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understanding collective motion
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- Collective behavior in animals

* Across species & ecological contexts
* Serving a function or side-effect

» With underlying involved cognition







How do spatio-temporal

patterns of collective
behaviour emerge?




“The zoologist is delighted by the differences between
animals, whereas the physiologist would like all

animals to work in fundamentally the same way.”

-Alan Lloyd Hodgkin (1914 - 1998)




“The biologist is delighted by the differences between
groups
animél\f whereas the theoretician would like all

-apiamals to work in fundamentally the same way.”
collectives

-Alan Lloyd Hodgkin (1914 - 1998)
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The Swarm-Verse

Multidimensional spaces for comparative
investigation of collective motion

A quantifiable & predictive framework to
understand intra- and interspecific variation
A
A
<7 = vv .
Our Concept >
Papadopoulou M., Garnier S., King AJ. (In prep.) >
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The Swarm-Verse

Multidimensional spaces for comparative
investigation of collective motion

A quantifiable & predictive framework to
understand intra- and interspecific variation
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Stickleback fish
(Gasterosteus aculeatus)

: 1
Lab experiments *

P Pilot Datasets

Goats

*‘ Georgopoulou DG et al. (2022) Behav. Ecol. (C&lp?’&l aegagrus hircus)
*= Sankey DWE et al (2021) Curr. Biol.

*3 O’Bryan LR, (2019) Front. Ecol. Evol.

: %3
** Bracken AM et al (2022) Proc. R. Soc. B Free ranging

Homing pigeons
(Columba livia)

Field experiments *2

Chacma baboons
(Papio ursinus)

Foraging **



Step 1.
Events of
collective motion

Coordinated motion # Disorder
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Papadopoulou et al. (2023) Philos. Trans. R. Soc. B



Step 1.
Events of
collective motion

Polarization

Coordinated motion
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Papadopoulou et al. (2023) Philos. Trans. R. Soc. B



Step 1.
Events of
collective motion

. : 0.75
~ 300 events across species T1me.
proportion 05
in collective 0.25 -
motion O | "e— —*

rE=n. 5 3

Papadopoulou et al. (2023) Philos. Trans. R. Soc. B



Step 2.
Collective motion
properties

Speed, Polarization, Shape

- Group level (average + temporal variation)

Papadopoulou et al. (2023) Philos. Trans. R. Soc. B



Step 2.
Collective motion

properties

Speed, Polarization, Shape

- Group level (average + temporal variation)

- Pairwise NND, bearing angles, frontness
(group average, within-group variation, temporal
variation of group average)

Papadopoulou et al. (2023) Philos. Trans. R. Soc. B



10 metrics that describe the
collective motion of an event

| N

Step 2.
Collective motion

e,

Tt 0d 03 [~=r v ru fa 14

properties

Speed, Polarization, Shape

- Group level (average + temporal variation)

- Pairwise NND, bearing angles, frontness
(group average, within-group variation, temporal

variation of group average)
Papadopoulou et al. (2023) Philos. Trans. R. Soc. B



10 metrics that describe the
collective motion of an event

Dimensionality

reduction

» Principal Component Analysis

» t-distributed stochastic neighbour
embedding (t-SNE)

Papadopoulou et al. (2023) Philos. Trans. R. Soc. B
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Swarm Space (PCA)

Variation between and within species

O Zticklebacks & Pgeans 4 Gosls & Dahoans
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Papadopoulou et al. (2023) Philos. Trans. R. Soc. B




Swarm Space (PCA)

Variation between and within species
INnternal structure

Papadopoulou et al. (2023) Philos. Trans. R. Soc. B



Swarm Space (PCA)

Variation between and within species
Self-organizéeiaet eotecegiosrontent)

Papadopoulou et al. (2023) Philos. Trans. R. Soc. B



Swarm Space (PCA)

Variation between and within species

Self-organized effects (e.g., locomotion)

Continuous Motion

N L
h—lf-/*hi;- \;ﬂ

- Avoid by turning

Papadopoulou et al. (2023) Philos. Trans. R. Soc. B
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Individual Heterogeneity
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Individual Heterogeneity

MORPHOLOGY

* Activity level
* Boldness
* Sociability
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= Case study -
Swimming with the RoboFish

= Shoals of Amazon mollies

(Poecilia formosa): genetically identical
sisters

= Robin the Robofish:
- Resembling body shape/size of mollies
- Pre-programmed

Bierbach et al. (2017) Nat Commun | Bierbach et al. (2018) R Soc Open Sci




pom T

Phase 1:
Robofish + 1 molly

Sociability Assessment

g g e

» Experiments X

(24 individuals) 'i: f'j
S
v

Papadopoulou M et al. (In prep)
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Phase 1: Phase 2:

Robofish + 1 molly Homogeneous groups
of 3-8 mollies

Sociability Assessment
Collective Motion

» Experiments
(24 individuals)

Papadopoulou M et al. (In prep)

Papadopoulou et al. In prep.
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Phase 1: Phase 2:
Robofish + 1 molly

Homogeneous groups

Sociability Assessment of 3-8 mollies

Collective Motion

» Experiments o || e
(24 individuals) e = yﬁ'ﬂ
P, Bt

Phase 3:
Heterogeneous groups
of 3-8 mollies

Collective Motion

Papadopoulou M et al. (In prep)

Papadopoulou et al. In prep.
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Phase 1: Phase 2:
Robofish + 1 molly

Homogeneous groups
Sociability Assessment of 3-8 mollies

Collective Motion

» Experiments ni D n i
] 1711 i '.'-"522 e ) =,
(24 individuals) g, P " | | e s D

Phase 3: Phase 4:
Heterogeneous groups Robofish + Groups

3-8 molli
of 3-8 mollies Social influence

Collective Motion assessment

Papadopoulou M et al. (In prep)

Papadopoulou et al. In prep.



Group composition &
Dynamics of collective motion

How do the levels of heterogeneity and sociability
affect the characteristics of collective motion?




Group composition &
Dynamics of collective motion
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Group composition & Leadership

Can individual sociability explain group
attraction to the Robofish?

High Low




Individual Heterogeneity

MORPHOLOGY

G PERSONALITY

SOCIAL STRUCTURE

e Preferred associations
e Dominance hierarchies
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= = Case study-
Decision making in baboons

 Chacma baboons (Papio ursinus):
1. De Gama troop in South Africa*!

2. Tsaobis troop in Namibia
(Lisa O'Bryan, Tsaobis Baboon Project)

Olive baboons (Papio anubis)
3. Mpala Research Centre in Kenya*

What is the effect of the underlying social
structure on the dynamics of collective motion
and decision-making?

*Lgracken et al. (202]) IntJ Frimatol | *? Strandburg-Peshkin et al. (2015), Science

"::"-.u- L ) AL ‘Ir. ya
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= Collective escape in
bird flocks

~ the RobotFalcon
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©  Case studies -
Escaping the RobotFalcon

* A. Pigeons * B. Starlings
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Trajectories of both
predator and prey
during airborne
pursuit

"4

C laines
Papadopoulou et al. 2022 R.Soc.Open Sci.

Dan Sankey
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4

Emphasize predator avoidance rather

| -? than aligning when closer to the threat
B Aipn with neighbours
B Tum away freem RabotFaleon
T Small focks Large flocks

*.ﬁ* N = 27-34

P Cefress Current Blodogy

Decision culcome (%)

Hipor

Abempe of Yselfigh herd™ dynamics
In Gibrdl TRC RS Lndar Thiaat
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S0 40-50 30-10.20-30 1020 =10 S0-60 40-50 30-80 30-30 10-20 =10
Distance o predator {m) Distance to predator (m}



A

< 5 An agent based
- ‘model of pigeons: &

HoPE W 'm _

* Pattern-oriented modelling:

Midassar Xons

H-
=t
Fluve cornplexsily
. ! Fulipls .
SPehens Pamorns 2 D

Grimm et al. (2005) Science Papadopoulou et al. (2022) PLoS Comput. Biol.
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1. Social Influence

opological neighbours

Papadopoulou et al. (2022) PLoS Comput. Biol.
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1. Social Influence

Topological neighbours
Interaction rules (pseudo-forces) ‘

ttraction
Alignment

Avoidance

Papadopoulou et al. (2022) PLoS Comput. Biol.
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1. Social Influence

Topological neighbours
Interaction rules (pseudo-forces) ‘

ttraction

Alignment - Coordination

Avoidance oise

Papadopoulou et al. (2022) PLoS Comput. Biol.
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2. Escaping

Predator avoidance

ttraction Escape
Alignment - Coordination
Avoidance oise

Papadopoulou et al. (2022) PLoS Comput. Biol.
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3. Locomotion

Flight control
ttraction Escape
Alignment - Coordination
Avoidance oise
eturn to cruise speed .
Sankey et al. (2019) Anim.Behav. | Papadopoulou et al. (2022) PLoS Comput. Biol.
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3. Locomotion

Flight control
Individual variation
ttraction Escape
Alignment - Coordination
Avoidance oise
eturn to cruise speed

Sankey et al. (2019) Anim.Behav. | Papadopoulou et al. (2022) PLoS Comput. Biol.



b !-_-'l_—l_-'_:——-._l _‘ﬂ

.yf-' -

3. Locomotion

Flight control
Individual variation
ttraction Escape
Alignment - Coordination
Avoidance oise
eturn to cruise speed

Sankey et al. (2019) Anim.Behav. | Papadopoulou et al. (2022) PLoS Comput. Biol.
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4. Species-specific

rules

- According to inferred interaction
rules from empirical data

cceleration-based attraction
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Pettit et al. (2013) J.R.Soc.Interface | Papadopoulou et al. (2022) PLoS Comput.Biol.
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4. Species-specific
rules

- According to inferred interaction
rules from empirical data

cceleration-based attraction

Pettit et al. (2013) J.R.Soc.Interface | Papadopoulou et al. (2022) PLoS Comput.Biol.



4. Model
validation

- Calibrate parameters
based on 3 metrics

HoPE

Pigeons
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Grimm et al. (2005) Science | Papadopoulou et al. (2022) PLoS Comput.Biol.
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1. Predator avoidance

Emphasize predator avoidance rather than
aligning when closer to the threat
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] Align with flock
B Away from predator

1. Predator avoidance
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1. Predator avoidance

<
¢

Y Emergent property, not individual rule.

£

Empirical data Computational model
100 -
] Align with flock
B Away from predator - g
50 N M [
Turning B _ B
frequency (%) n
25
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Consensus measurement 1 . Predat()r aVOidanCQ

escape direction

A. Reaching consensus

Consensus
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Predator avoidance No predator-avoidance
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Distance to predator (m)



1. Predator avoidance

A. Reaching consensus B. Group shape & coordination

111 (m)

- Oblong shape:
centroid aligned with flock’s
heading

alignment

- Wide shape:
centroid towards escape e
direction

uorjoeije
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1. Predator avoidance

Not a distance-

dependent behavior! * Grouping individuals save cognitive costs of

minding the predator’s position

A self-reinforcing
effect of collective
turning
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2. Collective patterns
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2. Collective patterns
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- Escape Manoeuvre & Initiators
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Initiator
characteristics
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2. Collective patterns

- Escape Manoeuvre & Initiators
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Collective turns Splits



Initiator

characteristics A

edge & fast individuals
split more
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3. Collective turning

Turning tendency specifics:

v W

ColT Model

-
gl S R T |

CAMaskan darred =listhys surns
ifi Eerd Maasis drds procal Gn

=
d

! I T R TR o | WRET T



ColT Model 3. Collective turning
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3. Collective turning

How quickly Diffusion ~ Predator confusion
pigeons change
their neighbours?

Flock size: Small = Laree

50% -
30% +

10%

Limae 5

T
o |

CAMuEon dudng coloctie [Ims SIOWQI' than starlings
in Eard Mo vk dncch fedaticdn
(20% vs 40% per sec, Cavagna et al. 2015)



3. Collective turning

Which interaction Diffusion ~ Predator confusion
properties affect % of neighbours changed every 3 s

diffusion? . ]
80% !
6 N |

e |4 g | 1\\,sz
20% .

- !
w H. ‘ ’_ ‘

1
: ;
i i N |

Tivwies | — e Interacting neighbours

wed I

Reaction frequency (1/5)

CAMusian cadrg oolochiue tans
in Erd Mo cs dnech padaticd

More and frequent interactions lead to higher predator confusion




3. Collective turning

Which interaction Diffusion ~ Predator confusion
properties affect % of neighbours changed every 3 s

diffusion? . ]
80% !
6 H |

e |4 g | 1\\,sz
20% .

- !
w H. ‘ ’_ ‘

: T | 1!
Toewien ) e Interacting neighbours Reaction frequency (1/8)

wed I

CAMusian cadrg oolochiue tans
in Erd Mo cs dnech padaticd

* Advantages of predation-induced behavioural changes



©  Case studies -
Escaping the RobotFalcon

- B. Starlings
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- Starlings escape

Robert Musters (Rorlight — avibird.com)

Storms et al. (2019) Beahav.Eco.Sociobiol.



e Empirical data
" Rob he Starli
== Robert & the Starlings
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Papadopoulou et al. (2024) In prep.



113D 2 | Behavioural units 3 | Co-occurrence of patterns
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Species-specific
adjustments

- Escape manoeuvres

1. Level turn

2. Dive

Papadopoulou et al. (2024 ) In prep.
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Species-specific
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Density (b) vs orientation (c) wave
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- Visualization

Hemelrijk et al. (2015) Behav Ecol Sociobiol



A

== Collective motion in StarEscape

Papadopoulou et al. (2024 ) In prep.



Collective

escape patterns

Papadopoulou et al. (2024 ) In prep.



S-v4

Hysteresis

Papadopoulou et al. (2024 ) In prep.
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witrt ew - Quantitative collective
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[1]
The

Swarm-Verse

Understanding collective
behaviour across species
and ecological contexts

2]
Individual

heterogeneity

Morphology, Personality &
Social networks

[3]
Collective escape

in bird flocks

Insights from data-inspired
agent-based models

[4]
Coda

In progress, future
aims & applications



I | Individual heterogeneity
& collective escape

SCIENTIFIC REF'E}ETS

< Parsonality and marphological
traits affect pigeon svrvival from
raptor attacks

B T e o Y N AL L

Influence of group personality composition on
dynamics of collective escape by the RobotFalcon

Claudio Carere
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1”4

- Simple is better than complex

’ DaNCE S - Complex is better than complicated

a modelling framework for “

Data-iNspired Collective
Escape Simulations
~ the Zen of Python

Papadopoulou et al. (2024) Under review



Behavioral building blocks

» DaNCES

a modelling framework for
Data-iNspired Collective

. . Internal-state
Escape Simulations

control units

A rule of motion

An interaction .

An escape or attack

Papadopoulou et al. (2024) Under review



Behavioral building blocks

» DaNCES

a modelling framework for
Data-iNspired Collective

. . Internal-state
Escape Simulations

control units States Agent

A rule of motion o
(coordination, a combination

An interaction escape) of states F

An escape or attack %‘S‘f %&4

Papadopoulou et al. (2024) Under review



(kind of) Packaged:

» DaNCES

a modelling framework for
Data-iNspired Collective Multi-level parameterization

Escape Simulations Stand alone locomotion type

Real time visualization & data analysis

Papadopoulou et al. (2024) Under review (C++ & Dear ImGui & OpenGL)
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- ol e (Carrillo-Zapata et al. 2020) (SAGA - CNR & WUR)
Herarooan oy
I

Apumals are wet particles: a framework foe sccond
penrration heterp—swiurm rabnorieg

Bio-inspiration according to the

Apphcatlon I: Swarm ROb OtiCS species most adapted to a

function

Papadopoulou et al. (2023) Proceeding of the 13th International Conference on Swarm Intelligence



Expanding the Swarm

Space
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Evolutionary Ecology of Collective
Movement in Vertebrates
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Applying our knowledge on

Apphcatlon II BiO'herding collective behavior to resolve

human-wildlife conflicts

King et al. (2023) Methods in Ecology and Evolution
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Outlook: Which collective properties
matter per function?

Can we identify key metrics for
model validation?

Quantifying What is an event of collective motion?
collective motion

New metrics for package
expansion

>

SWARNVET 59



Thank youl

i. @MarinaVPap ﬂ marinapapadopoulou.com
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