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Dominance hierarchy

Solitary vs. social lifestyles

If the ratio of
advantages/disadvantages is
higher, then the given animals will
knit into groups

A mechanism is needed to reduce
the level of aggression triggered by
the competition within the group

Regulate access to resources.

The mechanism is simple: higher
ranked individuals have primacy
compared to their lower-level
mates.

Advantage: less fight




Dominance hierarchy

Pretty much is known about the way it works in the animal world.

Well-defined hormones, brain structures, neuroendocrine,
genetic, and environmental influences

From a physiological point of view: the mechanisms determining
the rank of an individual are very similar between mammals (incl.
primates and humans)

Hormonal regulation

» Testosterone: (the principal male sex hormone)

* |evelin the blood indicates the rank

* Thelevel of the testosterone hormone and the inclination towards behaving dominantly form
a positive feedback loop, as one intensifies the other.

e Cortisol:
* linked to stress, plays an opposing role.

* Subordinate animals often have higher baseline cortisol levels, reflecting the stress of a lower
position in the hierarchy.

* Prolonged stress can lead to immune suppression and health issues, further solidifying their
lower status.



Physiological background of dominance hierarchy in the animal
world

Neurotransmitters

e Serotonin: The role of serotonin in social behavior and dominance is especially
evident in animals like fish, crustaceans, and primates. High serotonin levels are
often linked to stable, dominant individuals, whereas lower levels are found in
subordinates. Changes in serotonin can influence confidence, social assertiveness,
and responses to challenges, all of which are important for maintaining or changing
social rank.

* Dopamine: This neurotransmitter is associated with motivation, reward, and social
interactions. High-ranking individuals may experience increased dopamine release in
response to social rewards, reinforcing behaviors that sustain their dominant status.

Brain Structure and Function

 Dominant and subordinate animals often display differences in brain regions
involved in social cognition, stress response, and aggression.

 Amygdala: This region, which processes emotions and aggression, can be more
reactive in dominant animals, helping them to assert or defend their rank.

e Prefrontal Cortex: Higher-ranking animals may have more developed prefrontal
regions, which help with impulse control and decision-making in social contexts.

* Hypothalamus: The hypothalamus plays a crucial role in the hormonal regulation of
aggression and stress responses, helping mediate hierarchical behaviors.

Genetic and Epigenetic Factors



Dominance hierarchy

* As one advances in the evolutionary
tree, the structure of the dominance
hierarchy gets more and more
pronounced and complex,
accompanied by more and more
sophisticated strategies by which

individuals try to get higher and higher
ranks.

 Chimpanzees (few decades ago
believed to be solely human):
— coalition formation
— manipulation
— exchange of social favors Chlmpanzee
— adaptation of rational strategies oo s POI1E1CS

NS |




Leadership in motion
The relation of collective motion to
collective decision making

* If the group is to stay together, individuals constantly
have to make decisions regarding
— When and where to forage, to rest
— How to defend themselves from predators
— How to navigate towards a distant targets
— Etc.

e Cost/benefit ratio (from the viewpoint of the members)

— Preferred outcome usually differs (information, experience,
inner state, etc.)

— “consensus cost”: cost paid by the animal who foregoes its
preferred behavior in order to defer to the common decision



First studies — two basic types

Egalitarian / democratic

e Members contribute to the
outcome about the same

Despotic system
* One or afew individual

decides degree
e This canincr h
s can increase the  Smaller average consensus
efficiency cost

* In nature, both types have been observed
 Sometimes mixed (alternating according to the circumstances)
o Pairs of pigeons, GPS (2006)

= Small conflict over the preferred direction: consensus (average)
= Above a certain threshold: one of them becomes the leader or they split
up
o Similar observations: Wild baboons, GPS (2015)
= They follow the majority of the “initiators” (those starting off in a certain
direction). (And not the dominant individuals)
= |f two groups of initiators (with similar size) heading in different directions:

= |f the angle is less than ~90° = the animals compromise
= Bigangle: they choose one direction over the other (randomly)



Models for leadership

* Extension of the “Couzin model”
* No individual recognition, no signaling mechanism
* Non-informed individuals: are not required to know how many and which individuals has information

* Vice versa: Informed individuals are not required to know anything about the information-level of their
mates and that how the quality of their information was compared to that of others.
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[Couzin, I.D., Krause, J., Franks, N.R., Levin, S.A., 2005. Effective leadership and decision-making in animal groups on th
move. Nature 433, 513-516.]



Models for leadership

The model (cont):

e Rule?2

If there are no mates within the range of repulsion, than the individual will attempt to
align with those neighbors j, which are within the range of alignment:

— The desired direction:

. R IGEG 7 ()
dit+a=-) ?}-(t)—fi(t)|+Z|5j(t)|

J#I J#i
d;: desired direction of individual i

7;: position of particle i

v;: direction of unit i

Corresponding unit vector: d;(t) = c?i(t)/‘cfi(t)‘

* Introducing “influence”: a portion of the group (p) is given
information/motivation about a preferred direction, described by the (unit)
vector g .

 The rest of the group does not have directional preference.



Informed individuals balance their

— social alignment d;(t) (the unitvector of d;(¢ + A¢) = ~ iy 50T %®

o0 T Li#E0) and

— preferred direction g;
with the weighting factor w:

dAi(t + At) + Cl)g)i

* w can exceed 1: the individual is influenced more by its own preferences than by
its mates

* “Accuracy” of the group: normalized angular deviation of the group direction
around the preferred direction g;

d;(t + At) =

1
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Conflicting preferences

Informed individuals might differ in their preferred direction

1. If the number of individuals preferring one or another direction is equal: the
group direction depends on the degree to which the preferred directions differ
— If it is small: the group will go in the average preferred direction of all informed individuals
— If it is big: individuals select randomly one or another preferred direction

2. If the number of informed individuals preferring a given direction increases

— the entire group will go into the direction preferred by the majority (even if that majority is small)



Collective group direction when two groups of informed
individuals differ in their preferences - model results

0 20 40 60 80 100120140160180 O 20 40 60 80 100120140160180 O 20 40 60 80 100 120 140 160 180 0

n1=n2=5 n1=6 n1:6
n,=>5 n, =4
*  Vertical axis: the degree of the most probable group motion.

*  Thefirst group (consisting of n; informed individuals) prefers the direction characterized by 0 degrees (dashed line),

*  The second group (consisting of n, informed individuals) prefers a direction between 0 and 180 degrees (horizontal
axis)

*  Solid white lines are for reference only, representing the direction of the average vector of all informed individuals
*  The group consists of 100 individuals altogether

Source: Couzin, I.D., Krause, J., Franks, N.R., Levin, S.A., 2005. Effective leadership and decision-making in animal groups on the
move. Nature 433, 513-516. 12



The role of uninformed individuals — simulations vs.

experiments

Question: under what conditions can a self-
interested and strongly opinionated minority exert its
influence on group movement decisions?

Simulations:
— Based on the “Couzin model”

di(t + At) + (Ugi

d;(t + At) = —
l( ) |dl(t+At)+a)§l|

— If all individuals are biased:

* If the strength of the majority preference (w4) is equal to or
stronger than the minority preference (w,), the group has a
high probability of reaching the majority-preferred target.

* Increasing w, (beyond w1) can result in the minority gaining
control

— If there are uninformed individuals (w5 = 0):
* (most animal groups are like this)

e Adding uninformed individuals tends to return control
spontaneously to the numerical majority

* this effect reaches a maximum and then begins to slowly
diminish, and eventually, noise will dominate

Proportion of trials majority-preferred
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A sharp transition froma
minority- to majority-
controlled outcome in the
model as the density of
uninformed individuals is
increased.

(wminority > wmajority)



Experiment

e golden shiners

* two groups of initiators (with sizes N; and N,) with
different preferred directions (blue and yellow target)

* some did not have direction preference
¢ N1>N2 (N1=6andN2=5)
* Among the trained fish, Wyejon is “by nature” >

Wplye
* Simulations predict a large effect for a relatively small blue target yellow target
number of naive individuals; N3 = 0, 5, 10. . {

* When all individuals exhibit a preference (N; = 0)
then the minority N, dictates the consensus (even
though the fish trained to the blue target are more

numerous).

 When untrained individuals are present, they -
increasingly return control to the numerical majority e echool
N;.

. !f individuals yvith th'e stronger prgference were also — ____ door
in the numerical majority: the majority was more l release !l (open)
likely to win (72% of trials overall), and the presence I R

of uninformed individuals had no effect Experimental set-up

Couzin et al, 2011, Uninformed individuals promote democratic consensus in animal groups. Science, 334(6062):1578-80



Lessons

* Leadership might emerge from the
differences of the level of information
possessed by the group members

* information can be pertinent - leadership
can be transient and transferable too



Experiments with
homing pigeons

* 10 homing pigeons flying in flocks
* high-precision lightweight GPS
* Two kind of flights were recorded:

1. spontaneous flights near the
home loft (“free flights”) and

2. during homing following
displacement to distances of
approximately 15 km from the
loft (“homing flights”)

Nagy M, Akos Zs, Biré D, Vicsek T: Hierarchical group
dynamics in pigeon flocks, Nature 464, 890-893, 2010

Trajectoriesof a
flock of nine
pigeonsduringa
homing flight
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150

Analysis
100 +
* Goal: to find out how homing pigeons
navigate collectively (leadership 50 +
hierarchy) £
* The influence of the birds’ behavior on its =
fellow flock members and on the flock 0F
* - temporal relationship between the 5ol
bird’s flight direction and those of others
* “Leading event”: when a bird’s direction =100

|

~O-rIoonZ>»

of motion was “copied” by another bird, -200
delayed in time.

This was quantified by determining the directional
correlation delay time (77;;) (measured in seconds) from
the maximum value of the directional correlation function

Cij(@) = (Vi) - 7 (t + 1)

brackets: time average for each pair of birds i, j

-150

-100 -50 0 50 100 150
x (m)

2-minute segment from a free flight performed by a
flock of ten pigeonsin the vicinity of the loft. The
smallerand the larger dots indicate every 1s and 5s,
respectively. Each path begins near
the center of the plot. Letters refer to bird identity.

17
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v,(f) -v,(r +71)

c/)

Yielding the directional correlation function

light grey: bird i
dark grey: bird j

For each pair (i # j) the directional correlation function is

Cij(@) = (vi(t) - 7t + 1))

The arrows show the direction of motion, v;(t)

b

Visualization of scalar product of the normalized velocity of bird i at time t

and that of bird j at time t + 7. In this example bird j is following bird i with
correlation time 7;;".

The directional correlation function C;;(7) during the flock flight. For more
transparency only the data of birds A, {\/I, G, D and C (in the order of

hierarchy for that flight) are shown. The solid symbols indicate the
maximum value of the correlation function, 7;;"

These 7;;" values were used to compose the directional leader-follower
networks.

18



Hierarchical leadership network generated for a single flock
flight

* The directed edge points from the -»°~02
leader to the follower (i.e., the oL |
average directional correlation delay | 2

. o — - 0.8 ! 0.2
time for that pair, 7;;, is positive); L — Y o
10 0.6 0.6 0.6"0 1,0
12 ole_> 04 | b2 1406 N\ 1o
* Values on edges show the time delay KT *©. | 0 % T
(in seconds) in the two birds’ motion. | \W i oo 02
L@ 2 . OO
02 0.2 02 02
* For pairs of birds not connected by 0 @

edges directionality could not be
resolved at C,,,;;;, = 0.5.
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Leadership vs. dominance - a systematic study
Do dominant individuals lead?

* Flock of 10 pigeons

* L-F hierarchy was
determined based on
the directional
correlation function
analysis

 Dominance hierarch
was also determine
(in the same group),
based on computer-
vision methods

e The first automated

h Y ' FO Feeding-Nueuing
ana Iys IS Of d ominance © 2012 M. Nagy'Z G. Vaséarhelyi', B. Pettit? I. Roberts-Mariani? T. Vicsek! and D. Birp? Automatically identified interactions
re | at | O n S h | pS | COLLMOT Research Project, Department of Biological Physics. Eatvis. University
2 IxNav Research Group, Department of Zoology, University.of Oxfard

* Both structure is
clearly hierarchical
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Leadership vs. dominance — Results

* Dominance and leadership hierarchies are independent of each other!

* They can coexist within the same group without any kind of conflict: when it comes to
collective travel those will lead the group who have better navigation skills (or information,
etc.) and when it comes to feeding, mating, etc., dominance will decide.

e Hierarchy is context-dependent!
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Dominance vs. leadership hierarchy in dogs

b) Leader-follower hierarchy

* The basis of creating the L-F NW was the directional
delaytime analysis

* The directed links: point from the leader towards the
follower.

* Characteristicdelay times are shown on the arrows
(upper values).

* Lower valuesindicatethe portion that the leader of
that pair was actually leading.

c) Dominance network of the dogs

* derived from a questionnaire.

* 6 dogs, belonging to the same household * The arrows point from the dominantindividual towards
* GPS logs during more than a dozen 30- to 40-minute unleashed the subordinate.

walks, accompanied by their owner * The colors represent the context of the dominance:
* All the dogs were “Vizsla”, except for the one marked with “M”, * red: barking,

which was a mixed-breed. This dog did not participate in the vizsla- * orange: licking the mouth,

network_ * green: eating

* blue: fighting.
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“How much” knowledge is enough?

*high resolution GPS data

hierarchy of their leading-
following behavior

* Why do an individual follow
an other?

*The ones that are being
followed are simply more self-
willed or they are better
informed?

How accurate knowledge is
needed to reach the target?
Etc.

Hierarchical group dynamics in pigeon flocks,
M. Nagy et al. Nature 464, 890-893 2010
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* Given a flock of boids and a pre-defined target

* The flock has to reach the target (together) in the shortest
possible way

* The units interact with each other
* The average knowledge is restricted

Question: how to distribute the available amount of knowledge
among the group members in order to achieve the best group-
performance?

uov ' Target



New direction depends on:

1. The average direction of neighbors (units within the “Range
of Interaction, ROI") (9% ),

2. Own estimation 8¢+ 7!
3. Noise ¢!
o o7
(cal

(Discrete time, constant speed magnitude) & g

I = (1A ) (0 + i) @ X (0) , @ €17

A; © a parameter expressing how disposed boid 7 is to follow others. “Plhiancy”
V! : the direction of boid i at time-step t

#t : the proper direction from boid i towards the target at time-step ¢

nt : the actual estimation error of boid i at time-step t

&! : random noise. |£!| < Z where E is the noise amplitude.

@ : direction—summation

<193> - the average direction of the boids j being within the range of interaction, R of boid i at

time-step ¢
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Initial Conditions

Flock 1 12 1 Flock ‘ Distance " 00 |
size; —— diameter: ——— to target: ~—————

Steméti-’_-e{ g | Correction of |
Max step correction | selfconf.. |
number: _20&‘ on the error:

Step | 4y |  Targetsight —_ Range of
size: L 1| dist.: L= interaction:
—‘ direction v
005 | g | RIS | Vector| g
[0..1] threshold  [0...pJ) —-

Linkage between knowledge |
and self confidence [0...1]

"0" knowledge |
eqals to error: -

@ Target search

() Varying following wilingness

@ Random init. direction @ Circle

Knowledge —
Distribution type: 300 —
] = |
| Exponential {mu) x| 200 " 1951
"mu” forExp. [ .. |
(mean vaiey 10 | 100
"sigma” for Lognorm. |, | 0
(standard deviation) 01| 190
-100
“mu” for Lognorm. i 0.9 -
{mean deviation) = ] 200
“lambda” for Poisson | 05 | 300 185k
"my” for Uniform | 4c | -200 0 200
{average) T 2 Knowledge
@ Cutat1 R
Noise amplitudes Knowledge histogram 180
- . | Histogram {in radian)
onthe folowing [ g9 | 5 5
wilingness [0..1] ——
on the direction [0.p] | P36 | . . 175}
— 0 02 04 2 3 4
Fitness weight | 1 |
13 |
Fitness: | o | 170
Nunber of lost | 0 I oK L\é l Stop ‘ Close
units: e ]

Step number: |

Flock size = 12,

Exponential
knowledge
distribution,

u=0.1,

coded in
MatLab.
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Initial Conditions

Flock [, Flock [ 55 | Distance [a00 | SteP | Target-sight ™™ Range of | go | Linkage between knowledge ' 09 |
size: diameter; ———  totarget - — ' sjze: L' | dist: interaction: . — and self confidence [0...1] EUSR
Stepvise _ Correctionof| .. |  directon —————— /> ; 0" i
Maxstep [ 5o |  COMecton| P18 | ogyoong | 005 | gy | S | Vector | o | Retardation ;:;Dt:':::gf _____ pi |
number: -~ onthe error: 0..1] threshold  [0..p]  Siz& — — (sec) —— :
@ Target search ) Varying following wilingness @ Random init. direction @ Circle b |
Knowledge— Lt |
Distribution type: 300 ==
'Poisson (lambda) v 200
"mu” for Exp. o & 160
imean valug) o 100
“sigma” for Lognorm. | 01 ‘| 0 155}
(standard deviation) '——— P
for L -100 % 9
“mu” for Lognorm. T
(mean deviation) |9 | 200 150+
“lambda™ for Peiszon L 0.1 \ -300 F
B : - 145}
“mu” for Uniform | 55 | -200 0 200 !
average == &
( ge) @ Cutat1 Knowledge
error 140 P
Noise amplitudes Knowledge histogram ¥ 7
Histogram (in radian)
on the following i 0.1 i 20 20 135 ok
willingness [0...1]
|10 10 ! @
on the direction [0..pi] DW4 \ : 5 130+ ?
— 0 05 1 0 2 4
Fitness weight \ 1 125
Fitness: i_E. "
Hunber of lost ( i ] oK it Close 120 - " : ; . : ' : . :
units: E
116 120 125 130 135 140 145 150 155 160
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Initial Conditions

o 12 | P { } nes | 400 ] Step 7 Target-sight Range of " ™1 Linkage between knowledge ETH
sizel diameter: ——— totarget: ———— size: L " dist: L | interaction: . — and self confidence [0...1] L0
Stepvise ————1 Correctionof[ ___ direction ———— . [
Maxstep [ - |  corecton| pi13 | .| 005 giff. | P/S | Vector[ : | Retardation | 0" knowledge —
ax step ‘ 2000 selfconf; : I s e | o | @ | | | egals to error: Rl
number: ' on the error: [0 1] threshold [0...pil Be - —— (sec) —— S
© Targetsearch () Varying following wilingness ~ © Random init. direction @ Circle ST
Knowledge — < i
Distribution type: 300 =
K ST }
jAori (), A 200 90t
“mu” forExp. [ o | Y
(mean vaie) 0> | 100 51
“sigma” for Lognorm. T oq | 1]
(standard deviation) !
-100 92}
"mu® for Lognorm. 0.9 | #+
(mean deviation) : ‘ -200
"lambda” for Poisson | 0.5 | 300 93
“mu” for Uniform | 05 -200 0 200 94} *
average = _
( ge} @ Cutat1 Knowledge
error
Noise amplitudes Knowledge histogram  -95
- Histogram (in radian)
on the following | g4 ‘ 4
wilingness [0...1] 96
on the direction [0..pi] pi38 ‘ 97
— 0 05 1
Fitness weight | 1 |
‘ = 98
Fitness: B 1
Nunberi:sf et ‘ K ‘ = ) e l ‘ gee ’-99 B 1 1 1 1 1 1 1 1 1
units: —_—
-181 -180 -179 -178 177 -176 -175 -174 -173 -172

Flock size = 12,

Uniform
knowledge
distribution,
l’l= 0 '5 )
coded in
MatLab.
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1 d thimizatio'n resplts
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Conclusions of the simulations:

- The average knowledge level can be surprisingly small
» the individual estimations are very imprecise,
* the knowledge value of most boids can be zero or near-to zero

*The way knowledge is distributed has a huge effect
* It helps, if

* the units pay attention for their neighbors’ movement
* the pliancy and the knowledge values are inversely related



Sequence guessing game on a Small-World NW
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