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Abstract The social insects serve as exemplars for social biomimicry, the search
for social design inspiration from the natural world. Although their group members
are individually much simpler than humans, social insect colonies provide elegant
tutorials on the large-scale outcomes that can be achieved by social interactions and
self-organizational processes. These range from complex physical structures built by
collective effort; to exemplars of flexible work organization; to effective consensus
building in group decisions. This special issue highlights examples of the lessons to
be learned from the bees and ants, providing ways to think about how humans can
(and in some cases should not) borrow from social insect rules of organization and
their collective outcomes.
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1 Introduction

Biomimicry is the search for design inspiration from the natural world (Benyus 1997;
Passino 2005). A wealth of organismal design features have served as inspiration for
technological design, from the adhesive foot pads of wall-climbing geckos (Autumn
et al. 2000, 2006), to the limb and tail balance of bounding kangaroos (reviewed
in Chevallereau et al. 2013). Innovation at the social scale also represents a bio-
mimicry frontier, especially as we accelerate into the unique challenges of modern
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technologically-driven and interconnected societies. This new social world requires
effective ways to communicate across large networks, and innovative organizational
approaches to generate effective social outcomes at the community to global levels.

The question of how large groups can effectively organize themselves is, of course,
not unique to human societies. Eusocial insects, especially the ants, termites and honey
bees, have been living in large complex societies for almost 200 million years (Höll-
dobler andWilson 2009). The degree of size and social complexity varies dramatically
in social insect colonies. Ant colonies range in size from a few dozen individuals to
millions; they may include several queens who behave both cooperatively and in com-
petition with each other, or consist of a single reproducing queen and thousands of
workers (Hölldobler and Wilson 1990; Bourke and Franks 1995). Importantly, across
this diversity, social insect societies use a consistent generalized set of organizing prin-
ciples that are applicable to a range of human organizational problems. These are: (1)
that large scale societies can organize up effectively from diverse local interactions,
rather than being imposed via external or centralized commands (i.e. they function as
distributed systems); (2) the cumulative effects of these local interactions, or social
dynamics, generate nonlinear changes in social behavior (self-organization), and (3)
these effects scale up into group-level effects, allowing the emergence of group level
products that are much more than a summation of individual abilities (Bonabeau et al.
1997; Camazine et al. 2001).

This issue presents four examples of how research on the organization of insect
societies can inform social biomimicry. Charbonneau and Dornhaus (2015) synthe-
size the organizing mechanisms behind the systems of task allocation and division
of labor for which social insects are exemplars. This discussion gives special consid-
eration to one of the most puzzling aspects of colony organization: the presence in
functional colonies of what appear to be lazy individuals. Grüner et al. (2015) discuss
the mechanisms by which a heterogeneous group (the honey bee colony) evaluates
information from diverse sources, and coordinates to collectively decide on a single
outcome. They then consider how the rule sets generating consensus in bees might
inform voting processes in human social constructs. Examining the structural out-
comes of self-organizational processes, Tschinkel (2015) provides an overview of the
diversity of subterranean nest architectures generated by ant colonies, ranging from
small and simple nests to harvester ant colonies, whose nests are constructed as a
cascade of chambers extending several feet into the ground. From Cassill et al. ’s
(2015), we learn about the emergency “life rafts” constructed by fire ants in response
to flooding. These rafts are created as an amalgam of worker bodies, designed to carry
the queen and brood to safety. This feat combines the self-organizational processes
inherent in group assembly, with the physical ability of some ants to link their bodies
together and create larger group structures. The juxtaposition of these very different
structures—one a physical space and the other a raft made of bodies—provides a con-
crete example of how variation in simple iterative rule sets can generate a world of
diversity in functional design.

Each of the articles also asks us to consider social insect collective behavior
from newer viewpoints. Charbonneau and Dornhaus (2015) offer an important take-
home message from their consideration of task allocation mechanisms. Effective
colony function is not an analogy for “optimization”; it necessarily also includes
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the ability of colonies to adapt flexibly and quickly to a changing environment.
Cassill et al. ’s (2015) experimental analyses move from elements of the construc-
tion process to individual costs of survival in these structures. Her discussion, along
with that of Grüner et al. (2015), reminds us that social insects and humans vary
fundamentally in their consideration of the importance of the individual versus the
group in decision making, and in answering the question of “what is effective colony
function?”

2 Self-organization and emergence as the building blocks for colony
organization

The diverse examples of behavioral coordination in this issue all emerge from self-
organizational processes. Thus, it is useful to remindourselveswhat this fundamentally
means. Individual workers in a colony generally operate around relatively simple rule
sets for behavior. Instead of being directed from a central or external controller, they
behave in response to information they receive from their local environment and/or the
other ants around them.A social insect colony therefore operates as a distributed, rather
than a centralized system (Anderson and McShea 2001). The cumulative outcomes
of local interactions among workers can generate escalating effects on individual
and group level behaviors. These self-organizational effects minimally require two
components: (a) iteration, or a repeating pattern of interactions, coupled with (b)
positive feedback loops, which produce the escalation effects from those interactions
(Bonabeau et al. 1999; Jeanson andDeneubourg 2009). A classic example occurswhen
ant foragers make decisions about which of two alternate routes to choose. Foragers
initially choose either path randomly when offered no information to differentiate
them. However, once trail pheromone is deposited by a successful first forager, the
choice of subsequent foragers is weighted towards the marked trail. As successive
ants choose that path and deposit additional trail pheromone, that signal is amplified
(via positive feedback), and the colony converges on a single resource (Beckers et al.
1993; Sumpter and Beekman 2003).

Most functional self-organizational processes require a combination of positive
coupled with negative feedback, to allow flexible moderation of outcomes. In the
above example, positive feedback leads to a single food source, but the addition of
negative feedback rules allow the colony to switch quickly away from resources as they
deplete or become over-crowded (Grüter et al. 2012; Czaczkes et al. 2013). With this
combination of simple rule sets incorporating amplification effects and modulation,
social insect “teams” perform an array of complex activities required for successful
social life, from resource collection to house construction, colony maintenance, and
offspring care, as well as coordinating in nest defense or even in attacking other nests.
Models inspired by social insect design have already proven extremely useful for a
range of computing and network applications, including as a few examples: routing
algorithms for transportation and communication networks, or programming robotic
systems for autonomous exploration, and/or task coordination (Bonabeau et al. 1999;
Kube and Bonabeau 2000; Garnier et al. 2005; Passino 2005; Şahin 2005; Karaboga
and Akay 2009).
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To be mimetic and biologically relevant, algorithms of social organization must
capture social complexity without being too complex. How small can individual rule
sets be, and still produce meaningful patterns of behavior? As one example, the pat-
terns of trail formation in army ants build from a “golden seven-rule set”, including
components in which individuals follow a trail (positive feedback) unless that trail is
too crowded (negative feedback; Camazine et al. 2001; Franks et al. 2009). These rules,
coupled with speed of movement and recruitment, allow foragers to move quickly and
efficiently along intricate trail systems andmost efficiently retrieve prey. Slight quanti-
tative variations in the rule set produce recognizable species-specific trail architecture,
adaptable to the type and distribution of prey they hunt. These types of detailed biolog-
ical studies identify minimum individual complexity and the associated mechanisms
for interaction. Similarly, social insects can serve as inspiration for human building
design (Ben-Alon et al. 2014). Likely, the rules of excavation for ant nests begin with:
excavate where there is evidence of a tunnel. From this, species differences in rule
sets likely generate a diversity of subterranean nests, varying in number of chambers,
connections between tunnels, and the types of activities performed within separate
regions of the nest. Until recently, little was known about the functional and evo-
lutionary diversity in these underground nest structures. The work of Tschinkel and
colleagues in dissecting and reconstructing nest architecture, beautifully summarized
in this issue, provides a wealth of information from which to model their construction
processes.

3 The social insect colony as a model for the organization of work

Just as self-organizational processes can lead to behavioral convergence, they can
also lead to divergence. Division of labor, in which the different workers of a colony
specialize on different tasks, is a hallmark of eusocial insects. Many activities, such
as nest construction or recruitment to food, generally involve only a subset of the
workforce. Others, such as house hunting or building life rafts, occur only periodically,
thus requiring shifting of individuals between tasks. The self-organizing principles
driving division of labor provide one of the most directly relevant social biomimicry
exemplars for human societal organization.

The organization of work within a colony is based on the need for individuals
to self-sort across the different tasks required for colony function. The most recog-
nizedmechanisms underlying this task allocation aremorphological or age differences
among workers that channel them with some bias into different tasks (reviewed by
Hölldobler and Wilson 1990, 2009). However, as in humans, these are actually some-
what limited in their occurrence across social insect taxa. Further, as nicely discussed
by Charbonneau and Dornhaus, mechanisms such as morphological castes that reduce
individual flexibility can constrain social groups from adjusting flexibly to changes in
task need.

Like other colony functions, the allocation ofworkers across tasks is actively depen-
dent on self-organizing mechanisms. Models for these often include the assumption
of response thresholds, in which each worker has an innate set-point, and is biased
towards performing a task when stimulus levels exceed that threshold (Bonabeau et
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al. 1998; reviewed by Beshers and Fewell 2001). In these models, thresholds gen-
erate divergence in individual task choices, although individuals retain the ability to
perform other task when colony need becomes high. Response threshold models can
be integrated with reinforcement, in which individuals become more specialized as
they increasingly perform a task (Theraulaz et al. 1998), and with spatial parameters,
such as fidelity to areas of the nest in which certain tasks occur, or with progres-
sive changes in location and thus tasks performed (Sendova-Franks and Franks 1995;
Tschinkel 1999). These models make two important points. First, a distributed system
such as a social insect colony can maintain group-level flexibility while achieving a
useful level of individual specialization. Second, diversity across individuals can be
extremely important to group-level success (Oldroyd and Fewell 2007). When mod-
els lack such mechanisms for generating individual-level variation in task preference,
successful division of labor becomes difficult to achieve (Myerscough and Oldroyd
2004; Jeanson et al. 2007).

Social insects also make excellent empirical systems in which to “ground truth”
organizational models. In other words, does an optimized model of task organiza-
tion reflect the real world? As a challenge to the answer of “yes”, studies of worker
task performance and activity raise an intriguing and quite counter-intuitive point for
task allocation models. As Charbonneau and Dornhaus discuss, a large minority (and
sometimes a majority) of workers at any given time are inactive. Some are so con-
sistently inactive that they can be categorized as “lazy”. What, if any function do
these workers serve? Are they a reserve population, available for when the colony
needs an extreme worker force? Perhaps, they instead represent a natural outcome of
variation—a colony that requires a distribution of task thresholds must tolerate some
individuals with high thresholds for all tasks. In other words, they are a necessary
fallout of an otherwise useful system. Charbonneau present an alternative possibility,
that they help colonies regulate task performance consistently, even with temporal
and/or stochastic fluctuations in workload.

4 Coming to consensus in social insect and human societies

Social insects serve also as an important comparison and counterpoint to modern and
large-scale human societies (Gowdy and Krall 2015; Wilson and Gowdy 2015). Of
all animal societies, only the social insects match modern urban societies in scale.
They face similar issues in scaling of resource and energy flow, in organization of
labor, and in the challenges of reaching consensus. Highly eusocial colonies have
become a point of interest for their analogy to human voting processes (Seeley 2010).
House hunting in ant and bee colonies requires a series of processes from information
gathering, to assessment and consensus (Franks et al. 2002; Seeley 2003). This begins
when the colony sends out scouts, who return with incomplete information on the
location and quality of nest sites. The colony as a whole receives more complete
information, presented as competing recruitment signals for choosing individual sites.
The components of this voting process involve multiple critical features. First, the
recruitment intensity (or number recruiting) varies according to quality of nest site;
this requires that individual scouts have their own internal assessment of quality. As a
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result, high quality nest sites receive higher intensity than a low quality one (Franks
et al. 2002, 2003b; Seeley 2003). Second, and an important lesson for human social
consensus, individual signaling for less popular options must decrease in frequency
(Seeley et al. 2012), so that recruitment for lower quality sites decays. Finally, there has
to be an end to the voting process. Both honey bees and house hunting ants achieve a
transition point, a quorum, in which they shift from voting to consensus and the actual
process of moving begins. Achieving a quorum does not require 100% consensus for
a single option before it is achieved; however, once that transition occurs, the colony
moves as an entirety to that single location (Pratt 2005; Sumpter and Pratt 2009).

These voting processes serve as interesting examples for human consensus
processes, because the colony as a group of voters achieves a level of consensus
that matches very accurately to the options available. Colony decisions are not per-
fect. House hunting ants, for example, are much more likely to make mistakes under
conditions when it is important to make a decision quickly, suggesting that the process
suffers from speed-accuracy trade-offs (Franks et al. 2003a). However, colonies are
generally extremely good at choosing the best nest site among options, although the
information provided by any individual scout is always limited. The ongoing process
of changing numbers of individuals “competing” via signaling allows colonies to
select the better option, even when an individual has incorrect information or gives
inaccurate information on the value of their site (Franks et al. 2015). Colonies thus
can make rational nest decisions even when individual ants have sub-optimal biases
(Sasaki and Pratt 2011; Franks et al. 2015).

Humans engage in similar consensus building, for example when using iterative
and anonymous voting procedures. (We come to similar convergence informally when
social media affect our choices of the latest products to buy!). Both individual humans
and individual ants or bees are also faced with limited information during decision
making; we all have bounded rationality (Simon 1982, 1986). Imagine being offered a
choice between two options that vary in different ways such that there is no generally
correct choice. If a third option is presented that is similar to, but worse than one of
the first two options, individual ants and humans are both biased towards the original
option that they can most easily compare to this “decoy”. Retailers use the decoy
effect on humans to great advantage. Ant colonies, however, are not fooled by the
decoy—they choose rationally (Sasaki and Pratt 2011).

Our increasingly technology-driven societies may allow us to more easily use the
kinds of consensus systems seen in social insect colonies. However, as noted byGrüner
et al. (2015) human consensus processes are often considerably less optimized. One
key difference between human and insect models may be in the individual complexity
of the decision process. Human social consensus is often made around social consid-
erations (Engel 2011; Ensminger and Henrich 2014). We are much more willing, for
example, to acquiesce because of established friendship relationships, or to choose
around variation in individual personality and dominance status. For a human social
group, the actual achievement of consensus itself can be more important than the need
to agree on the best option. Alternatively, as noted by Grüter et al. (2012) we may
trust our own information over that of others. Highly eusocial insect societies, such
as a honey bee colony have none of these complicating factors and thus base decision
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making on the cumulative changes in information flow, as options are compared and
re-compared (Franks et al. 2002, 2015; Seeley 2010).

This leads to the consideration of group versus individual rationality. The assump-
tion of individual optimization forms the basis of rationality models for humans; the
economic or fitness outcome for me is more important than that of the group (Simon
1986). This assumption, however, ignores the commonality across social systems that
success of the individual is, in fact, intimately bound into the success of the group. The
degree of consilience between individual and group fitness is undoubtedly higher for
a social insect colony. Although the complexity of human social organization makes
us unique in the biological world, humans are still biologically primates. Unlike social
insect colonies, primate societies are comprised of individuals who vary considerably
in their degree of common interest and cohesion (Harcourt and DeWaal 1992; Muller
and Mitani 2005). The goals of individual group members can run counter to each
other and members may alternatively cooperate and compete with each other on a
daily basis (Boesch 1994; De Waal 2000). We see this difference clearly in the struc-
ture of human versus ant social networks. Human social networks (and likely those
of most cooperative animal societies) are constructed around mutually beneficial con-
nections, and the resulting network graphs can be reduced to densely interconnected
“social cliques” (Milo et al. 2002). Ant colonies are not built this way; the network
connections between individual ant workers are ephemeral, and the network itself is
built around information flow (Waters and Fewell 2012).

5 Conclusion: but ants are not humans

The organizational structure of the eusocial insect colony generates a wealth of ideas
for human organizational constructs. But there is a caveat. As noted above, human
organizations and social insect colonies operate around different principles of individ-
ual versus group worth. In a highly eusocial ant colony, we expect that (as eloquently
noted by Mr. Spock in The Wrath of Khan, Paramount 1982) “the needs of the many
outweigh the needs of the one”. Cassill et al. offer an intriguingly polemic discussion
of whether this is always the case, using the example of fire ants constructing life
rafts to escape flooding. The rafts are built to transport queen and brood, but they are
also important to the survival of smaller workers. However, they are constructed to
include larger workers, who themselves survive equally well on a raft or alone. The
case is first illustrative of what should be a general principle of social insect collective
behavior: that diversity is important to group success. However, Cassill et al. also raise
the question of whether the processes of building and exiting these rafts actually rely
on individuals behaving to save themselves first.

Alternatively, in a classic example of “colony needs coming first”, in age-based
division of labor, older workers transition from in-nest tasks to the much riskier activ-
ities of foraging (Seeley 1982, reviewed by Giraldo and Traniello 2014 and discussed
by Charbonneau and Dornhaus, this issue). Ants within a nest may live a year or more,
but foragers survive only for about two weeks (Porter and Jorgensen 1981). Colonies
thus partition workloads to place higher costs on those individuals with lower future
contribution (Woyciechowski and Kozlowski 1998). This serves as a lesson. We can
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learn a tremendous amount from the eusocial insects about the organization of work,
the mechanisms underlying collective behavior, and how to integrate from simple
individual rules and local information exchange to the global construction of prod-
ucts, ideas and consensus. However, ants and humans deviate significantly in the value
placed by the society on the individual. We may learn from the ants, but we do not
necessarily want to become them.
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