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Preface

The Tenth International Conference on Complex Systems (ICCS 2020) took place
online during July 27-31, 2020, in the midst of the COVID-19 pandemic. The
global situation shows that we face several challenges with a complex nature besides
the pandemic: climate change, economic interdependencies, violent conflicts, social
polarization, and technological change, just to name a few. Understanding complex
systems is crucial for addressing all of these challenges and the ones yet to arise.

Since the first edition of the conference in 1997, the field and the community have
matured, but its spirit has been maintained: By its very nature, the study of complexity
requires a shift in thinking across many disciplines, including the physical, biological,
and social sciences, engineering, medicine, etc. The traditional reductionist approach
has been very useful but is limited as it tries to simplify and isolate in order to predict.
Complex phenomena are characterized by relevant interactions that may generate
novel information that limit predictability, so reductionism is inappropriate. New
concepts and tools have been developed and applied in recent decades, increasing
our ability to solve complex problems.

This volume contains selected contributions from ICCS 2020. The diversity of
topics included highlights the prevalence of complexity across disciplines. The
answers developed in recent decades are far from complete. There is much more
to be done. Thus, the results presented in this book are provisional at best but should
be seen as part of a greater effort to advance our understanding of complex systems
and their properties. We will not be immune to complex problems, but we will be
better prepared to face them.

It is interesting that the conference has attracted not only academics from all
disciplines, but also people from the private, government, military, and social sectors.
Complex challenges demand not only an interdisciplinary approach to face them, but
also multisectorial collaboration. Academia, government, or private corporations
alone will not solve complex problems . Coordination between all relevant actors is
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required. Events such as International Conference on Complex Systems provide a
forum where non-traditional collaborations can take place, and the important topics
presented at the conference can reach a broader audience through the publication of
this volume.
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Multi-agent Simulations of Intra-colony )
Violence in Ants L

Kit Martin and Pratim Sengupta

Abstract This paper seeks to elucidate key aspects of a rarely-studied interaction in
ant colonies—intra-colony violence—using multi-agent-based computational simu-
lations. A central finding is that intra-colony violence is heritable, though not preva-
lent. Results from our simulations reveal specific conditions in which such infrequent
forms of violence occur and can be inherited, which in turn helps us understand why
Atta cephalotes may persist killing colony members, even though it dampens colony
carrying capacity. We also discuss the concerns and implications of our work for
modeling conflict and violence more broadly, which in turn raises questions about
the ontological nature of the computational and evolutionary models.

Keywords Multi-agent simulations - Emergence + Ant colonies * Violence

1 Introduction

Intra-specific violence is a common phenomenon among ant colonies, as reported by
biologists such as Whitehouse’s [1] work on Atta laevigata. Nearly all observations
of violence in ants are observations of violence among colonies within the same
species [2] rather than within a colony, because generally, within ant colonies, sterile
workers cooperate to rear colonial young [3]. Instances of intra-colony violence are
present in Atta cephalotes colonies, as observed during fieldwork conducted by the
first author (see Fig. 1). The goal of this paper is to present a set of computational
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Fig. 1 Photo of two ants
(Atta cephalotes) engaged in
intra-colony conflict. Image
credit: Kit Martin

experiments that shed light on the evolutionary stability of this significantly less
studied form of violence within Atta cephalotes colonies. Nest-mates (i.e., members
of the same colony) killing each other is an interesting case, because theoretically
the benefits of cooperation should outweigh the benefits of intra-colony competition
because of the associated net loss of sterile foraging members [4].

We investigate the following research question: How can intra-colony violence
persist over generations in ant colonies in which all members are related, and colony
success is predicated on mutual cooperation and almost ubiquitous sterility? To
answer this question, we developed a multi-agent-based simulation in NetLogo [5].
We conducted several computational experiments to help us identify circumstances
where pure cooperation among nest-mates, in the face of aggressively violent behav-
ior among nest-mates, sometimes loses from an evolutionary perspective. It is the
identification of these specific circumstances, we posit, that stand as the main contri-
bution of this paper. An implication of our work is the possibility of a deeper under-
standing of underlying mechanisms of cooperation and conflict (more broadly), with
obvious cautions against misinterpretation and over-generalization, as we explain
later.

Our open source NetLogo model is available via Open ABM [6], where follow-
ing Grimm et al. [7], we have also attached a complete Overview, Design, Concepts,
Details protocol to make modeling design decisions explicit, and thus more repro-
ducible. In this paper, we first situate our work at the nexus of previous scholarship
on ant biology and computational complexity. We then describe the basic version of
the NetLogo model we began with, and how we modified this model to simulate three
different scenarios that allowed us to investigate follow-up research questions. We
conclude with some implications of our work for future research on modeling vio-
lence as an emergent system, grounded in an essential caution against unwarranted
generalization.
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2 Background: Ant Biology

2.1 Individual Life Histories of Atta cephalotes

Ants are a worldwide species that dominate many terrestrial ecosystems [8]. Ant
colonies are composed of mostly sterile female workers, who protect the colony,
collect food and take care of eggs in a cooperative structure, building a unit of
selection larger than the individual [3, 9]. There are over 15,680 distinct species of
ants, with almost as many distinct patterns of life histories [10]. In this model, we
modeled Atta cephalotes, the type of fungus growing ants the first author observed
in field work. They collect leaves and flowers to feed to fungus farms within their
subterranean nests [11].

In Atta cephalotes reproduction is handled either by an individual female ant or
a small number of female ants, termed queens, who usually mate once and live for
decades [12]. Atta cephalotes, like many other ants, have a communication system
predominantly based on time-diminishing pheromones, but also including drum-
ming, touching, and vision [13], and share their knowledge using tandem running
[14]. While only using 10% of the colony for food foraging, colonies can provide
the nutritional needs of the entire colony, including immobile larvae, or queens [15].
Ants’ success, like other social animals, hinges on their ability to take advantage
of ephemeral natural resources to rear young and pass on their genetic heritage to
closely related offspring in neighboring colonies. The model used this life history
information to inform the model creation as outlined in its ODD [6].

2.2 Distinguishing “Friend” From “Foe” in Ant Colonies

Ant colonies, like several other insect societies (e.g.., honeybees), are seen as exam-
ples of superorganisms [9, 16, 17]. Originally coined by Morton Wheeler [17] to
denote insect societies that “possess features of organization analogous to the phys-
iological processes of individual organisms” [16, p. 548], it indicates societies of
organisms such as ants and honeybees that form a cooperative unit to propagate their
genes. As Seeley noted, the analogy here is the classification of a group of cells as an
organism when the cells form a cooperative unit to propagate their genes [16]. But
this also suggests that most insect societies are not perfect superorganisms because
there is usually intense intragroup conflict when members compete for reproductive
success [18].

That being said, superorganisms have also been defined as insect societies that
have very low aggression towards nestmates but high aggression towards outsiders
[19]. As Moffett said “All societies are characterized by the capacity of their mem-
bers to distinguish one another from outsiders” [20, p. 1]. In ant colonies, members
recognize each other through odor cues contained in hydrocarbons, or oils, on the
ant’s exoskeleton [9, 21-27]. They also employ the hydrocarbons as home range



4 K. Martin and P. Sengupta

marking [28], which allows colony mates to distinguish each other without having to
actually have met before [20]. This “anonymous” scent based recognition in ants has
two effects. First, it means larger groups of ants can work together altruistically on
an effort and form a society without intra-colony violence or individual recognition.
Second, it means errors may exist in recognizing colony or colony-mates, as the
results have shown that in turn may lead to intra-colonial violence [25].

2.3 Intra-Colony Violence

Examples of violence between nest mates have been documented in a few different
ant species [29]. Linepithema humile, Argentine ants, have been induced to kill
colony mates, possibly through a change in diet [30]. In our field observations,
we observed nestmates of A. cephalotes kill each other near Manaus, Brazil. Kin
selection, competition among the minutely diverse genetic makeups of ants in a
colony, provides a rationale for the persistence of intra-colony competition. Kin
selection takes a variety of forms, including queens in the same colony that may kill
each other for the right to control the genetic heritage of offspring, mostly sterile
workers that may compete for the rights to lay male eggs [31], or “varieties of
strategies that even nonlaying workers might employ to ensure genetic success” [29,
p. 171], such as killing or selectively starving less related eggs. In short, while on
the one hand, the super-organism attacking itself seems intuitively like a negative
externality that should result in negative colonial fitness, that would be selected
against. On the other hand, selfishness may still have benefits in an altruistic ant
colony [29]. Of particular interest to us is the question whether such “cross-purposes”
(p. 171) are merely glitches in an otherwise functional and highly adaptive super-
organism structure, or themselves have utility evolutionarily speaking.

3 Theoretical Framework

3.1 High-Leverage Points in Complex Systems

Holland [32] argued that an ant nest is an apt example of “emergence of complex
large-scale behaviors from the aggregate interactions of less complex agents” (p.
11). Such emergent systems can be understood as systems with high leverage-points,
where a local or an individual-level interaction can have systemic impact [33]. In
the game of chess, which is also an example of a complex adaptive system, one
such leverage point is a gambit [33], where a player sacrifices a pawn early in the
game to set up the board for improved late game position. In an immune system,
an example is a vaccine [32], where immunity to disease in the whole body results
from prior exposure to microscopic pathogens. In both examples, “a small input can
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produce major predictable, directed change—an amplifier effect— ...” [32, p. 5].
When discovered, these high leverage points cause state-changes, i.e., the macro-
scale environment changes appreciably due to small changes at the individual-level.
In war, while there are points of leverage, they are difficult to identify. Solvit described
war as a complex adaptive system but one without methodically delineated levers of
intervention [34]. We posit that violence in ant colonies also reflects this feature of
complex systems. A contribution of this paper is that we propose how varying killing
rates in the colony can help us identify such a high leverage point, as it can lead to
an evolutionarily significant, aggregate-level change for the colony.

3.2 Inclusive Fitness and Natural Selection

In sociobology, the classic equation that models inclusive fitness is often used to
measure fitness in social animals [35, 36] is shown below:

rb > ¢ (1)

This equation is known as Hamilton’s rule. It helps us understand how altruism
evolves or can be maintained in a selfish world. In this equation, r represents the
relatedness between the social partners, and can also be understood as a genotype
or a collection of genetic material on a DNA strand that is passed to the subsequent
generation. Hamilton’s rule represents the idea that the benefits to the recipients of
an altruistic act (b), weighted by the relatedness between the social partners (r), must
exceed the costs to the altruists c, in order for altruistic genotypes to be passed on or
inherited over by future generations over nonaltruistic ones.

Researchers have shown that this equation holds true for observations of inter-
colony violence [1, 2]. That is, one would expect two or more colonies competing with
each other to fight over sources of food, and thus genes that cause functions leading
to reproductive success to persist. However, the question at hand is as follows: how
could intra-colony violence—i.e., members of the same colony killing each other—
be evolutionarily beneficial for the colony? Is it even possible that the existence of
colony members who practice the “kill my nestmate” behavior, in some circumstance,
has a “benefit” to the colony? The equation for us, in such cases, would be as follows:

rtk)b > ¢ 2)

Here r(k) represents the rate at which killers are born in a given colony. How
can such a scenario be understood from the perspective of inclusive fitness and
natural selection? What implications may such evolutionary occurrences have for
our broader understanding of modeling violence as an emergent system as well as
using evolutionary approaches? These are the questions that we are investigating in
this paper.
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4 A Necessary Caution Against Over-Generalization

The notion of inclusive fitness is a well-accepted model for studying altruism in
social insects [37, 38] and even human societies [39]. Altruism is defined as the
benefit to others at a cost to the individual. In agent-based computational models
of evolutionary biology, this is usually represented in the form of the transfer of
genetic material at the cost of physical demise of the individual agent. Given this,
for our present work, perhaps the most bizarre and dangerous question from a moral
standpoint can be stated as follows: Could we view intra-colony violence as a form
of altruism? That is, from a purely utilitarian perspective, could the emergent effect
of ants killing nest mates be understood in light of a long-term successes for the
colony as expressed through its inclusive genetic fitness?

The unequivocal answer to this question is that the logic of cost—benefit analysis
that underlies Hamilton’s rule is a vastly reductive approach for modeling violence
or mass-scale devastation. As moral philosophers point out, underlying the notion
of “altruism” are axiomatic assumptions of marginal value and utilitarianism [40],
requiring us to take the “point of view of the universe” rather than the perspective of
the individual ethics [41]. By illustrating conditions in which infrequent mass vio-
lence may be inherited, our goal is not to justify such occurrences—on the contrary,
it is to alert us to conditions under which violent acts—carried out by individuals—
might come to hold marginal value over co-operation at the aggregate level. The
ability to reveal such counter-intuitive connections between the individual and the
aggregate levels of behavior in a complex emergent system is a particular affordance
of multi-agent models [42, 43].

But at the same time, from an ontological perspective, we see this as a crisis rather
than an affordance: positioning large-scale violence as a form of altruism only reveals
a form of logical fallacy that has indeed proven to be dangerous in human history,
as evident in the history of justifications of human genocides [44]. We discuss these
ontological challenges and implications for modeling violence in human societies in
more detail in the final section of the paper.

5 The Basic Model

The basic model consists of two agent-types (“breeds” in NetLogo terminology):
red ants (Rants) and blue ants (Bants). At the beginning of the simulation, each
ant starts with a built-in dietary preference, represented by a randomly selected
number between 0 and 140 (using the HSB color scale). When an ant finds a plant
that corresponds to her preference she picks it up (RedFood or BlueFood), gains
a specific amount of energy (250 units), and returns a portion of that food to the
home-nest for consumption by colony-mates (return-to-nest).
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Food collection serves both the individual and the colony’s survival. When the
collective food in a colony reaches a threshold value, queen hatches one new baby
ant. During a single time-step the colony can only gain upto one new ant from
reproduction.

At the beginning of each simulation run, every colony has a specific proportion
of killer ants represented by the variable k. In any encounter with other ants, each
killer ant has a probability of 50% of killing the other ant. Other individual-level
ant variables include age, their current x and y coordinates, and a Boolean variable
representing whether they are looking for food or returning to nest.

Learning occurs in our model as follows: Ants share food preferences with other
ants they encounter. Because the surrounding environment in the model changes
every time step (see ODD), the food preferences for each ant also needs to update.
While ants can randomly discover food, they also share their preferences if they
have successfully found food. Social learning is therefore a mechanism for ants
to dynamically alter their food preferences by learning from others’ successes in
foraging. This is represented by the function tandem-running [14], in which ants
share their preferred food color with other ants if they are returning to the nest with
food.

6 The Computational Experiments: Three Scenarios

As stated earlier, our overall research question is: How can violence and discord,
when nest mates kill nest mates, persist in a social situation over generations in
which all members are related and colony success is predicated on mutual cooper-
ation and almost ubiquitous sterility? In order to answer this question, we modeled
three scenarios by modifying the aforementioned “base” model. In Scenario 1, we
modeled two competing colonies and in each colony, the queen only reproduced
sterile workers. So in each colony, when the queen reproduced, she did not give
birth to reproductively active males or females that could create new colonies. Thus,
while the colony population grew over time, new colonies were not founded—i.e.,
there was no reproduction of the super-organism. The first scenario thus sought to
investigate the comparative survival rates of colonies with and without killer ants,
as we varied k. We refer to colonies without killer ants as non-violent or altruist
colonies, represented visually as blue ants, while colonies with killer ants were rep-
resented as red ants. In Scenario 2, we initialized the model with five colonies that
could reproduce both sterile workers and reproductively active males and females,
who, in turn could also establish their own colonies. This allowed for super-organism
reproduction. Experiments in this scenario sought to investigate how the heritabil-
ity of k, as a result of reproduction both within and between colonies, effected the
prevalence of both violent and non-violent ants. That is, in Scenario 2, we did not
vary k in each run, and instead observed how super-organism reproduction, along
with other emergent factors (e.g.., availability of food resources) effected the the
value of k over subsequent generations. Finally, experiments in Scenario 3 sought
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to investigate the role of learning by implementing a calamity in terms of sudden,
drastic reduction of food resources in the environment while £ was not heritable but
was varied systematically across simulation runs, as in Scenario 1.

The first scenario was run 165 times for 16,000 steps. The second scenario was
run ten times for 43,810 steps. The Third scenario was run sixteen times for 16,000
steps.

7 Results

7.1 Scenario 1: Intra-Colony Violence Without
Super-Organism Reproduction

An important finding of this set of experiments is that although on average the
altruist colony can maintain a larger population, highly aggressive behavior can—
albeit very infrequently—result in the total annihilation of competing colonies. This
can be understood as follows. On an average, the non-violent colonies have a higher
population than the murderous colonies. But in 6 out of 165 trials, i.e., 3.6% of the
time, the non-violent blue colony collapsed, while in the same trials—regardless of
the value of k—the red colony never collapsed. We also found that when the trials
were run with two competing but non-violent colonies, neither colony ever collapsed,
indicating that colony collapse cannot simply be attributed to resource exhaustion
linked to competition from other colonies.

Another finding is that both attacks and social learning of food preferences are
dependent on the density (i.e., spatial distribution) of agents, being most prevalent
near the colony centers (Fig. 2). Consequently, the nestgate regions (i.e., areas imme-
diately surrounding the center of the colony), which are the most effective locations
for sharing food preferences due to the highest concentrations of contacts between
ants, are also the places where most lethal encounters happen. Note that increasing
the value of k also reduces learning rates, which makes a colony less adaptive to its
environment. In simulations with food scarcity the effect is greater, as adaptation to
a changing environment is more crucial than in a stable state, and we investigate this
in more detail in Scenario 3.

Fig. 2 Density-dependence 60
of attacks: Attacks by Red

and Blue killer ants are most
prevalent at the colonies.

Red colony is centered at

(0,0) and Blue colony is 60
centered at (10,10)

W Red attacks
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Fig. 3 The maximum population of ant colonies decreased as k increased

Finally, it is important to note that aggressive behavior also dampened popu-
lation growth for the red colony. As shown in Fig.3, k is increased from 10 to
100% in increments of 30%, which has a cost for the red colony: higher values of
k are associated with with a lower maximum red ant population. For example, for
k = 0, the max population in the red colony was 3,000, while for k = 90%, the max
population was 120.

7.2 Scenario 2: Intra-Colony Violence with Super-Organism
Reproduction

For this scenario, we chose k =20% as the starting value. This was based on sensitivity
analysis which revealed that it is at and around this value, a violent colony can
outperform non-violent colonies in terms of survival. When colonies were allowed
to reproduce, we found that even though 20% of starting nests produced killers at
the beginning of the simulation, by the end, only 58 of 1,167 (5%) of nests produced
killers k =33%, i.e., their queens birthing killer ants one third of the time. Comparison
of average value of k across all colonies at the beginning and the end of the experiment
(43800 runs) reveals that it dropped from 40 to 2%, while the average value of k for
violent colonies dropped from 67 to 33%.
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This indicates once such violent traits become heritable, they are difficult to be
exterminated from the gene pool, even though they might only dominate the com-
petition infrequently or rarely. One possible explanation is that when k is heritable,
even a single killing in a colony increases the likelihood of more killings both in the
same colony and other colonies.

7.3 Scenario 3: A Deeper Investigation of the Role of
Resource Availability

In this scenario, we worked with a version of the model used in Scenario 1, where k
was not heritable (set to 20%) and involved two colonies (red and blue ants). We also
introduced a food calamity event: we set red and blue food to 0 at time ¢ = 10000
steps. We chose the 10000 steps as an appropriate time for setting the calamity event
based on sensitivity analysis that reveled that populations stabilize around this time.
As shown in Fig. 4, after the food calamity, the effect of k becomes clearer: 50% of
red colonies and 37.5% of blue colonies collapsed after the food storage calamity.
We also found that it was around k = 20% that the effect of the calamity became
pronounced in our simulation. This can be seen by comparing, for example, the
populations of the two competing colonies at and around t = 10000 in Figs. 5 and 6.

— 1 count rants 10
=2 count rants 10
— 3 count rants 10
=4 count rants 10
5 count rants 10
— G count rants 10
=7 count rants 10
=B countrants 10

=G count rants 10

Red ant Popubstion

=10 count rants 10
== 11 count rants 10
== 12 count rants 10
13 count rants 10
14 count rants 10
15 count rants 10
16 count rants 10

— yverage red population

18000

Fig.4 Scenario 3: Average populations from 16 simulation runs for k = 20%. Red colonies increase
rapidly at first. Over time, growth plateaus and then drops to zero just as food resources deplete.
Colonies must adjust quickly, or collapse. 50% (n = 8) colonies survive and their population explodes
when the competing colonies die
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Fig. 5 Scenario 3: average populations from 16 simulation runs at k = 10%
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Fig. 6 Scenario 3: average populations from 16 simulation runs at k = 20%

These graphs show that at k = 20%, the average population of red (violent) colony
increases after the calamity at the expense of the average population of the blue (non-
violent) colony. In contrast, for values less that k = 20%, we found no discernable
difference in the average populations, an example of which is shown in Fig. 5.
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8 Summary and Discussion

8.1 Summary of Results

The results from our experiments can be summarized as follows:

— Animportant finding from the experiments in Scenario 1 is that although on average
non-violent colonies can maintain a higher population, highly aggressive behavior
in violent colonies can—albeit very infrequently—result in the total annihilation
of competing non-violent colonies.

— Experiments in Scenario 1 also showed that the population in violent colonies
never collapsed, while the population of non-violent colonies did collapse 3.6%
of the time. However, aggressive behavior also lowers the population growth for
violent colonies.

— Attacks between ants are density-dependent. Experiments in Scenario 1 showed
that attacks by killer ants are most prevalent at and around the colony centers, and
particularly at the nestgate regions, where the likelihood of ants sharing their food
preferences is also high. Coupled with a low ability to distinguish between friend
and foe, the presence of a higher number of ants in a particular location leads to
higher number of attacks.

— Experiments in Scenario 2 showed that once violent traits become heritable, they
are difficult to be exterminated from the gene pool, even though they might only
dominate the competition infrequently or rarely.

— Experiments in Scenario 3 showed that effects of drastic reduction in availability
of food results in differentiated effects on violent and non-violent colonies only for
certain values of k£ (around k = 20%). For values significantly less than 20%, the
effect of a famine was nearly identical on both violent and non-violent colonies.

8.2 Concerns and Implications for Modeling Human
Societies

It may be tempting to appropriate this work for modeling cooperation and violence in
human societies. It is indeed true that multi-agent simulations can offer productive
approaches for modeling complex human societies and experiences that may be
otherwise difficult to model or understand. For example, multi-agent simulations can
help us understand how gender and sexuality based marginalization and resilience are
emergent, multi-level phenomena rather than individual-level experiences [45], and
how apparently democratic systems of elections may be resting on deeply oligarchic
foundations [46]. But, this kind of work may require a fundamentally more synthetic
approach that integrates qualitative and subjective forms of human experiences with
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computational methods. This includes integrating narratives with data objects and
algorithms for simulating complexity as integral parts of the computational model and
modeling experience [45], and validating computational and algorithmic approaches
with empirical work [46].

In absence of such synthetic methods, our current paper should not be interpreted
as a model of human interactions. It is not an endorsement of the virtues of infre-
quent, mass violence. On the contrary, our work should serve as a reminder that
even apparently “altruistic” behavior at the system level, which can prolong the sur-
vival of societies, could in fact include morally reprehensible forms of behavior and
violence at the level of individual interactions. Rather than solely relying on cost-
benefit analyses for modeling violence in human societies, we encourage deeper
engagement with scholarship in the social sciences and humanities that highlights
the complexity of modeling and representing even apparently simple human inter-
actions, by revealing how deeply they are shaped by social, political, historical and
institutional forces, both implicitly and explicitly [47, 48]. In absence of such syn-
thetic approaches, utilitarian perspectives on altruism and inter-generational benefits
that undergird Hamilton’s model of inclusive fitness for kin selection may be funda-
mentally reductionist and problematic as a paradigm for modeling human societies.
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Renormalization Group Approach )
to Cellular Automata-Based Multi-scale e
Modeling of Traffic Flow

Zhaohui Yang, Hossein Haeri, and Kshitij Jerath

Abstract A key problem in modeling and analyzing emergent behaviors in complex
systems such as traffic flows, swarms, and ecosystems, is to identify the appropriate
scale at which such emergent behaviors should be modeled. Current traffic flow
modeling techniques can be neatly categorized as operating at one of three spatial
scales: microscopic, mesoscopic, or macroscopic. While significant research effort
has been expended on developing models in each of these three modeling approaches,
a fundamental question remains unanswered: what is the ‘appropriate’ scale at which
to model traffic flow that will enable optimal observation and prediction of emergent
traffic dynamics? Recent techniques that attempt to merge models at different scales
have yielded some success, but have not yet answered this fundamental question. In
the presented work, we seek to use statistical mechanics-inspired traffic flow models,
coupled with renormalization group theoretic techniques to allow for modeling of
traffic flow dynamics at spatial scales that are arbitrarily multiples of an individual
car length. While we do not yet answer the question about optimal spatial scales for
observing emergent behaviors, this method provides a stepping stone towards that
goal. In addition, the presented method also provides a single mechanism to link
microscopic and macroscopic models of traffic flow. Numerical simulations indicate
that the traffic phenomena such as backward moving waves and emergent traffic jams
are retained with this modeling technique.

1 Introduction

The ability to model complex systems at multiple scales is a key requirement in creat-
ing a better understanding of observed emergent behaviors, which manifest at specific
spatial scales [1]. To our knowledge, there are very few systematic approaches for
determining these scales in emergent traffic flow and applying them to model traffic
dynamics [2, 3]. Knowledge of the spatial scale at which emergent traffic flows dom-
inate can help improve observation of complex traffic systems, and be used in control
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