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Bad news . . .

Wadman, M., & You, J. (2017). The vaccine wars. Science, 356(6336), 364–365.
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Why people deliberately decide to not
vaccinate?
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Summary

1. Motivation

2. (A very short) Introduction on epidemic spreading,
evolutionary game theory, and multiplex networks

3. Evolutionary vaccination dilemma
3.1 mean-field
3.2 multiplex networks
3.3 zealotry

4. Take home messages
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Crash course on
Spreading, Games, and Multiplex





Intro on epidemics

Compartmental Models

Pastor-Satorras, R., Castellano, C., Van Mieghem, P., & Vespignani, A. (2015). “Epidemic processes in complex

networks”. Reviews of Modern Physics, 87, 925-979.
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Intro on epidemics
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Intro on evolutionary games

• Agents’ states
correspond to the
strategies of a game;

• Roca, C. P., et al. (2009). “Evolutionary game theory: Temporal and spatial effects beyond replicator dynamics.”

Phys. of Life Rev., 6, 208.

• Perc, M., & Szolnoki, A. (2010). “Coevolutionary games–A mini review.” Biosystems, 99, 109–125.
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• Agents play and
accumulate payoff:

(C D

C 1 0
D b 0

)
with b > 1 ;

• Agents update their
strategy;

• Repeat until stationary
state.
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Replicator equation

ẋC = xC

(
〈πC〉 − 〈π〉

)
with xC ∈ [0,1]
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Intro on evolutionary games

Replicator equation

ẋC = xC

(
〈πC〉 − 〈π〉

)
with xC ∈ [0,1]

ẋx =

 > 0 if 〈πx〉 − 〈π〉 > 0

≤ 0 otherwise

• Roca, C. P., et al. (2009). “Evolutionary game theory: Temporal and spatial effects beyond replicator dynamics.”

Phys. of Life Rev., 6, 208.
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Intro on evolutionary games

Fermi’s Rule

Pl→m =
1

1 + e−β(πm−πl)
.
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• Roca, C. P., et al. (2009). “Evolutionary game theory: Temporal and spatial effects beyond replicator dynamics.”

Phys. of Life Rev., 6, 208.

• Perc, M., & Szolnoki, A. (2010). “Coevolutionary games–A mini review.” Biosystems, 99, 109–125.
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Multiplex Networks

• Boccaletti, S., et al. (2014). “The structure and dynamics of multilayer networks.” Physics Reports, 544, 1–122.

• Cardillo, A., et al. (2013). “Emergence of network features from multiplexity.” Scientific Reports, 3, 1344. 6/11





The evolutionary
vaccination dilemma – Mean field



Mean-field case

• Population of N
agents

• State of an agent:
strategy + epidemic
state

• Payoff
π = cvacc. + crecov.
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Mean-field case

Steinegger, B., et al. (2018). “Interplay between cost and benefits triggers nontrivial vaccination uptake.” Phys. Rev.

E, 97, 032308.
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Mean-field case

Payoffs
PNV→ NV = −βαT α, β ∈ [0,1]

PNV→ V = −γβαT γ ∈ [0,1]

PV→ NV = −c − γβαT

PV→ V = −c − γ2βαT

.
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Mean-field case

Vaccination coverage y

ẏ = y
(
〈πV 〉 − 〈π〉

)
=

= −y (1− y)
{

c − βαT (1− γ)
[
1− (1− γ)y

]}
.
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Vaccination coverage y

ẏ = y
(
〈πV 〉 − 〈π〉

)
=

= −y (1− y)
{

c − βαT (1− γ)
[
1− (1− γ)y

]}
.

y∗ =
1

1− γ

[
1− c

βTα(1− γ)

]
.
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ẏ

Monomorphic states
Internal fixed point

7/11



Mean-field case
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m
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yeff = (1− γ) y∗

The nontrivial vaccine uptake depends on the interplay
between costs and benefits.
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Mean-field case

SIR epidemic spreading
Ṡ = −βIS

İ = βIS − µI

Ṙ = µI

R∞ = 1− (1− γ)yeq−

−
[
1− (1−γ)yeq− I0

]
e−

β
µ

R∞

Epidemic threshold
c

µTα(1− γ)
> 1
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The evolutionary
vaccination dilemma – Networks



Multiplex case

• Santos, F., et al. (2006). “Evolutionary dynamics of social dilemmas in structured heterogeneous populations.”

PNAS, 103, 3490.

• Pastor-Satorras, R., et al. (2001). “Epidemic Spreading in Scale-Free Networks.” PRL, 86, 3200. 7/11
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Multiplex case

A. Cardillo, et al. “Evolutionary vaccination dilemma in complex networks.” Phys. Rev. E, 88, 032803. (2013).
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Multiplex case
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Multiplex case
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Multiplex case

• A. Cardillo, et al. Phys. Rev. E, 88, 032803. (2013).

•Wu, B., et al. PLoS ONE, 6, e20577 (2011).

• Alvarez-Zuzek, L. G. et al. PLOS ONE, 12, e0186492, (2017). 7/11



Multiplex case
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The evolutionary
vaccination dilemma – Zealotry



Zealots
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Zealots & overall cost

ρ = η〈CV 〉+ (1− η)〈CR〉
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Zealots & overall cost
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Zealots & overall cost
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Conclusions



Summing up . . .

Coevolutionary models based on epidemic spreading and
evolutionary game theory on well-mixed and networked

(multiplex) populations.
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Summing up . . .
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effectiveness on the global behaviour.
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Summing up . . .
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Part II

Appendix



Additional graphs: mean-field
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Additional graphs: mean-field
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Global behaviour – multiplex
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Effect of multiplexity/topology
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Effect of multiplexity/topology
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Relative cost
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Performances & Zealots
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