t) (middle curve), 
and the mean field (t) (bottom curve) are depicted. The second 
and more erratic middle curve is the imitation strength Kr(t) for 
a typical individual. The calculation is done for the SOTC 
network having N = 100, g0 = 0.01 and T = 1.9, with the mean 
social benefit, mean imitation strength and mean field starting 
from zero. From (Mahmoodi et al., 2017) with permission. 

 
 
process.  A process in which a decision is made by a leader, 
or a small elite group, who choose the imitation strength 
that society’s members are forced to adopt for the benefit of 
the society to which they belong. The self-organization of 
the social system depicted in Figure 8 is the result of the 
top-down choices made with all individuals having the 
same value of imitation strength, even as that value changes 
in time. Although quantitatively quite different, the 
qualitative behavior of the network parameters is similar to 
that of the individual choice case. This similarity suggests 
that the bottom-up choices of the interacting individuals 
are characterized by an intelligence at least equivalent to 
that of the leader. In fact, the top-down case is tacitly based 
on the assumption that the social benefit is revealed to 
individuals through their common imitation strength. This 
is in contrast to the bottom-up nature of individual choices, 
which are based on the assumption that each individual is 
aware of its individual payoff, and acts accordingly. 

Comparing the calculations depicted in Figure 8 with 
those in Figure 7 compels an even more interesting 
observation. The top–down method produces intermittent 
behavior that significantly reduces the social benefit that 
would available from the bottom–up method, even though 
one can make the case that both methods move the social 
system towards criticality.  The bottom–up rule is more 
efficient than the top–down rule and the resulting dynamics 
are more stable, not having the strong intermittent 
fluctuations that sporatically reduce the social wealth. 
Mahmoodi  et  al. (2017)  identified  the  top–down   leader  of 

society with the benevolent dictator discussed by Helbing 
and Pournaras (2015), who argued that the top–down 
organization has multiple flaws and proposed instead a 
bottom–up pluralistic model inspired by neural processes. 
The numerical results of the SOTC model presented herein 
lend support to their conclusion. 

Mahmoodi et al. (2017) established that the SOTC model 
generates criticality which entails temporal complexity. The 
statistics of the time intervals between events within the 
critical state are IPL and are consequently renewal events. 
Such events are called crucial and they inevitably occur 
within social systems. To stress this fact,  Helbing and 
Pournaras (2015) adopted a method of event detection 
based on recording the time interval between successive 
crossings of the time averaged value of the variable of interest. 

We denote any of the variables of interest by 𝑍(𝑡) and its 

deviation from the time-averaged value by 𝑍 𝑡 =  𝑍𝑡 −  𝑍(𝑡).  
Thus, there are fluctuations of 𝑍 𝑡   around zero and the IPL 
structure of Equation (9) is obtained by evaluating the 
distribution of time intervals between consecutive zero-
crossings of 𝑍 𝑡 . They determined that the waiting-time PDF 
for each of the variables coincide. 

Figure 9 shows the PDF for time intervals between 
consecutive crucial events, which is the waiting-time PDF. 
Note that the PDF is given by an IPL with index µ 1.3, and 
is subsequently quenched by an exponential. The PDF 
shown in this figure is a property shared by other systems 
at criticality, e.g. (Lokovic et al., 2014). Direct calculation 
indicates   that  the  PDFs  of   the  time   intervals    between  

 

 
 



Academia Journal of Scientific Research; West. 039 
 
 
 

 
 
Figure 8: Top–down case: Time evolution of the average social 
benefit (t) (top), the average imitation parameter K(t) 
(middle) and the mean field (t) (bottom). The values: T = 1.5, 
 = 4, N = 100 were used in the calculations. From Mahmoodi et 
al. (2017) with permission. 

 
 

 
 
Figure 9: The waiting–time PDF for 𝑍 𝑡    is seen to be an 
exponentially truncated IPL, for the mean field, the mean imitation 
strength and the mean social benefit. All with the same IPL index µ  
1.3. From Mahmoodi et al. (2018) with permission. 

 
 
zero-crossings of 𝐾 𝑡 ,  𝑡 ,  and (𝑡)  are 
indistinguishable from one another and this identity of the 
PDFs is an incontrovertible consequence of the fact that all 
three properties are driven by the non-Poisson renewal 
events with the same statistical properties. 
 
 
DISCUSSION AND CONCLUSIONS 
 
In this essay a two-level  complex  dynamic  network  model  

of decision making was introduced, having criticality as an 
emergent property, resulting in the SOTC model. It was 
relatively straightforward to show how such a model drives 
the selfish behavior of individuals within a social group to 
spontaneously achieve maximum social well-being. 
Previous models attempted resolution of this AP by placing 
the good of the individual and the good of society in 
competition, with a winner and a loser. This either/or 
choice of having a winner and a loser is clearly expressed in 
the   classical   argument  giving  rise  to "the  tragedy  of  the  
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commons", where the argument begins with the implied 
acceptance of the selfishness side of the paradox.  

Lloyd  (1833) considered a pasture (a commons), shared 
by a number of cattle herders, each one of which tries to 
retain as many cattle as possible. If each individual acts in 
their own self-interest, without regard for the others 
sharing the resource (the commons), it was argued that the 
unavoidable result is the depletion of the resource and 
subsequent tragedy. More than a century later Hardin 
(1968) reconsidered the tragedy of the commons in a 
relatively modern setting, but he also did not introduce a 
way to counter the rational self-interest of the herdsman 
and consequently the outcome was the same. Here we 
observe that the commons model is overly simplified. 
People are much more complex than the one-dimensional 
‘rational man’ used first by Lloyd and subsequently by 
Hardin. In order to avoid the inevitable tragedy requires 
complexity and subsequently paradox. We suggest that if 
selfishness is entailed by rationality in decision making, 
then altruism can be realized by taking into account the 
irrational component of decision making. We learned 
through the SOTC model that individuals can act in their 
own self-interest using the DMM, but by observing others 
and taking those choices into account they can temper their 
interest using the EPDG to also realize the maximum 
benefit for the social group. The dynamic resolution of this 
conflict within the AP thereby avoids the tragedy of the 
commons. Complexity and paradox go hand-in-hand by 
means of the SOTC model in which paradox is a necessary 
consequence of complexity. The SOTC model demonstrates 
that the intellectually conflicting notions of selflessness and 
selfishness, actually become compatible when treated 
dynamically. The SOTC model also reveals that what is good 
for society need not be purchased at the cost of what is 
good for the individual. In other words, the resolution of an 
EP is not a choice of an either/or, but the selection of 
both/and. 

In addition it was shown that replacing the bottom-up 
rule by a top-down rule, the latter mimicking the leadership 
by an elite, leads to the crucial events favoring the 
network’s resilience becoming destabilized. The crucial 
events in the top-down case engender social collapses, 
indicating the falls of the elite. The numerical simulations 
also showed that the top-down SOTC lacks the resilience of 
the bottom-up SOTC. Mahmoodi et al. (2018) propose the 
SOTC model to contribute to the mathematical foundation 
of theoretical sociology illustrated in 1901 by Pareto to 
explain the rise and fall of elites. 
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