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Abstract—As eusocial creatures, bees display unique macro
collective behavior and local body dynamics that hold potential
applications in various fields, such as computer animation,
robotics, and social behavior. Unlike birds and fish, bees fly in
a low-aligned zigzag pattern. Additionally, bees rely on visual
signals for foraging and predator avoidance, exhibiting distinctive
local body oscillations, such as body lifting, thrusting, and
swaying. These inherent features pose significant challenges to
realistic bee simulations in practical animation applications. In
this paper, we present a bio-inspired model for bee simulations
capable of replicating both macro collective behavior and local
body dynamics of bees. Our approach utilizes a visually-driven
system to simulate a bee’s local body dynamics, incorporating
obstacle perception and body rolling control for effective collision
avoidance. Moreover, we develop an oscillation rule that captures
the dynamics of the bee’s local bodies, drawing on insights
from biological research. Our model extends beyond simulating
individual bees’ dynamics; it can also represent bee swarms
by integrating a fluid-based field with the bees’ innate noise
and zigzag motions. To fine-tune our model, we utilize pre-
collected honeybee flight data. Through extensive simulations
and comparative experiments, we demonstrate that our model
can efficiently generate realistic low-aligned and inherently noisy
bee swarms.

Index Terms—Bio-inspired, bee simulations, inherent noise,
zigzag patterns, insect swarms, crowd simulation, data-driven
calibration.

I. INTRODUCTION

FOR decades, the simulation of living creatures has been
a critical area of research. Numerous models have been

developed to portray the collective behavior of various living
creatures, leading to advancements in fields such as computer
animation, robotics, and social behavior analysis. Researchers
have aimed to create realistic simulations by adhering to
the innate rules governing the behavior of social animals.
Examples of fascinating collective behavior can be found in
insects [1], fish [2], birds [3], herds [4], and humans [5].

Bees, classified as eusocial species, display remarkable
collective behavior and intricate local body dynamics. They
exhibit cooperation in tasks such as food foraging and predator
defense and demonstrate intriguing zigzag dances in the air,
which is a noisy behavior characterized by repeatedly flying
towards a target based on visual cues [6]. Prior research has
employed basic interaction rules to simulate highly aligned
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animals, like fish and pigeons [7], [8]. However, generating
realistic simulations of bees remains a challenging problem,
particularly when considering both local body dynamics and
macro motion simulation, due to the following factors: (i) In
contrast to highly aligned flying creatures, bees and wasps
exhibit a low-aligned tendency to aggregate into a swarm. (ii)
The well-known zigzag pattern is still enigmatic and proves
difficult to simulate efficiently. (iii) Bees detect obstacles based
on visual cues and perform high maneuverable body rolls to
avoid them. As a result, these challenges make it difficult
to achieve realistic simulations of low-aligned and noisy bee
behavior, as well as their motion dynamics. The terminology
low-aligned means that, each member in a group has relatively
independent behavior, such as abrupt turns and spiral motion,
which arise from inherent noise. In contrast, individuals in
high-aligned crowds, such as birds and fish, often adhere to
their neighbors’ velocities.

To tackle the aforementioned challenges, we propose a bio-
inspired bee simulation model that simultaneously simulates
both the microscopic and macroscopic motion of bees. At the
microscopic level, we employ a visually-driven algorithm for
bees to detect obstacles and devise efficient local rules for
their body rolling motion when evading obstacles. Moreover,
drawing on existing biological research, we establish an oscil-
lation rule to represent the local body dynamics of bees. At
the macroscopic level, we develop a fluid-based field model
to capture bees’ inherently noisy and misaligned behavior.
Specifically, we utilize a curl-noise field combined with a
repulsion force from a fluid model to enhance the local body
dynamics and zigzag characteristics of bees. Additionally, the
repulsion force helps overcome the limitations of the curl-noise
field, a position-based dynamics method that neglects the body
size of the bee. Lastly, we define several metrics for the opti-
mization of our model based on a publicly available honeybee
flight motion dataset. To the best of our knowledge, we are the
first within the computer graphics domain to concentrate on the
realistic simulation of bees, including bee swarms. As shown
in Figure 1, our bee simulation model enables the efficient
simulation of previously unseen phenomena.

Our main contributions are summarized as follows:
• Building on biological findings, we develop a body os-

cillation model to reproduce the typically observed local
body dynamics of bees, specifically lift, thrust, and sway.

• We introduce a visually-driven method for simulating
individual bees’ microscopic level motion, including ob-
stacle sensing and roll-to-avoidance behavior.

• We demonstrate that the motion dynamics of bees sim-
ulated by our approach can be effectively incorporated
with fluid models to simulate highly realistic bee swarms
in various natural settings.
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Fig. 1. Our bee simulation model enables the fast simulation of previously unseen phenomena, such as (a) a bee’s smooth body oscillation trajectory, (b)
visually-based obstacle sensing and roll-to-avoidance motion, and (c) a low-aligned and inherent-noisy bee swarm.

The remainder of this paper is structured as follows. Section
II summarizes previous collective behavior simulation works
that are highly related to this work. Section III describes our
method. The details of our model, including local dynamics
and macro motion simulations, are presented in Sections IV
and V, respectively. In Section VI, we discuss optimization
of the model parameters. Sections VII, VIII, and IX present
various simulation results, quantitative evaluations, and con-
clusions, respectively.

II. RELATED WORK

Generally, collective behavior simulation models can be
categorized into two types [9]: microscopic and macroscopic.
While microscopic simulations focus on individual local body
dynamics, macroscopic models emphasize the overall motion
of individuals. In this section, we briefly review recent collec-
tive behavior simulation works that are highly related to our
work. For comprehensive review on general crowd simulation,
please refer to the recent surveys [10], [11].

Macroscopic simulation models. Macroscopic simulation
studies focus on generating plausible motion, assuming that
individuals are driven by a vector field [12], [13]. The motion
of an individual is purely dependent on its position in this field.
Narain et al. [14] introduced a novel variational constraint
called unilateral incompressibility to model large-scale behav-
ior of dense crowds, and to accelerate inter-agent collision
avoidance. Golas et al. [15] proposed a hybrid technique for
crowd simulation to accurately and efficiently simulate crowds
at any density with seamless transitions between continuum
and discrete representations. However, unlike humans, birds,
and fish, insects tend to exhibit low-aligned behaviors, such
as abrupt turns and spiral motion, which arise from inherent
noise rather than highly aligned movement. The procedural
curl-fluid model [16], also known as the curl-noise model,
has been utilized to simulate insect aggregation and positive
phototaxis [17]. This vector field based approach has also been
extended for special effects animation for insects [18], [19].
However, existing macroscopic models struggle to accurately
depict local body dynamics for individual insects, such as body
oscillation (including vertical lift, sway, and thrust) [20], [21],
[22]. This is particularly true for eusocial insects like bees,
which exhibit unique zigzag dynamics [6] or visually-based
obstacle avoidance behavior [23]. Our work aims to address
these shortcomings.

Microscopic simulation models. Microscopic simulation
models aim to replicate each individual as accurately as pos-
sible. Every agent updates its velocity based on neighboring
agents, observed obstacles, and certain local behavior rules.
The seminal Boids model [7] established three fundamental
rules for simulating highly aligned animal groups: repulsion,
alignment, and attraction. Later, many variations or extensions
of the Boids model have been developed [24], [25]. Couzin
et al. [8] proposed a similar rule-based model for simulating
highly-aligned insect motion. Moreover, the self-propelled
particle model [26] was also used to represent individual
autonomy within a swarm.

Numerous microscopic approaches have been proposed to
simulate realistic flying creatures, including butterflies [27],
flapping birds [28], [29], dragonflies [30], and other flying
creatures [31], [32]. For example, parameterized microscopic
models characterize the interaction between the wingbeat
and the body of an insect using parameterized techniques
[27], [33]. To simulate the local body dynamics of a flying
insect, the interaction between the wingbeat and the body
is simplified as harmonic oscillations, with a periodic ma-
neuvering function controlling the wings and body rotation
[33]. The parameterized body control algorithm also takes
into account environmental factors, such as wind and rain,
to produce captivating real-time flying butterfly simulations
[27]. By employing a proportional derivative (PD) controller,
machine learning methods have been developed to simulate
realistic wing-flapping motion in birds [28], [29]. In an effort
to enhance the accuracy of local body dynamics, the moment
of inertia of the abdomen is also considered [34]. However,
these simulation models fall short in depicting the zigzag flight
characteristic of insects such as bees and mosquitoes [35].

In this work, we apply the curl-noise force, which shares
a similar idea with the vortex force used in [27], to produce
dynamic flight trajectories. It should be noted that their model
mainly solves the parameterized maneuvering functions for
butterfly flight simulations, but it cannot be directly used
to simulate bee swarms, because the applied curl-noise field
cannot present the zigzag characteristics. In this work, by
integrating a designed oscillation force and an introduced
fluid-based pressure force, our model can achieve smooth bee
flight trajectories. Furthermore, our method can also obtain
overwhelming priories on agent-agent avoidance in dense
scenarios compared to the curl-noise field used in [27].

Data-driven swarm simulations. In the field of biome-
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Fig. 2. Schematic illustration of our approach. Our model simulates bee dynamics at both the microscopic and macroscopic levels. A bee’s microscopic level
motion consists of local body oscillation and visually-based roll-to-avoidance behaviors, both of which are common among flying insects. We create a fluid
simulation-based model for macro-level motion simulation that takes into account both the inherent noise and zigzag characteristics of bees. In addition, the
parameters in our model are calibrated using real data via a genetic algorithm.

chanics, numerous meticulously designed experiments have
been carried out to capture the swarm trajectories of various
flying insects, including midges [36], [37], fruit flies [38],
honeybees [39], and others. These experiments aim to analyze
the motion patterns of swarms. Recently, data-driven models
for swarm simulations have been proposed using publicly
available datasets of flying insects. However, due to the con-
siderable technical challenge for a large-scale motion dataset
for flying insects over time [40], existing swarm motion data
is typically limited to a small space or scale. Consequently,
employing learning-based methods rather than data-driven
approaches for general swarm simulations becomes difficult
[1]. Some data-driven simulation models emulate typical flying
insect behaviors, such as smooth trajectory creation [41],
agent-agent interaction [42], and noisy-behavior representation
[43], by using velocities and accelerations extracted from real-
world data.

Bee simulations. A large number of honeybees fly in front
of a hive entrance, forming complex routes and a “bee cloud”
[44]. Previous studies have shown that honeybees can maintain
hovering flights or turn rapidly by adjusting the flapping
amplitudes and average flapping angles of wings [45], [46].
They can also decelerate skillfully in appropriate ways to
maintain their centrifugal forces, avoiding collisions with other
bees in a “bee cloud” [44]. Bees show cooperation in tasks
such as food foraging and predator defense and demonstrate
intriguing zigzag dances in the air, which is a noisy behavior
characterized by repeatedly flying toward a target based on
visual cues [6]. Furthermore, the local body movement of
bees presents oscillation features when they flap with air
[47]. These existing studies show that honeybees have great
self-control and maneuverability during flight, and thus form
special collective behaviors.

III. OUR MODEL

Our model concentrates on both the local dynamics of
bees and the macroscopic behavior of their zigzag patterns.

Examples of a bee’s local dynamics include body oscillation
and visually-based roll-to-avoidance motion. Body oscillation
refers to the periodic vertical shift of body position from
its mean motion, which occurs due to the attempted wing
flapping, as the body sways and propels forward. Visually roll-
to-avoidance motion implies that bees utilize visual cues to
detect obstacles and then roll in the opposite direction to fly
around them. A bee’s macroscopic motion is characterized by
a low-aligned, zigzag flight pattern, primarily generated during
the process of repeatedly approaching a target. Abrupt turns
[48] and spiral forward motions [49] exemplify low-aligned,
inherent-noisy motions.

Our mesoscopic approach, as illustrated in Figure 2, simu-
lates both microscopic body dynamics and macroscopic level
group motion. Drawing on biological findings, we introduce
a microscopic oscillation method to simulate body lift, thrust,
and sway, as well as a highly efficient method for obstacle
detection and roll-to-avoidance simulation based on a visually-
driven algorithm (refer to the oscillation force Fo defined
in Section IV-A). For macroscopic level group motion, we
incorporate a curl-noise field at the macroscopic level to
simulate the low-aligned and inherently noisy motion of a
bee swarm (refer to the curl-noise force Fcurl defined in
Section V-A). Moreover, we employ a fluid model repulsion
force to simulate the zigzag motion associated with repeatedly
approaching a target and to prevent agent-agent collisions
(refer to the repulsion force Frepul defined in Section V-B).
We define several metrics to automatically optimize the key
parameters in our model by applying a genetic algorithm based
on an available bee flight dataset.

To balance the bee’s local dynamics and macro noisy behav-
ior while maintaining zigzag motion and agent-agent collision
avoidance, we weight the oscillation force Fo (Section IV-A),
the curl-noise force Fcurl (Section V-A), and the repulsion
force Frepul(Section V-B) as follows:

F = �1Fo + �2Fcurl + �3Frepul; (1)




