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Abstract. Pulse-coupled oscillator models inspired by firefly synchro-
nization are widely used to study decentralized time coordination in
distributed systems. We analyze a discrete-time, discrete-phase firefly-
inspired synchronization model and show that collective synchrony emer-
ges only near a critical balance between the quorum threshold (frac-
tion of pulsing neighbors required to trigger a phase update) and the
pulse duration (how long agents remain detectable to others). Within
this parameter region, the system exhibits bimodal performance: it ei-
ther reaches near-perfect synchronization or becomes trapped in stable
multi-cluster states, where symmetrically phase-offset subgroups mutu-
ally reinforce one another and prevent global synchrony. Our analysis
shows that reducing connectivity or introducing noise suppresses these
low-performance states by breaking such symmetric interactions, indicat-
ing that highly connected or noiseless systems are not necessarily optimal
for collective synchronization.
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1 Introduction

Many distributed and decentralized systems, both natural and artificial, must
coordinate their behavior without access to a shared global clock. In these sys-
tems, synchronization cannot be imposed centrally, but must instead emerge
through self-organization based on local interactions among agents. This prob-
lem arises across biological and engineered systems, from the collective flashing
of fireflies [3] to time coordination in wireless sensor networks [6,5] and swarm
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robotics [12]. A central class of models for studying such processes is pulse-
coupled oscillators [11], in which agents adjust their internal phase in response to
signals received from neighbors. Classical results suggest that increasing connec-
tivity generally facilitates synchronization, as agents receive timing information
from a larger fraction of the system [1,13].

Here, we study a discrete-time, discrete-phase firefly-inspired synchronization
model. The model includes two key mechanisms: a finite flashing duration, which
determines how long an agent remains in the signaling state during each cycle,
and a quorum threshold, which determines the fraction of flashing neighbors re-
quired to trigger a phase update. We show that synchronization performance de-
pends critically on the relationship between these two parameters. Near-perfect
synchronization occurs only within a narrow region of parameter space, where
the quorum threshold approximately matches the fraction of the cycle spent
flashing.

However, this high-performance region is also where we observe bimodal collec-
tive behavior. Within this region, the same parameter settings can yield two qual-
itatively distinct outcomes across independent runs: near-perfect synchronization
or becoming trapped in suboptimal yet stable multi-cluster states. We identify
the underlying mechanism as symmetry-induced subgroup locking: agents self-
organize into multiple synchronized subgroups that are symmetrically spaced in
phase space. Through the quorum update rule, these subgroups mutually rein-
force their phase offsets, preventing convergence to a single synchronized state
and effectively partitioning the system.

Surprisingly, increasing connectivity does not improve performance; instead,
highly connected systems can fail to synchronize. Our key finding is that re-
moving communication links or introducing noise into agents’ clock updates can
suppress locked low-performance states and improve collective synchronization.
We find that limited or noisy interactions can be beneficial, as previously ob-
served in other swarm robotic scenarios [2,15]. In our model, these interventions
improve performance by disrupting the symmetric phase relationships that oth-
erwise sustain multi-cluster locking.

Recent research on multi-robot systems has shown that increasing system size
or density can lead to similar bimodal performance distributions, in which the
system either operates efficiently or collapses into a degraded state [9]. While
such effects have exclusively been attributed to spatial congestion, our results
point to a complementary dynamical mechanism: high interaction density can
stabilize symmetric low-performance configurations. This suggests that, across
different distributed systems, poor scalability may arise not only from physi-
cal obstruction but also from overly regular interaction structures that prevent
symmetry breaking and trap the collective dynamics in degraded states.

2 Related Work

Synchronization in fireflies has been studied for decades [3]. Tyrrell et al. [14]
review this phenomenon and show how its underlying mechanism can be used
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to design decentralized synchronization protocols for wireless ad hoc networks.
Building on the Mirollo-Strogatz model [11], where oscillators adjust their phase
upon receiving pulses from neighbors, the authors derive a synchronization algo-
rithm in which nodes periodically broadcast a common signal and update their
clocks upon reception. To address practical wireless constraints, they propose
a modified transmission strategy with delayed emissions and refractory periods,
enabling stable synchronization. Simulations show that this bio-inspired protocol
can synchronize network nodes within a small number of cycles.

Lyu [10] introduces a generalized cellular automaton model for discrete-time
pulse-coupled oscillators on arbitrary graphs to study synchronization in net-
works of finite-state agents. Each oscillator has a discrete phase that advances
at each time step but temporarily inhibits its update when it detects a flashing
neighbor ahead in phase, allowing lagging oscillators to catch up. The authors
prove that global synchrony emerges for broad classes of network topologies,
including trees and paths, as a function of oscillator period and node degree.
Greenberg and Hastings [7] introduced a discrete diffusion model in excitable
media to study spatial pattern formation from local interactions. Each node
cycles through resting, excited, and refractory states; a resting node becomes
excited upon detecting an excited neighbor. Kinouchi and Copelli [8] studied
networks of excitable elements on random graphs and showed that cooperative
interactions can generate global propagation of activity, collective oscillations,
and synchronized dynamics. In contrast, our system uses a discrete quorum-
threshold update rule, where agents advance their phase only when the fraction
of flashing neighbors exceeds a threshold, rather than relying on continuous pulse
responses or pairwise inhibitory interactions.

Kuckling et al. [9] provide evidence that multi-robot systems exhibit a bimodal
performance regime as a function of robot density. They show that near a critical
swarm size, system performance becomes bimodal, with runs either maintaining
high performance or collapsing into severe congestion. Hence, systems optimized
for peak performance may operate near a critical transition, where small changes
in robot density can trigger sudden performance breakdowns.

3 System Model, Parameters, and Perturbations

3.1 Firefly System

We consider a discrete pulse-coupled oscillator model with quorum-based phase
acceleration. Unlike classical firefly-inspired synchronization models based on
continuous phase-response functions, agents in our model advance their phase
only when the fraction of flashing neighbors exceeds a predefined threshold.
We consider a swarm of N static fireflies (agents) interacting over either a k-
regular bidirectional random graph, where each agent has exactly k neighbors, or
a random geometric graph defined by a communication range r. In the geometric
case, agents are placed uniformly at random in the unit square, and undirected
edges are formed between pairs whose Euclidean distance is less than r. All
agents use the same quorum threshold 6 and flash duration f.
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Each agent ¢ maintains an internal clock ¢;(t) € {0,...,C — 1} of fixed cycle
length C. At each discrete simulation step ¢, the clock is incremented by one
and wraps around modulo C. The clock determines the agent’s flashing phase.
Flashing is a binary state occupying the final fraction f of the clock cycle:

T > (1 —
Fi(t) 1 if ¢(t) .mod cC>(1-/HC .
0 otherwise

An agent begins flashing when its clock reaches phase (1 — f)C and remains
in the flashing state F; = 1 until the cycle resets. When agent ¢ enters the
flashing phase, it observes the states of its neighbors N;. If the fraction of flashing
neighbors exceeds the quorum threshold 6, the agent advances its clock by one
additional tick. This quorum-based acceleration increases the probability that
neighboring agents align their flashing phases over time.

Agents are initialized with clocks drawn uniformly at random. Each simulation
runs for 7" time steps. We define the maximal amplitude of a run as the largest
number of agents flashing simultaneously for any time step ¢:

1 N
Amax = max — 3 Fi(b).
max = WX N £ - it)
1=

We consider synchronization successful if the maximal amplitude reaches at least
85%, meaning that at least 85% of agents flash simultaneously at least once
during the simulation. Formally, a run is classified as successful if A ., > 0.85,
or equivalently, if there exists a time ¢ < T such that Zfil F;(t) > 0.85.

3.2 Simulation Algorithm

We implemented the model in Python following the pseudocode in Alg. 1.! In-
teraction networks were generated either as random geometric graphs, where
neighbors are defined by distance, or as k-regular bidirectional random graph
using the igraph library [4].

To test whether perturbations improve or hinder collective synchronization, we
consider two types of disturbances. The first acts on the agents’ phase-update
decisions by introducing noise into the quorum rule. The second acts on the
interaction network by reducing the number of communication links. These dis-
turbances allow us to distinguish whether synchronization failures arise from
noisy individual updates or from overly dense and symmetric interaction struc-
tures.

Noise in clock updates. We introduce noise directly into the agents’ phase-
update decisions. Let M;(t) denote the deterministic quorum decision of agent @

! Code and supplementary material: https://github.com/Tianfu-swarm/firefly_
two-phase_performance
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Algorithm 1 Firefly-inspired synchronization

Require: N agents, cycle length C, horizon T, communication range r or number of
communication links k, quorum threshold 6, and flash duration f

1: Sample the network topology:

2:  Option 1: Sample positions (z;,v;) ~ U([0,1]?) for all i € {1,..., N}

3:  Option 2: Sample G, a k-regular bidirectional graph with N nodes

4: Initialize clocks ¢; + Unif{0,1,...,C — 1}

5: Initialize flashing state F; < 1[c; > (1 — f)C]

6: Build neighbor sets N (i):

7. Option 1: N(i) = {j # i ||(zi,4:) — (zj,95)[l <7}

8:  Option 2: N (i) ={j #i:G(,j) =1}

9: fort=1to T do

10: for i =1to N do > sequential /asynchronous update
11: Ci ¢ + 1

12: ¢i < ¢; mod C

13: if ¢; =0 then

14: F; <0

15: else if ¢; = (1 — f)C then

16: Fi+1

17: end if

18: if i = (1 — f)C + 1 then > No noise clock update
19: m <+ Zje./\/'(i) F;(¢)
20: if m > 0|\ (i)| then
21: ¢ +—c+1 > Phase advance by one tick
22: end if
23: end if
24: if i = (1— f)C + 1 then > Noise clock update
25: & (t) ~ Bernoulli(o)
26: m < iena) Fi(t)
27: if & (t) then > With probability ¢ do inverse update rule
28: if m < |N (¢)| then
29: c+—ci+1 > Phase advance by one tick
30: else
31: if m > 0|\ (i)| then
32: cG+—ci+1 > Phase advance by one tick
33: end if
34: end if
35: end for
36: end for

at time step ¢:
1, if > Fi(t) > 01N
M; (t) = JEN; .
0, otherwise
If M;(t) = 1, the agent advances its clock by one additional step; otherwise, it

only performs the regular phase increment. To model noisy update decisions,
we draw a Bernoulli random variable &;(t) ~ Bernoulli(c), where the noise level
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o € [0,1] is the probability that the deterministic quorum decision is flipped.
The noisy update decision is therefore

_ M) if &(t)
vitt) = {1 — My(t) if &(t)

0
L

The update step of agent i is then ¢;(t + 1) = ¢;(t) + 1 + U;(¢t), where the
first increment is the regular phase increment and U,;(¢) implements the noisy
quorum-based acceleration rule (Alg. 1, 1. 24-34, shaded red part).

Reduced network connectivity. We reduce network connectivity by de-
creasing the degree k of the interaction graph. For each value of k, we generate
a k-regular bidirectional random graph before each experiment, so that every
agent has exactly k neighbors, or analogously, in random geometric graphs, we
reduce the connectivity range r.

4 Results

We first analyze the system behavior across different values of the quorum thresh-
old 0, proportional flash duration f, and network connectivity. The parameters 0
and f determine, respectively, the fraction of flashing neighbors required for an
agent to advance its phase and the fraction of the cycle during which an agent
remains in the flashing state. The connectivity determines the number of neigh-
bors available to each agent, which is modulated by either the connectivity range
r in the random geometric graphs or the parameter k in the k-regular graphs.
We quantify global synchronization as the maximum amplitude Ay, reached
during a simulation of T = 10? time steps with N = 100 agents and clock-cycle
length C' = 10.

Figure 1 shows synchronization performance as a function of connectivity r for
different combinations of 8 and f (a similar analysis for k-regular graphs is shown
in Supplementary Fig. SF1, footnote 1). For low connectivity, the interaction net-
work can become sparse or fragmented into disconnected components, making
global coordination impossible. Even when the network remains connected, too
few interactions can prevent phase information from spreading effectively across
the group, and the system generally fails to synchronize. As connectivity in-
creases, synchronization becomes possible, but high connectivity does not lead
to uniformly high performance. Instead, the system enters a bimodal regime in
which independent runs under the same parameter settings either reach near-
perfect synchronization or remain trapped in lower-performance states.
Synchronization performance is highest near 6 ~ f, where the quorum threshold
approximately matches the fraction of the cycle spent flashing. When the flash
duration is short, global synchronization is not achieved, and increasing the
quorum threshold alone does not substantially improve performance. Conversely,
when f is large relative to 6, agents remain detectable for a long fraction of the
cycle while requiring only a small fraction of flashing neighbors to trigger an
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Fig.1: Analysis of quorum threshold 6 and flash duration f. We find bimodal
synchronization effects near the diagonal 6 =~ f. The axes of the subplots are the
maximal amplitude A,y (vertical) and connectivity r (horizontal).

NW

Agent subgroups
=

0 5 10
Global clock
Fig. 2: Synchronized subgroups in phase space, where bars indicate the flashing
period.

update. Under these conditions, multiple phase clusters can satisfy the update
condition, advance together, and preserve their phase offsets, producing stable
multi-group states rather than global synchrony.

These results indicate that synchronization depends on a balance between the
availability of flashing signals and the selectivity of the quorum rule. If # is much
larger than f, flashing events are too brief and too sparse to trigger sufficient
phase advancement. If f is much larger than 6, the update rule becomes too
permissive and can stabilize multiple phase-offset groups. Near 6 =~ f, the system
enters a bimodal regime: most runs reach near-perfect synchronization, whereas
others remain trapped in lower-performance synchronized states. We hypothesize
that these low-performance outcomes arise from symmetry-induced subgroup
locking and mutual excitation. This symmetric locked-in condition is illustrated
in Fig. 2.
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Fig. 3: Pushing the system out of low-sync states through increasing perturba-
tions (across panels from left to right). We vary swarm size N (x-axis) and cycle
length C (y-axis). Blue denotes well-synchronized runs (Apax >85% simultane-
ous flashing) and yellow denotes insufficiently synchronized runs (Apax <85%),
aggregated over 1000 independent runs (7' = 10*, § = 0.5, f = 0.5). The top
row introduces noise via the clock update rule, while the bottom row applies
disturbance through stochastic link removal while preserving k-regularity.

We obtain qualitatively similar results when interactions are defined by k-regular
graphs rather than random geometric graphs (Supplementary Fig. SF1, foot-
note 1). Therefore, in the remainder of the paper, we focus on the balanced
regime (0 = f), setting § = 0.5 and f = 0.5, and use k-regular graphs to isolate
the effect of connectivity under fixed homogeneous degree.

4.1 Breaking Symmetry through Noise and Topology Changes

To investigate the role of symmetry-induced subgroup locking, we perturb the
system through noisy clock updates and random link removal. While noisy clock
updates directly disrupt symmetric phase advancement, link removal breaks the
symmetry in the number of flashing neighbors perceived by different agents and
subgroups. Both types of perturbations can therefore destabilize locked phase
configurations and allow the system to escape low-performance states.

Noisy clock updates. Figure 3 (upper row) shows the effect of clock update
noise o under full connectivity (k = N — 1) across swarm size N € [50,190] and
clock cycle length C' € [10,70]. Each configuration is evaluated over 1000 inde-
pendent trials and classified by its maximum synchronization level: blue indicates
successful runs, with more than 85% of agents flashing simultaneously, whereas
yellow indicates runs below this threshold. Therefore, a higher prevalence of
yellow indicates a low-sync states that persist despite noise.

Without noise in the clock-advancing mechanism (Fig. 3, upper left), low-sync
runs (warmer colors) dominate for almost all swarm sizes N and clock cycle
lengths C. By noise o increases (Fig. 3, upper row, left to right), larger regions
of well-synchronized runs appear (blue), confirming that noisy updates can break
the symmetry of the locked subgroups. For 0.1 < ¢ < 0.4, low-sync runs remain
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more frequent at larger clock cycle lengths C'. This occurs because synchroniza-
tion becomes more difficult when agents are more dispersed across the clock
cycle, leaving a larger number of available phase slots in which persistent sub-
groups can form instead of collapsing into global synchrony. For higher noise
levels (Fig. 3, upper row, middle to right), synchronization again breaks down
across all tested swarm sizes N and cycle lengths C'. In this regime, update deci-
sions become dominated by noise. For ¢ > 0.5, the deterministic quorum rule is
more often inverted than followed, counteracting the synchronization mechanism
and driving the system toward active desynchronization.

Reducing connectivity. We then test whether low-sync states can also be
destabilized by changing the interaction topology. To isolate this effect, use con-
nected k-regular random graphs, so that each agent has exactly k reciprocal
neighbors. Connectivity is controlled by the link-removal parameter o, which
sets the degree to k = N —1— |0 N | relative to the fully connected case. For each
run, we generate a new connected graph and initialize clocks uniformly at ran-
dom. Figure 3 (lower row) uses the same phase classification as above and shows
results across swarm sizes N, clock cycle lengths C', and link-removal level o.
Each configuration is evaluated over 1000 independent runs of 7' = 10* steps. For
o = 0, the setup is identical to the noiseless fully connected case shown in the
upper row, and therefore produces the same result. For increasing link removal,
larger and more stable regions of well-synchronized runs emerge up to o = 0.8.
This indicates that reducing connectivity can break the symmetric interactions
that sustain subgroup locking. However, the effect is weaker and less widespread
than that pronounced by noise in the update rule. For C = 10, only ¢ = 0.8
introduces sufficient perturbation to break subgroup locking. For o = 0.9, too
many links have been removed such that synchronization largely disappears, in-
dicating that the system no longer has enough communication links to support
global coordination.

For sparse connectivity in the k-regular bidirectional random graph (k < 20),
which occurs, for example, under high link-removal settings (¢ = 0.9), syn-
chronization depends sensitively on the parity of k. For small odd values k =
{5,7,9,...,19}, synchronization is difficult and often not achieved (Fig. 3, bot-
tom right), whereas even values k = {6,8,10,...,20} lead to the highest global
synchrony (Supplementary Fig. SF2). This suggests a possible parity effect in
the quorum rule: for § = 0.5, odd and even neighborhood sizes differ in the
exact number of flashing neighbors required to trigger an update, which may
affect how easily symmetric phase-locked configurations are destabilized. Since
this interpretation is currently empirical rather than mechanistic, we leave a
systematic analysis for future work. We therefore report the more conservative
odd-k case in the main text and provide the even-k results, which show stronger
synchronization, in the Supplementary Material (Fig. SF2).
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5 Discussion

We discuss the mechanisms underlying the bimodal synchronization behavior ob-
served in our model and relate them to broader findings on scalable distributed
systems. We first explain how symmetric subgroup locking can produce persis-
tent low-performance states, and then discuss how noise or reduced connectivity
can destabilize these deadlock states and restore synchronization.

5.1 Causes of Bimodal Synchronization Quality

Under all-to-all communication and noiseless decision-making, one might expect
synchronization to be guaranteed, since each agent has access to the flashing
state of the entire swarm. Counterintuitively, however, synchronization can fail.
This failure depends on the initial phase distribution. For certain distributions
(e.g., phases initialized uniformly across the cycle), the swarm does not con-
verge to a single synchronized cluster but instead self-organizes into multiple
subgroups with systematically shifted phases (see Fig. 2). These phase shifts are
self-reinforcing. When a subgroup evaluates whether to advance its clock, the
other phase-shifted subgroups can provide a quorum-qualified fraction of flash-
ing agents (> 6N), hence, satisfying the threshold condition, while at least one
subgroup is not. As a result, each subgroup advances while preserving the rela-
tive offset between groups. The inter-group differences are therefore not resolved,
leaving the swarm permanently partitioned into stable synchronized subgroups.
This mechanism generalizes beyond all-to-all communication: analogous failure
modes arise in high-connectivity regimes, although they occur less frequently as
connectivity decreases.

Introducing noise into the clock-advancing mechanism, or by removing commu-
nication links, increases the probability of converging to a globally synchronized
state. When update decisions are noisy, or when agents receive incomplete infor-
mation because of limited connectivity, the perfect phase alignment that sustains
the symmetric subgroups is disrupted. The systematic phase offsets that would
otherwise lock the swarm into a partitioned state are destabilized, and the sys-
tem’s self-organizing properties drive the swarm toward full synchronization.
Although noise and link removal act on different aspects of the system, both in-
terventions have a similar functional effect: they introduce sufficient asymmetry
into the interaction dynamics to break deadlocked low-performance states.

5.2 Relation to Bimodal Performance in Multi-robot

The bimodal synchronization behavior observed here is analogous to bimodal
performance regimes recently reported in multi-robot systems [9]. There, increas-
ing robot density can produce two qualitatively different outcomes: maintaining
high throughput and operating efficiently, or collapsing into a low-performance
state characterized by congestion, blocking, or traffic jams. Thus, beyond a cer-
tain density, adding more agents does not merely reduce performance gradually;
it increases the probability of a collective failure mode.
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Our system exhibits similar high- and low-performance behavior, but the form of
competition differs. In multi-robot systems, agents compete for access to physical
space. In our synchronization model, agents do not exclude one another spatially;
instead, the relevant competition occurs through phase-dependent interactions.
Multiple subgroups can occupy distinct regions of the discrete phase cycle and
mutually reinforce their offsets through the quorum rule, preventing convergence
to a single synchronized cluster.

This analogy suggests that bimodal performance can arise in distributed systems
when increased interaction density stabilizes collective configurations that are
difficult to escape. However, the underlying mechanism is likely different in the
two cases. In spatially congested multi-robot systems, bimodality is associated
with hysteresis, whereas we do not observe hysteresis in our model: once global
synchronization is reached, changing connectivity does not by itself destroy it.
In summary, our results point to a related phenomenology, but one driven by
symmetry-induced locking in phase space rather than by persistent physical
congestion.

6 Conclusion

We studied a discrete firefly-inspired synchronization model and showed that
increasing connectivity does not necessarily improve collective performance. In-
stead, the system may exhibit a bimodal performance distribution, in which
independent runs under the same parameter settings either converge to near-
perfect synchronization or become trapped in stable multi-cluster states. We
identify symmetry-induced subgroup locking as the key mechanism behind these
failures: in highly connected, noiseless settings, symmetrically phase-offset clus-
ters can reinforce one another via the quorum rule, preserving their relative
phase differences and preventing global synchronization. Counterintuitively, full
information can therefore hinder coordination by stabilizing low-performance
collective states. We further show that introducing noise into the update rule or
reducing connectivity can resolve this failure mode. Both interventions disrupt
the symmetry that sustains subgroup locking, allowing the system to escape
low-performance states and recover global synchronization. These results high-
light that communication or decision-making imperfections are not necessarily
detrimental: under some conditions, they can improve collective performance by
preventing overly symmetric interaction structures from becoming locked.

Our results suggest that bimodal performance may be a general feature of scal-
able distributed systems. It can arise not only from spatial congestion, but also
from overly regular interaction structures that stabilize collective states from
which the system cannot easily escape.

Acknowledgments. This work has been supported by the DFG under Germany’s
Excellence Strategy, EXC 2117-422037984.

Disclosure of Interests. The authors declare that they have no conflicts of interest.



12

T. Aust et al.

References

1.

10.

11.

12.

13.

14.

15.

Arenas, A., Diaz-Guilera, A., Kurths, J., Moreno, Y., Zhou, C.: Synchronization
in complex networks. Physics Reports 469(3), 93-153 (2008). https://doi.org/
10.1016/j .physrep.2008.09.002

Aust, T., Talamali, M.S., Dorigo, M., Hamann, H., Reina, A.: The hidden benefits
of limited communication and slow sensing in collective monitoring of dynamic
environments. In: Swarm Intelligence (ANTS 2022), LNCS, vol. 13491, pp. 234—
247. Springer, Cham (2022). https://doi.org/10.1007/978-3-031-20176-9_19
Buck, J., Buck, E.: Synchronous fireflies. Scientific American 234(5), 74-85 (1976),
http://wuw. jstor.org/stable/24950352

Csérdi, G., Nepusz, T.: The igraph software package for complex network research.
International Journal Complex Systems 1695, 28-38 (2006). https://doi.org/
10.1016/7j .physd.2015.03.007

Degesys, J., Rose, 1., Patel, A., Nagpal, R.: DESYNC: Self-organizing desynchro-
nization and tdma on wireless sensor networks. In: Proceedings of the 6th interna-
tional conference on Information processing in sensor networks. pp. 11-20 (2007).
https://doi.org/10.1145/1236360.1236363

Ganeriwal, S., Kumar, R., Srivastava, M.B.: Timing-sync protocol for sensor net-
works. In: Proceedings of the 1st international conference on Embedded networked
sensor systems. pp. 138-149 (2003). https://doi.org/10.1145/958491.958508
Greenberg, J.M., Hastings, S.P.: Spatial patterns for discrete models of diffusion
in excitable media. SIAM Journal on Applied Mathematics 34(3), 515-523 (1978).
https://doi.org/10.1137/0134040

Kinouchi, O., Copelli, M.: Optimal dynamical range of excitable networks at criti-
cality. Nature physics 2(5), 348-351 (2006). https://doi.org/10.1038/nphys289
Kuckling, J., Luckey, R., Avrutin, V., Vardy, A., Reina, A., Hamann, H.: Do
we run large-scale multi-robot systems on the edge? More evidence for two-
phase performance in system size scaling. In: IEEE International Conference on
Robotics and Automation (ICRA). pp. 4562-4568 (2024). https://doi.org/10.
1109/ICRAB57147.2024.10610771

Lyu, H.: Synchronization of finite-state pulse-coupled oscillators. Physica D: Non-
linear Phenomena 303, 28-38 (2015). https://doi.org/10.1016/j.physd.2015.
03.007

Mirollo, R.E., Strogatz, S.H.: Synchronization of pulse-coupled biological oscil-
lators. SIAM Journal on Applied Mathematics 50(6), 1645-1662 (1990). https:
//doi.org/10.1137/0150098

Perez-Diaz, F., Zillmer, R., Grof, R.: Firefly-inspired synchronization in swarms of
mobile agents. In: Proc. Int. Conf. on Autonomous Agents and Multiagent Systems
(AAMAS). pp. 279-286. IFAAMAS (2015)

Strogatz, S.H.: From Kuramoto to Crawford: Exploring the onset of synchroniza-
tion in populations of coupled oscillators. Physica D: Nonlinear Phenomena 143(1),
1-20 (2000). https://doi.org/10.1016/S0167-2789(00)00094-4

Tyrrell, A., Auer, G., Bettstetter, C.: Fireflies as role models for synchronization
in ad hoc networks. In: 1st International Conference on Bio-Inspired Models of
Network, Information and Computing Systems. p. 4—es (2006). https://doi.org/
10.1145/1315843.1315848

Zakir, R., Dorigo, M., Reina, A.: Miscommunication between robots can improve
group accuracy in best-of-n decision-making. In: Proce. IEEE/RSJ Int. Conf. on
Intelligent Robots and Systems (IROS). pp. 9014-9021. IEEE Press (2024). https:
//doi.org/10.1109/IR0S58592.2024.10802464


https://doi.org/10.1016/j.physrep.2008.09.002
https://doi.org/10.1016/j.physrep.2008.09.002
https://doi.org/10.1016/j.physrep.2008.09.002
https://doi.org/10.1016/j.physrep.2008.09.002
https://doi.org/10.1007/978-3-031-20176-9_19
https://doi.org/10.1007/978-3-031-20176-9_19
http://www.jstor.org/stable/24950352
https://doi.org/10.1016/j.physd.2015.03.007
https://doi.org/10.1016/j.physd.2015.03.007
https://doi.org/10.1016/j.physd.2015.03.007
https://doi.org/10.1016/j.physd.2015.03.007
https://doi.org/10.1145/1236360.1236363
https://doi.org/10.1145/1236360.1236363
https://doi.org/10.1145/958491.958508
https://doi.org/10.1145/958491.958508
https://doi.org/10.1137/0134040
https://doi.org/10.1137/0134040
https://doi.org/10.1038/nphys289
https://doi.org/10.1038/nphys289
https://doi.org/10.1109/ICRA57147.2024.10610771
https://doi.org/10.1109/ICRA57147.2024.10610771
https://doi.org/10.1109/ICRA57147.2024.10610771
https://doi.org/10.1109/ICRA57147.2024.10610771
https://doi.org/10.1016/j.physd.2015.03.007
https://doi.org/10.1016/j.physd.2015.03.007
https://doi.org/10.1016/j.physd.2015.03.007
https://doi.org/10.1016/j.physd.2015.03.007
https://doi.org/10.1137/0150098
https://doi.org/10.1137/0150098
https://doi.org/10.1137/0150098
https://doi.org/10.1137/0150098
https://doi.org/10.1016/S0167-2789(00)00094-4
https://doi.org/10.1016/S0167-2789(00)00094-4
https://doi.org/10.1145/1315843.1315848
https://doi.org/10.1145/1315843.1315848
https://doi.org/10.1145/1315843.1315848
https://doi.org/10.1145/1315843.1315848
https://doi.org/10.1109/IROS58592.2024.10802464
https://doi.org/10.1109/IROS58592.2024.10802464
https://doi.org/10.1109/IROS58592.2024.10802464
https://doi.org/10.1109/IROS58592.2024.10802464

	Bimodal Synchronization Performance: Why Noise and Sparse Connectivity Can Improve Collective Timing

