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Simulation of the collective
behaviour of flocking sheep to a
herding dog
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Collective behaviour course research seminar report

This project investigates collective behaviour in sheep flocks interacting with a herding dog. We
will reimplement the model from Collective responses of flocking sheep (Ovis aries) to a herding
dog (border collie) in Python, supported by a visual simulation of flock—dog dynamics. After re-
producing the published results, the model will be extended with alternative herding strategies,
including driving, collecting, and flanking, to compare their influence on flock cohesion and
movement. Additional experiments will introduce environmental obstacles to observe how spatial
constraints affect efficiency and group organization.
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Collective behaviour is a common phenomenon in animal groups, where individ-
uals coordinate their actions to form patterns that appear guided by collective
intelligence emerging at the group level. This project focuses on the interaction be-
tween a flock of sheep and a herding dog, where the dog displays elements of predatory
behaviour while the sheep, responding as prey, move collectively to maintain cohe-
sion and avoid perceived threats. Our work is based on the paper by Jadhav et al. [1],
which we reimplement in Python and extend with real-time visualization of the simu-
lated behaviour.

We first ran the MATLAB code provided with the paper and verified that our re-
sults matched those reported by the authors. These results serve as a baseline to com-
pare and study the accuracy of our own implementation. Additionally, we conducted
an overview of related research in the field of collective behaviour and herding dynam-
ics and present our findings.

Related work

Research on collective behaviour in animal groups can be broadly grouped into three
types of models: agent-based models simulate each individual separately, contin-
uum (hydrodynamic) descriptors treat the group as a fluid-like medium described
as density and velocity fields, and control-theoretic approaches are where groups
are modeled and analyzed using principles of feedback and optimization. Early flock-
ing models relied on local attraction, repulsion, and alignment rules and showed that
simple interactions between nearby neighbours can generate cohesive and coordinated
group motion.

Jadhav et al. [1] introduces an agent-based model in which a flock of sheep collec-
tively reacts when being herded by a trained dog. Even though the dog approaches
the flock from behind, the analysis of real trajectories shows that sheep at the front
tend to initiate directional changes and that these changes then propagate backwards
through the group. On longer time scales, the dog adapts its motion to the collective
movement of the flock rather than tracking single individuals.

Other studies explore different aspects of the shepherding problem. Strémbom et
al. [2] proposes a minimal rule-based model based on switching between collecting
dispersed individuals and driving a cohesive group. Their minimal rule set is enough
to generate the familiar zigzag pattern that real trained sheepdogs display. Liu et
al. [3] extend such rule-based methods and apply them to robotic shepherding guid-
ing a swarm of agents. They break the problem into stages: first grouping the swarm
into subclusters, then determining an efficient herding order by using a travelling-
salesperson formulation, and finally planning collision-free paths in real time. The
result is a system that can handle situations where simple reactive rules fail. Nalepka
et al. [4] look at humans performing a simplified shepherding task in a virtual envi-
ronment. Instead of coding rules, they study patterns that emerge when pairs of two
people try to herd moving agents together.

Taken together, these studies outline three complementary perspectives on shep-
herding: minimal rule sets that capture core behavioural patterns, planning-based
strategies for challenging environments, and human-in-the-loop approaches that high-
light how people naturally coordinate in herding tasks.
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Methods

The model contains two types of agent: sheep and a steering agent (the dog). Sheep
interact through short-range avoidance, longer-range attraction, and local alignment
with a limited set of neighbours. The dog applies an effective repulsive pressure from
behind the flock while moving laterally, which generates the zigzag driving motion
described in the paper [1].

Quantification of the flock. Consider the group barycenter (or centroid) of the sheep

flock by: v
Tu(t)= (/N Ti(t)

Then, we define group cohesion C and group polarization P as:
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where Ui (vl, v},) is the velocity vector, v;(t) =|| T i(t) || the speed of an individual i
and dp; =|| 7:(t) — 7 (t) || the distance between the barycenter and i.

The sheep. At a given time " the sheep i is located at 77 and moves to 7?“ given

by
PN =TI,

where € (¢7*!) is the unit vector in the direction of ¢7' and [ is the length traveled
during this period. The sheep’s heading angle during a n + 1-th step is modeled with
a weighted additive combination of the previous time step vector director (?((ﬁ)), an
additive noise (./T)/' in) and the vectors corresponding to the external social interaction

(?:Ozal) between sheep and the repulsion from the dog (ﬁ;(:;)
n+1 n ,mn ,mn —n
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The sheep’s social interactions are modeled by finding a limited number of its near-
est neighbours (k), where only a random few of those have an impact on the sheep’s
behaviour. The social interaction is then modeled by randomly choosing (nat) of
these neighbours which contribute equally to the strength of attraction (S4,,), and a
number na;; < nawt, sampled randomly from the nay attracting ones, which act on
the alignment of the sheep (S%,;), each with the same intensity. Finally, the sheep is
repulsed by every sheep closer than a distance drep with the same intensity. We define
each social interaction as follows:

7
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where watt, WAL, WRep are corresponding positive weights.
When the dog is closer than a distance Rp, the sheep is repulsed by:

ﬁi - —w ?Dog - ?z
T [ T~ T I

where wpog is a positive weight, ?Dog the dog’s position, and 7, the sheep’s posi-
tion.

The dog. At each time step, the dog’s position is updated towards a point Pgyive such
that the flock’s barycenter B lies between Pg,ive and the herding target T'. If an indi-
vidual sheep S; separates from the flock by more than a distance ls¢p, the dog has to

make it return to the group by moving the Py iy in the same way but considering the
flock’s barycenter as the target and S; the sheep to be driven. We can define the point
Pdrivc as:

% - ldrive H?:%H if R S lsep7

T Parive = -
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where 7" is the most distant sheep from the barycenter.
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Results

Running the author’s MATLAB code produces the same behaviour reported in the
reference study. The simulated flock remained compact, maintained high polarization
while moving, and consistently moved so that dog was behind the group’s centroid.
The characteristic zigzag lateral movement of the dog, a central feature of the model
also appeared in our runs as well. Our Python implementation reproduces the be-
haviour reported in the study. Cohesion, elongation, and polarization all fall within
roughly same distributions as in the paper, even if the exact shapes and values differ
slightly.
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Figure 1. Cohesion, elongation and polarization in Python implementation.

In our simulations (Fig. 1), group cohesion starts low and raises when sheep are
collected and herded. This matches pattern reported in the paper. Elongation in
our model also follows the same trend: the group tends to be wider than it is long,
so the distribution peaks below 1. In the paper, the elongation distribution peaks
around 0.8 and decays smoothly. Our distribution shows the same behaviour but with
a broader spread. Finally polarization shows that the flock spends most of its time
highly aligned. The paper reports a sharp peak near 0.9—-1. Our distribution has the
same shape but more variation at low and intermediate values.

Although our results do not match the paper exactly, they remain closely correlated
across simulation runs. The slight discrepancies may simply reflect the random initial
position setup rather than any substantive change in behaviour.

We extended model by introducing an explicit target point toward which the flock
is herded. The original MATLAB implementation, the dog implicitly steers the flock
along the line from the origin through the flock’s barycentre.

Finally, we tested a simple multi-dog extension in which additional dog is added
without any coordination mechanisms. The dogs do not perceive one another, share
intention or adapt their strategy. Each follows exactly the same rule set as in the
single-dog case, and the sheep respond to each dog purely through local repulsion.
Even under these minimal changes the flock reaches the target faster with two dogs
(Fig. 2). The reduction in time appears to be result from the increased pressure ap-
plied to the flock, which reduces spreading and shortens collecting phase. Because the
dogs are unaware of each other, their actions can overlap and interfere, so this could
be further improved.
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Figure 2. Time required for the flock to reach the target when herded by either one or two dogs.
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Tick: 48

Figure 3. Example screenshot of the Python real-time visualizer.

Lastly, for easier development, we implemented a real-time visualizer that renders
all agents on a grid and allows interactive panning, zooming, pausing and control of
the simulation speed. Additionally it allows you to set target position for sheep herd.
An example of the interface is shown in Fig. 3.

Discussion

The project is progressing as planned. We reviewed the relevant literature and evalu-
ated the baseline MATLAB implementation, successfully reproducing the behaviour
reported by Jadhav et al. [1]. Slight deviations in our results appear to be from differ-
ences in initial setup.

We extended the model by introducing an explicit target point, which provides
more flexible control over flock movement while preserving the core dynamics of the
reference implementation.

We also tested simplified two-dog extensions. Even though the dogs act indepen-
dently and share no strategy the additional dog already reduces the time required for
the flock to reach the target.

Finally, we developed a real-time visualizer that displays agents throughout the sim-
ulation. This tool makes it easier to inspect behaviour, verify implementation details
and support further development.

CONTRIBUTIONS. ML worked on the base Python implementation and Introduction, Related
work and Methods part of the report, KP added dog behaviour, explicit target point, visual-
izer, wrote Results and Discussion part.
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