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Collective Decision-Making in Honeybees Nest-Site Selection 

2Seeley et. al., Stop signals provide cross inhibition in collective decision-making by honeybee swarms, Science, 2012 

presumably requires an adaptive deadlock to be maintained
between discovered medium-quality sites, until discovery of the
good-quality site enables its selection.

If, however, for the same rate of cross-inhibition s the value of
the equal alternatives is sufficiently high, then the dynamics
bifurcate so that the decision-maker converges on choosing one of
the two alternatives at random (Figure 2; top-right inset). This
illustrates a very sophisticated decision-making strategy; if
information about only two alternatives is available but neither
is very valuable then waiting to see if a better alternative is
discovered could be sensible, whereas if the two alternatives are
both of sufficient quality then quickly choosing one at random
rather than wasting further time waiting for alternatives would be
appropriate. Evolution could tune the level of cross-inhibition s in
a decision-maker to set the acceptance threshold for the value v of
equal alternatives to an appropriate level, given the needs of an
organism and the quality of alternatives typically available in an
environment, as Figure 2 illustrates.

The preceding analysis assumes an evolutionarily hard-wired
level of cross-inhibition, but further sophistication is possible if one
considers what might happen to our hypothetical decision-maker,
considering two equal but low value alternatives, if it waits too
long. Any decision-maker has finite time and resources available to
make decisions; in the case of a honeybee swarm members have
finite energy reserves, since they load up with honey before
swarming and do not resume foraging until the swarm has found a
suitable nest site [10]. If after a long period of time the swarm still
only has information about the two low-value alternatives then it is
reasonable to assume that no better alternatives are available as
they would likely have been discovered and, in any case, the
resources of the swarm are being rapidly depleted. In this scenario
it would be better for the swarm to choose one of the low value
nest sites than none at all. This can be achieved by progressively
increasing the cross-inhibition rate s; as Figure 2 indicates, by

Figure 2. Value-dependent decision-making over equal alter-
natives. A critical cross-inhibition level s! can be calculated, below
which stable decision-deadlock results due to a single stable attractor
on the yA~yB line. Increasing the strength of cross-inhibition above
the critical threshold s! , this attractor becomes unstable and two stable
attractors, one for each alternative, emerge from it and rapidly move
apart [13]; in this situation one alternative will thus be chosen at
random by the system. As the equation and plot for s! make clear, the
level of cross-inhibition required to break deadlock decreases with
increasing value v of the two alternatives. Thus, holding cross-inhibition
level constant, decisions over equal but low value alternatives can result
in deadlock, while decisions over equal but high value alternatives can
result in a random choice. This can lead to sophisticated decision
dynamics (Figs. 3 and S3).
doi:10.1371/journal.pone.0073216.g002

Figure 3. Stochastic simulation shows that for two sufficiently poor but equal alternatives, deadlock between the two persists until
a third, superior alternative is discovered (at time t~30), at which point it is selected by the decision-maker. The three-alternative
model simulated here is a simple extension of the two-alternative model of Eq. 1, as described in section S.2 of Text S1. Noise parameter k~0:05.
doi:10.1371/journal.pone.0073216.g003

Value-Sensitive Decision-Making
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Pitchfork bifurcation 

Scouts apply “stop signal” with head butt to dancers for alternative sites. 

Collective Decision-Making in Animal Groups on the Move 
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Couzin, Krause, Franks, Levin, Nature, 2005 
Leonard, Shen, Nabet, Scardovi, Couzin, Levin, Proc. Nat. Acad. Science, 2012 

Towards a Generalized Model of Collective Decision-Making 
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• How to design distributed algorithms that exhibit such rich behavior in multi-agent systems

• What is the influence of heterogeneity on system behavior?



Can Consensus Dynamics Achieve Collective Decisions?

5Olfati-Saber et. al. Consensus and cooperation in networked multi-agent systems. Proc IEEE, 2007 

• Continuous time consensus seeking in a social network 
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• For same number agents favoring each alternative, steady state is zero
• Averaging-based consensus can lead to deadlock, i.e., no nest selection

• Agent state: '! # ∈ ℝ, . = 1,… ,1

A Generalized Model
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The Key Insight: Pitchfork Bifurcation and Agreement by Design 
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• For ; = 0 and 3 = 1, the linearized dynamics admits a center manifold 

• The center manifold is tangent to consensus manifold

• Under appropriate conditions, it can be shown that trajectories always enter center manifold

• The dynamics on center manifold is designed to admit pitchfork bifurcation
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• Pitchfork bifurcations occur under 4* symmetry 

• Heterogeneity breaks symmetry 

Interplay of Heterogeneities in the Abstract Model 
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Two trackable schemes

• Deterministic nonlinear setting (Σ = 0)

• Linear Stochastic Setting (4 ' = ')

Many interesting questions

• Selecting leader agents
• Influence of heterogeneity of information, 

correlation, and location on performance



Robustness of Pitchfork Singularity to Heterogeneity
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• The perturbation of pitchfork singularity can lead to one of the four bifurcation diagrams
• The qualitative behavior of the equilibrium points remains the same 
• Pitchfork singularity provide the flexibility to address conflicts due to heterogeneity, while 

ensuring robustness of resulting behavior

Robustness of Pitchfork Singularity to Heterogeneity
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Group State:
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Value-Sensitive Decision-Making
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Can we recover value-sensitive decision-making observed in honeybees?

Adaptive Control of Bifurcation Parameters
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Can we adapt bifurcation parameter distributedly to achieve desired collective behavior?

R. Gray, A. Franci, V. Srivastava, and N. E. Leonard. Multi-agent decision-making dynamics inspired by honeybees. IEEE TCNS 2018. .



Conclusions
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• Heterogeneity offers resilient behavior but can lead to decision deadlocks

• Natural systems exhibit rich behavior that balances flexibility and robustness

• Singularity theory and bifurcation analysis offers a formal mathematical framework to study 

such flexible and robust behavior

• Proposed a general model that achieves such behavior in multi-agent systems

• Influence of heterogeneity in this model
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