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Big Questions for Network of Distributed Decision-Making Agents

1. How to ensure quick, reliable, and informed decision-making in response to external cues?

2.   How to enable sufficiently rich suite of behaviors to meet demands of mission and environment?

3.  What role does network structure play in transient and steady state? How to leverage in design? 
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Motivating Design Problem:  Cooperative Navigation

Videos: Shinkyu Park
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Motivating Design Problem: Dynamic Task Allocation

Video: Shinkyu Park
Park, Zhong, and Leonard, “Multi-robot task allocation games in dynamically changing environments,” ICRA, 2021 
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Popular model for consensus: Weighted average update (DeGroot)

damping
(neg feedback) 

opinion exchange
(pos feedback)



6NSF CPS Meeting – N. E. Leonard – June 3, 2021

Nonlinear model for opinion formation

damping
(neg feedback) 

opinion exchange
(pos feedback)

Bizyaeva, Franci, Leonard, “A general model of opinion 
dynamics with tunable sensitivity”, arXiv:2009.04332, Oct 2020 
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Bifurcation
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Nonlinear multi-option opinion formation

damping
(neg feedback) 

opinion exchange
(pos feedback)

Bizyaeva, Franci, Leonard, 2020 
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Two-option opinion formation

Interpret consensus dynamics and nonlinear dynamics (with saturation) as opinion dynamics on 2 options
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Nonlinear two-option opinion formation with homogeneity

Bizyaeva, Franci, Leonard, 2020 
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Definitions
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Special Case of Theorem 1 (Bizyaeva et al, 2020):  
Opinion Formation as Bifurcation
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Theorem 2
Opinion Formation as Pitchfork Bifurcation

Bizyaeva, Sorochkin, Franci, Leonard, “Control of agreement and disagreement cascades with distributed inputs,” arXiv:2103.14764, March 2021

Agree on 
option 1

Agree on 
option 2

Example: 
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Theorem 2
Opinion Formation as Pitchfork Bifurcation

Bizyaeva, Sorochkin, Franci, Leonard, “Control of agreement and disagreement cascades with distributed inputs,” arXiv:2103.14764, March 2021

Disagree 
option 1 vs 2

Disagree 
option 2 vs 1

Example: 
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Theorem 3
Eigenvector centrality determines influence of input on solution

Bizyaeva, Sorochkin, Franci, Leonard, “Control of agreement and disagreement cascades with distributed inputs,” arXiv:2103.14764, March 2021
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Feedback dynamics for attention parameters
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Control of cascade

Bizyaeva, Sorochkin, Franci, Leonard, “Control of agreement and disagreement cascades with distributed inputs,” arXiv:2103.14764, March 2021
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Application: Learning and cooperation in multi-agent finite games
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Exponentially Discounted Reinforcement Learning (EXP-D-RL)

Gao & Pavel, IEEE TAC, 2021; Coucheney, Gaujal, & Mertikopoulos, 2015; Laraki and Mertikopoulos, 2013; Mertikopoulous & Sandholm, 2016
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Example: 2-agent Prisoner’s Dilemma
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Example: 2-agent Prisoner’s Dilemma

Nash equilibrium in which both agents defect is only stable solution 
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Exponentially Discounted Reinforcement Learning (EXP-D-RL)

Gao & Pavel, IEEE TAC, 2021

Exponentially 
Discounted RL

(Softmax)
Choice Map

Payoff Function
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Feedback Saturation Function of Opinions (Scores) 
Communicated over Network

Exponentially 
Discounted RL

(Softmax)
Choice Map

Payoff Function

Saturation
Function

Bizyaeva, Franci, Leonard, “A general model of opinion dynamics”, arXiv:2009.04332, Oct 2020 

opinion 
exchange
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Opinion Dynamics Model

Bizyaeva, Franci, Leonard, “A general model of opinion dynamics”, arXiv:2009.04332, Oct 2020 

Opinion Dynamics (Softmax)
Choice Map

Payoff Function
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2-agent Prisoner’s Dilemma

Bizyaeva, Park, Franci, Leonard, “Opinion dynamics and learning to cooperate in multi-agent games,” in preparation

Nash equilibrium in which both agents defect is NOT only stable solution 
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2-agent Prisoner’s Dilemma
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2-agent Prisoner’s Dilemma

Bizyaeva, Park, Franci, Leonard, “Opinion dynamics and learning to cooperate in multi-agent games,” in preparation
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2-agent Prisoner’s Dilemma
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• parameter selection: d = 1, u = 0.2, ↵ = 1, � = 1

Bizyaeva, Park, Franci, Leonard, “Opinion dynamics and learning to cooperate in multi-agent games,” in preparation
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2-agent Prisoner’s Dilemma
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• parameter selection: d = 1, u = 3, ↵ = 1

Bizyaeva, Park, Franci, Leonard, “Opinion dynamics and learning to cooperate in multi-agent games,” in preparation
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2-agent Prisoner’s Dilemma with attention dynamics

Bizyaeva, Park, Franci, Leonard, “Opinion dynamics and learning to cooperate in multi-agent games,” in preparation
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2-agent Prisoner’s Dilemma
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• parameter selection: d = 1, ↵ = 1

Bizyaeva, Park, Franci, Leonard, “Opinion dynamics and learning to cooperate in multi-agent games,” in preparation
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Application:  Dynamic task allocation of a robot swarm

Franzi, Bizyaeva, Park, Leonard, “Analysis and control of agreement and disagreement cascades,” Swarm Intelligence, 2021
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12 Robots Self-allocating Across 3 Tasks

Frucht graph

Franzi, Bizyaeva, Park, Leonard, “Analysis and control of agreement and disagreement cascades,” Swarm Intelligence, 2021
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Dynamics Task Allocation with Attention Dynamics

Franzi, Bizyaeva, Park, Leonard, “Analysis and control of agreement and disagreement cascades,” Swarm Intelligence, 2021
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Dynamics Task Allocation with Attention Dynamics: One Zealous Robot

Franzi, Bizyaeva, Park, Leonard, “Analysis and control of agreement and disagreement cascades,” Swarm Intelligence, 2021
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Final Remarks

Nonlinear multi-agent, multi-option opinion dynamics for decision making and learning

- Naturally extends models that update based on weighted-average of neighbor opinions

- Quick, reliable, and informed decision-making in response to external cues:
- opinions form through bifurcation
- attention dynamics and controllable cascades
- breaks deadlocks
- tunable sensitivity

- Rich suite of behaviors:  multi-stability of agreement and disagreement opinion configuration

- Analytical tractability:  systematically leverage network structure in design

Applications illustrated:

- Reinforcement learning in multi-agent finite games

- Dynamic multi-robot task allocation
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Thank you!

Tim, Amara, and Lily LeonardResearch group


