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Abstract

Bird flocks transition among distinct dynamical phases as ecological context
changes. We introduce AVES (Anisotropic Vision—Energy—Steering), a continu-
ous—time mechanistic framework in which sensory inputs are filtered by anisotropic
vision with occlusion, acted upon after a finite reaction delay, and converted into
roll-limited turns under a curvature ceiling set by lift—gravity balance; speed
adapts under an explicit energy budget. Steering cues are orthogonally projected
onto the plane normal to heading so that only biomechanically feasible rota-
tions are executed. We embed delay as a finite-dimensional augmented state,
enabling continuous-time propagation with discrete, frame-rate observations and
thus a well-posed likelihood for Kalman filtering and simulation-based inference.
This delay-aware state-space representation makes the four dimensionless con-
trols—reaction delay, bank factor (curvature budget), interaction range, and vi-
sion half-angle—statistically identifiable from trajectories and comparable across
species and habitats because the parameters and indices are dimensionless and
share a common observation model. Phases are diagnosed using a global alignment
index, a milling index, connectivity-based fragmentation, and residence-time statis-
tics for dwell and switching. The theory yields testable predictions—e.g., narrower
vision or longer delay expand intermittent/fragmented regimes while stricter roll
limits suppress milling—that map to standardized field measurements and translate
into design rules for bio-inspired collectives (e.g., maintaining a low social-delay
number and enforcing curvature caps to preserve alignment), with applications to
bird-strike risk assessment, conservation monitoring, and resilient UAV swarms.

Keywords: collective behavior; delay reaction; anisotropic vision; biomechanics; ecology; global
dynamics

1 Introduction

Collective motion in animals is a canonical example of active matter, where large ensembles of
self-propelled agents exhibit long-ranged order and sharp transitions under noise and heterogeneity.
Minimal self-propelled particle models reproduce order—disorder transitions and scaling laws [1]],
while continuum hydrodynamics explains robustness of polar order and phase behavior at large scales
[2, 3]]. At the same time, field reconstructions of starling flocks and subsequent theory([4]) show
that interaction neighborhoods are often topological rather than metric—each bird aligns with a
fixed number of neighbors, not all within a fixed distance [5, 16]. Empirical analyses further support
anisotropic vision, occlusion, and intermittently connected interaction graphs in real flocks [[7} 8].
These advances sharpen, but also expose, a gap between kinematic rules that fit trajectories and
mechanistic models that enforce sensory and biomechanical constraints.

We introduce AVES(Anisotropic Vision—Energy—Steering), a continuous-time, mechanistic frame-
work that separates sensing geometry from motor execution. Perception is anisotropic through a vision
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cone with distance weighting and occlusion; neighbors can be defined metrically or topologically
(e.g., Voronoi or fixed-rank rules) without altering the motor layer. External and social stimuli act
on turning only via their component orthogonal to the current heading, so that the induced angular
velocity respects a bank-limited curvature ceiling, wmax = ¢ tan ¢/s, with g gravity, ¢ bank angle,
and s speed. Bank responds saturably to steering demand, while speed adapts under an explicit energy
budget, linking translational and maneuvering costs to motion. This orthogonal-steering projection is
biomechanical rather than perceptual: it differs from “projected-view” perception models that operate
in image space [9]], and instead guarantees that only physically feasible rotations are executed given
roll authority and lift-gravity balance. We enforce motor-stage feasibility by projecting the combined
social-environmental cue onto the plane orthogonal to the current heading, so only biomechanically
executable rotations are commanded. This departs from perception-only projection rules and ties
turning to an explicit curvature cap. .

2 Model Formulation

occlusion

reaction delay

steering
reaction delay T

Figure 1: Anisotropic field of view O, reaction delay 7, occlusion, and orthogonal steering projection
S; = (I — ﬁlﬁlT)Sz

We represent each bird 7 by position x; € R3, unit heading 0i; € S?, speed s; > 0, bank angle ¢;, and
internal energy F;, with velocity v; = s;01; and heading kinematics 1; = w; X 0;. Sensory—motor
delay is implemented causally by evaluating all perceptual quantities at ¢ — 7 using a ring buffer
of length m = [7/At] at the video step At, so that control depends on past observations without
anticipation.

Interactions are mediated by visual information rather than direct forces. The neighbor set N (t)
is defined either metrically by a range R or topologically by a fixed number of visible neighbors,
subject in both cases to a vision cone of half-angle © and an occlusion test x;; € {0, 1} obtained
by ray casting. With displacement r;; = x; — x;, we assign a bounded distance kernel ¢ (r) =
exp[—(r/ro)P] with p € [1,2] and a bearing weight A(8) = max{0,cos 8} that penalizes large
azimuth 3;; relative to 11;, and we aggregate visible headings as

Si(t—17) = Z Y(rij) A(Bij) xij 1 .

JEN;

Only the component orthogonal to the present heading contributes to steering, so cues are projected
as
which enforces zero longitudinal torque and preserves the biomechanical interpretation of rotations.
Maneuvering is limited by lift—gravity balance, which sets a curvature ceiling

gtan ¢;
wmax(¢i7 Si) = 371
3

The actual turn-rate saturates smoothly at this ceiling according to

W; = Ky | HllIl(HSZ”, Wmax(¢i; Si))a

S;
Isill + &
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and the bank target responds to steering demand while respecting roll limits,

& =88t bl (B lISill), B0 = K5 (6] — ).

Speed adapts under an explicit energy budget that balances power intake and expenditure,
By = Pgain(t) = (Co + Cy 52 + Cu i), (1)
where the parasitic-drag coefficient is parameterized by
Cs=3%pCpS,

with air density p, species-level drag coefficient Cp, and wing or body reference area S, so that C'ss?
recovers the classical cubic power in speed. The maneuvering cost converts squared turn-rate to
power through

Co =c, Iyawv

where Iy, is the yaw inertia and c,, is a dissipation constant. Translational speed then follows
S = Ry (s*(Ei,TI) - si) - cds? + & (),

where s* is the energetically preferred speed under turbulence intensity TI and cqs? represents
quadratic drag at the behavioral time scale.

The speed-adaptation noise ;(¢) is colored and state-dependent. We write

fs(t) = 0s G(ﬁl)ns(t)a 775 = _(]-/Tn)ns + V 2/Tn Wt7
with correlation time 7,, and a dimensionless steering demand
I

¥ = —— € [0,1],
Wmax(¢ivsi) [ ]

which modulates the diffusion scale via a saturating polynomial
G(9) = 1+ 0 + 729°.

To prevent unrealistically large diffusion during extreme maneuvers, we cap the scale at Gy,ax chosen

by a combined analytic and empirical rule. Linearization of the speed channel around (3, ¢) yields
Var(s) ~ 02G?7,,/(2ks), so enforcing a tolerated fractional variance « € (0, 1) gives the theoretical

bound
[2k¢ v 52
Gmax S ;77
oiT

and we adopt the minimum between this bound and the empirical 0.95-quantile of G(+}) measured
from trajectories. We report (e, 7,,, 05, Gmax) and supply a +20% sensitivity analysis.

Species-specific identification of (Cy, Cs, C,,) proceeds along two complementary routes whose
choice is dictated by data quality. When Py, (¢) is missing or uncertain due to environmen-
tal covariates, we set weakly-informative lognormal priors for (Cy, Cs, C,,) from morphometrics
(m, S, Cp, Iyaw), propagate the delay-aware state with a continuous—discrete EKF/UKF at step At,
and update parameters by the innovation likelihood with hierarchical partial pooling across sessions.
When an independent and stable estimate of Pyain (t) is available, we solve a constrained regression,

. " o N 3 . ) 2
08 oo 2o Blt) = Co = Cuslt) = Culls ()P,

with Huber loss ps and AR(1) prewhitening of residuals, and we quantify uncertainty and generaliza-
tion by leave-one-session-out cross-validation while monitoring Karush—-Kuhn—Tucker violations.
When both routes are feasible, we treat the Bayesian path as primary and use the constrained re-
gression as a calibration check; discrepancies beyond the joint 95% confidence region trigger a
diagnostics pass focused on vision-cone, occlusion, and weighting mismatch.
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Figure 2: phase simulation.

3 Phase classification and Hive dynamics

We diagnose phases from trajectories using order parameters with mechanistic meaning. Global
alignment (polarization) is quantified by the norm of the mean heading, ® = N _1H > ’ €
[0,1]. Milling is captured by the normalized angular momentum about the center of mass, A =
N7 3, (x; — %) x w;]| € [0,1] [11L[12]. Fragmentation is tracked by the number of connected
components K (¢) of the anisotropic interaction graph induced by the vision cone and range, or by
the giant—component fraction GCF(t) € [0, 1]. Intermittency is the temporal variability of order,
summarized by statistics such as std;(®) and heavy-tailed dwell times across labels.

Labels are assigned by morphology rather than thresholds alone. Disordered motion is recorded
when ¢ remains low and correlation lengths are short [[13| [14]. Ordered translational motion is
identified when @ is high while A remains low. Milling corresponds to high A even at moderate ®
[15]. Intermittency is declared when ® exhibits large fluctuations and the residence—time distribution
over labels is heavy-tailed [16]. To reduce arbitrariness, we complement these rules with translation
and rotation morphology scores derived from center—of—-mass drift and tangential circulation and
aggregate windowed predictions to global labels by late—time occupancy and switch density.

Finite-size behavior and identifiability are examined via susceptibilities x, = 90®/97 and
xp = 0®/0B, which peak near transitions as correlation length approaches system size. Lin-
earization around ordered motion in a delay—saturated regime admits a delay—induced Hopf onset, so
intermittency emerges when the product of alignment gain and effective delay crosses a threshold,
while strong bank limits contract the milling domain by capping feasible curvature.

Mechanism-linked predictions follow. Reducing the field of view © or increasing reaction delay
7 depresses the effective alignment gain Geg = Kalign.A(©) and erodes phase margin through the
factor e~*7 in the dispersion relation, thereby expanding intermittent and fragmentation regions.
Tightening the bank limit lowers the curvature budget k.« (B), suppressing milling and favoring
ordered translation. Sensorimotor noise and turbulence enlarge the stochastic torque budget and
inflate heavy—tailed residence times by noise—induced escapes near the Hopf boundary. Species with
wider © or greater roll authority B = tan ¢« possess higher Gog and r,.x, thus greater resilience
of translational order under fixed turbulence, whereas slower processing (larger 7) reduces phase
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margin and promotes intermittent breakdowns. These trends admit a compact control principle,

S = # > S.,
72+ wi(B,7)

where 7y is an effective damping and w,. a characteristic onset frequency.

Hive dynamics are mapped by sweeping the controls (7,0, R, B, kaiign, noise intensity, boundary
conditions), simulating after warm—up, computing (®, A), assigning labels by the morphology rule,
and tiling the [0, 1]2 plane with labeled samples { (A, @i, £x)}. A majority vote among K nearest
neighbors, with ties broken by mean distance, yields a data—driven phase partition whose interfaces
follow the simulation cloud.

50—

fax Re()
FN
o

w
o

(%)
=

Critical Sc(q)

o

108,( 1 1)

o Wavenumber ¢

5
2 04 06 08 1 12 14 L6
Bank fuctor B

(b) ()

Figure 3: Graph of Hopf boundary analogy

Limitations and validation routes are explicit. Direct experimental manipulation of ©, 7, and B in
free—flying flocks is constrained by ethics, logistics, and environmental variability, which complicates
causal tests of the Hopf boundary and curvature cap. We therefore emphasize preregistered small
perturbations in controlled settings where feasible, quasi—experimental species or context contrasts
that leverage natural variation in roll authority and field of view, and proxy observables tightly coupled
to the mechanisms: a spectral marker w, in ®(¢) for the delay—induced onset, and a curvature—speed
envelope giving i, = s%/(gB) for milling feasibility. These routes make the predictions empirically
testable while acknowledging the limits of direct intervention in natural hives.

4 Research Analysis

We analyze flock phases from trajectories and estimate mechanism-level parameters in a delay—aware
state—space setting so that phase maps and statistics are comparable across species and habitats.
Let ;(t) € R® and 4;(t) € S? be position and unit heading of agent i, with center of mass
C(t) = N~'Y, z;(t) and offsets r;(¢) = z;(t) — C(t). Polarization and milling are computed as

(| (ra(t) x ()|
(lr:@I)i + e

®(t) = H}Vﬁ:ai(t)ﬂ el0,1], A(t)= e [0,1].

Fragmentation is summarized by the fraction GCF (t) € [0, 1] of agents in the largest connected
component under the anisotropic interaction graph. A local-global alignment contrast 6®(t) =
Docal (t) — ®(t) flags chimera-like coexistence when it exceeds a sustained threshold §* over a
minimum dwell time; the precise definition is given once in the phase-classification section to
avoid redundancy here. Windowed labels are assigned on blocks of length W as follows. If
meaniecw | GCF(t) < Yrag | > % the block is Fragmented. Otherwise we compute translation and
rotation scores, T'(t) from center-of-mass motion and R(¢) from tangential circulation, and declare
Ordered it T > p R, Milling if R > pT, and Ambiguous otherwise; late-time occupancy with a
switch-density criterion identifies Intermittent.
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Figure 4: ®(¢) and A(t) of each phases.

To obtain boundaries from dynamics rather than hand tuning, we sweep control parameters that shape
hive behavior—reaction delay 7, vision half-angle ©, interaction range R, bank factor B = tan ¢ ax,
alignment gain, angular noise, and boundary conditions. For each setting we simulate, compute
(®, A) after warm-up, and assign a label by the morphology rule above. Given labeled samples
{(Ag, @, )} we tile [0, 1]? and classify each cell by k-nearest neighbors with distance weighting
wj o< d2. The value of K is chosen by repeated stratified holdout to jointly maximize macro-F1 and
a boun(fary—weighted F1 that upweights cells within a fixed geodesic distance from class interfaces.
Distances are Mahalanobis in (A, ®) using the sample covariance from the training fold; when
ill-conditioned, we revert to z-scored Euclidean. We report sensitivity of the Hausdorff distance
between interfaces as K varies in {5,7,9,11}.

To obtain boundaries from dynamics rather than hand tuning, we sweep control parameters ...
compute (¢, A) after warm-up, and assign a label by the morphology rule above.

We represent AVES as a continuous-time, delay—stochastic state—space model,
dX(t) = f(X(1), X(t — 7);0,u(t)) dt + G(0) AW (1), ye = h(X(t)) + e,

where X stacks per-bird states (z, @, s, ¢, E') and u(t) collects exogenous cues. Discretization at the
camera step At augments the state with a ring buffer so the delayed argument can be reconstructed.
Writing ¢ = 7/At and m = [¢], the delayed time ¢, — 7 lies in [tk—m, tk—m+1)- Leta =m — g €
[0, 1); then a second-order accurate reconstruction uses linear interpolation

X(tk—%) ~ (1—a)Xk_m+1 + aXk_m,

with a three-point Lagrange option near sharp turns. The ring buffer implements Z;,1 = So
DAL (Z; 0, up.+1) + > Yk = h(Zy) + £, where S shifts the buffer and @ 5, is the numerical flow.

The transition-observation map is piecewise smooth: it is C'* except on measure-zero sets where bank
saturation or vision-cone clipping switches the active regime. By “differentiable almost everywhere”
we mean exactly this piecewise-C'! property. In smooth regions we use EKF with Jacobians of the
active piece; when regime crossings are frequent or occlusions induce innovation outliers, we switch
to UKF, which does not require explicit Jacobians and is robust to such kinks.

For hybrid or likelihood-free inference we use a rotation/translation-invariant summary vector

S(y) = (®, A, dwell-time distributions across labels, PSD of ®(¢) near w,(6),

curvature-speed envelope of x; = w;S;:/ g).

Dwell times are lengths of maximal contiguous runs of each label after warm-up; we estimate
the survival function and fit candidate families—truncated Pareto and lognormal—by maximum
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likelihood, selecting by KS distance with AIC weights and reporting parameter posteriors via
bootstrap. The curvature—speed envelope is obtained by quantile regression on Y versus time (or
conditioning on high-turn segments), taking the 7, = 0.99 upper quantile curve and summarizing

it by B = quantile g (x); this delivers a robust upper bound on the curvature budget that links
directly to B.

Identifiability hinges on two control groups that shape phase boundaries: the social delay number
S = Ka1ignT, Which sets the Hopf onset in linearization, and the curvature cap wmax = g3 /s, which
limits milling via ri, = s2/(gB). Experimental design proceeds by timing cues to separate S from
kalign, sweeping speed to estimate B from the x; envelope, and perturbing neighbor geometry to
probe © and R. These procedures collectively yield reproducible, mechanism-linked interfaces in the
(A, @) plane, which we exploit in the next section to test predictions and to standardize cross-species
comparisons.

5 Conclusion

AVES links anisotropic perception, finite reaction delay, and bank-limited turning into a compact,
mechanistic control of flock phases. Two nondimensional anchors summarize the logic: the social
delay number S = K,jign 7 that sets a delay—induced Hopf boundary for loss of translational order,
and the curvature cap wmax = gtan¢/s (with B = tan ¢ax and myin = s2/(gB)) that limits
milling feasibility. These quantities convert sensory and biomechanical traits into explicit stability
margins and phase partitions, providing a concise organizing grammar for active collectives beyond
kinematic SPP rules.

We outline actionable pathways from mechanism to practice with concrete validation plans. Conser-

vation monitoring: estimate S and B from stereo-video of migratory flocks using polarization spectra
and curvature—speed envelopes; preregister transects and endpoints (shift in ¢ peak frequency, high-
quantile x; = wyst/g), with success defined by nonoverlapping 95% CIs across seasons. Bird—strike

risk: fuse roadside lidar and video to forecast order loss when St > S for a fixed dwell; evaluate on
held-out flights and a prospective A/B at runways using intervention triggers for deterrents. UAV
coordination: implement orthogonal steering with a bank cap on quadrotors; stress-test in cluttered
motion—capture arenas with gust injection, benchmarking collision rate and path efficiency against
SPP baselines.

We make robustness limits and failure modes explicit. Performance degrades under severe occlusion,
turbulence that violates quasi-steady banking, and fast topology switching; foreseeable failures include
false chimera flags from partial visibility. Mitigations include soft-visibility relaxations, IMU—vision
fusion, gust-aware process noise, and bounded-curvature backoff policies, with guarantees stated in
terms of 7,;, and a required S margin.

Our roadmap specifies implementation details within AVES rather than a list of aspirations. Hy-
dro/aero coupling: add induced velocities via lifting—line/Biot—Savart surrogates on a sparse grid
and differentiate with an event-aware adjoint. Heterogeneous neighbors: support rank/Voronoi
selection under occlusion with GPU BVH queries in O(N log N). Multi-species and nonreciprocity:
model J;; # J;; with a skew—symmetric+low—rank prior; identify asymmetries via timed optic—flow
perturbations and asymmetric alignment step—responses. Scaling inference: use batched EKF/UKF
with autodiff; fall back to SNPE/ABC at bank saturation and visibility switches; release code, data,
and preregistered analyses to ensure replicability.

In sum, S and wy.x provide a minimal, testable interface between organismal constraints and
collective order, and the proposed scenarios, metrics, and computational tools make the ecological
and engineering impacts of AVES directly verifiable.
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Agents4Science Paper Checklist

The checklist is designed to encourage best practices for responsible machine learning research,
addressing issues of reproducibility, transparency, research ethics, and societal impact. Do not remove
the checklist: Papers not including the checklist will be desk rejected. The checklist should
follow the references and follow the (optional) supplemental material. The checklist does NOT count
towards the page limit.

Please read the checklist guidelines carefully for information on how to answer these questions. For
each question in the checklist:

* You should answer [Yes] , ,or [NA].

* [NA] means either that the question is Not Applicable for that particular paper or the
relevant information is Not Available.

* Please provide a short (1-2 sentence) justification right after your answer (even for NA).

The checklist answers are an integral part of your paper submission. They are visible to the
reviewers and area chairs. You will be asked to also include it (after eventual revisions) with the final
version of your paper, and its final version will be published with the paper.

The reviewers of your paper will be asked to use the checklist as one of the factors in their evaluation.
While "[Yes] " is generally preferable to " ", it is perfectly acceptable to answer " " provided
a proper justification is given. In general, answering " "or "[NA] " is not grounds for rejection.
While the questions are phrased in a binary way, we acknowledge that the true answer is often more
nuanced, so please just use your best judgment and write a justification to elaborate. All supporting
evidence can appear either in the main paper or the supplemental material, provided in appendix.
If you answer [Yes] to a question, in the justification please point to the section(s) where related
material for the question can be found.

IMPORTANT, please:

* Delete this instruction block, but keep the section heading ‘“Agents4Science Paper
ChecKklist",

* Keep the checklist subsection headings, questions/answers and guidelines below.

* Do not modify the questions and only use the provided macros for your answers.

Agents4Science Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The abstract and introduction clearly state a continuous-time mechanistic
framework (AVES) with anisotropic vision, finite reaction delay, bank-limited turning with
a curvature cap, energy-constrained speed control, orthogonal steering, phase discriminants,
and an inference program; these are developed in the body with formal equations, order
parameters, and analysis.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]

Justification: The paper explicitly discusses practical and methodological limits (e.g.,
ethical/field constraints on manipulating vision, delay and bank; occlusion; turbulence;
topology switching) and proposes concrete validation routes and mitigations.

3. Theory assumptions and proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?
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10.

Answer: [Yes]

Justification: Assumptions are stated (orthogonal steering projection, linearized roll dy-
namics, fixed anisotropic kernel, small-delay expansions), and the dispersion/Hopf onset
and curvature-limited milling threshold are derived with numbered equations and cross-
references.

. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the
main experimental results of the paper to the extent that it affects the main claims and/or
conclusions (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: The paper specifies simulation/inference details (delay-aware ring buffer, dis-
cretization step, integrators, summary statistics, classification workflow, sensitivity analyses)
sufficient to reproduce the key results.

. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer:

Justification: The draft outlines planned release (code, data, and preregistrations) but does
not yet include a repository link or a reproducible environment in the supplement; these will
be added upon camera-ready.

. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]

Justification: The paper documents numerical schemes (EKF/UKF switching, step size
tied to frame rate, interpolation for delayed states), statistics windows, labeling rules, and
validation criteria (macro-F1, boundary-weighted F1).

. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [Yes]

Justification: The analysis uses posterior/CI summaries, bootstrap for dwell-time distribu-
tions, KS/AIC-based family selection, and sensitivity of phase boundaries to K (k-NN) and
metric choice.

. Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the
computer resources (type of compute workers, memory, time of execution) needed to
reproduce the experiments?

Answer:

Justification: Hardware, runtime, and memory footprints are not yet listed; we will include
CPU/GPU models, core counts, RAM, and per-sweep runtimes in the appendix.

. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
Agents4Science Code of Ethics (see conference website)?

Answer: [Yes]

Justification: The work is theoretical/simulation-first; proposed field protocols emphasize
permits, minimal disturbance, and appropriate controls.

Broader impacts

10



374 Question: Does the paper discuss both potential positive societal impacts and negative

375 societal impacts of the work performed?

376 Answer: [Yes]

377 Justification: The paper outlines positive applications (conservation monitoring, bird-strike
378 risk management, resilient UAV coordination) and anticipates failure modes/risks with
379 mitigation strategies.

11



	Introduction
	Model Formulation
	Phase classification and Hive dynamics
	Research Analysis
	Conclusion

