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Game On!



The Grand Banks Fishing Fiasco:

Objective:

Objective:

Objective:

Objective:

Objective:

Tragedy of the Commons & Distributed Control

Local Decision Making Sub-optimal Global Behavior

(catch many fish) (fish population disappears)

ͯåŞŁ Grand Banks 
is the textbook  case 
of fai lure  in  
fisheries  science. An 
army  of scientists  in  
one of the ǓƌƪŸĹͻƮ 
richest  and  most  
advanced nations  
managed  to  destroy 
one of the richest  
fisheries  in  the 
world  while  
convincing  
themselves for  a 
decade that  they  
were  doing  no  such 
thing . The 
Newfoundland  cod 
collapse was the 
nightmare  that  
shook the world  out  
of its complacent  
assumption  that  the 
ƮŁĖͻƮ resources 
were  renewable ..



The Need for Coordination

Fleet Robotics Mass Transportation Energy Consumption

/ƻƻǊŘƛƴŀǘŜΧ
Local algorithms for many 

robots

/ƻƻǊŘƛƴŀǘŜΧ
Decision-making of 

human users

CoordinateΧ
Generation, demand, and 

storage of power



Local Decision Making Sub-optimal Global Behavior

Prevalent phenomenon in multi-agent systems

Central Goal

Discover control approaches that are locally implementable while still offering 
good collective behavior.

Agents that can communicate and 
collaborate with one another

Noncooperative or competitive 
ŀƎŜƴǘǎΩ ŎƻƴǘǊƻƭ ǇǊƻōƭŜƳ

Part I Part II



I. Inter-agent Collaboration



Engineered Multi-Agent Systems
Drone Fleets Manufacturing Robotics Internet of Things

Quantifying the effects of
Collaborative Decision-Making

[CDC23, TAC*, CDC24]

Å Enable agents to share information and control 
decisions between one another

Å Exploit communication channels to elicit 
greater coordination

Large, interconnected systems of many automated devices 
and processes

Design new system paradigms 
between centralized and distributed

Distributed Control
(local decisions)

Centralized Control
(Coordinated decisions)



Modeling Collaborative Solutions

Design Local Control Law Converge to Nash Equilibria Quality of Nash Equilibria

Local Cost Function

Local Decision Making



Modeling Collaborative Solutions

Design Local Control Law Converge to Nash Equilibria Quality of Nash Equilibria

Local Cost Function

Local Decision Making



Inter-agent communication 
and coordination

Design Group Control Law

Modeling Collaborative Solutions

Converge to Nash Equilibria Quality of Nash Equilibria



New, stronger
equilibria notions

Converge to Stronger Equilibria

Inter-agent communication 
and coordination

Design Group Control Law

Modeling Collaborative Solutions

Quality of Nash Equilibria



New, stronger
equilibria notions

Converge to Stronger Equilibria

Improve system level 
performance

Quality of Strong Equilibria

Inter-agent communication 
and coordination

Design Group Control Law

Modeling Collaborative Solutions



New, stronger
equilibria notions

Converge to Stronger Equilibria

Improve system level 
performance

Quality of Strong Equilibria

Inter-agent communication 
and coordination

Design Group Control Law

Modeling Collaborative Solutions

With emerging communication technologies, can we go 
beyond local decision-making to coordinate better equilibria?



Collaborative Decisions and Emergent Equilibria

Communication Graph

Å Channels over which agents can 
coordinate actions

ÅMay vary with time and state of 
the system

Collaboration Partition

Å Group of connected agents use 
coordinated control action

Å Groups require communication 
and can change with time

Equilibrium Hyper-graph

Å All possible groups of 
collaborating agents

Å In equilibrium, no admissible 
group will deviate action



What Makes Collaboration Good?

▓ ▪
Bridge the gap between centralized and 

distributed equilibrium concepts

System Level Objective



Alg. ρ᷾ Ễ᷾φ

Alg.1

Alg.5

Alg.2

Alg.6
Alg.3

Alg.4

Alg. ρ᷾ ς᷾ σ Alg. υ᷾ φ

Alg.4

Collaborative Decision-Making Paradigms

Need: system architecture to govern behavior of the agentsDistributed Decision-making
(Sub-optimal performance/ low complexity)

Centralized Decision-making
(Best performance / high complexity)

Partially Collaborative 
Decision-making

Increased coordination through partial collaboration

Trade-off benefit to equilibrium performance and added algorithm complexity



Efficacy of Collaborative Decision-Making

Distributed 
Decision-making

Centralized
Decision-making

Network Intersectional Local



Efficacy of Collaborative Decision-Making

Distributed 
Decision-making

Centralized
Decision-making

Benefit/Cost of Increased Collaboration

At most k agents can collaborate

Benefit to equilibrium 
efficiency

Added communication 
costs/complexity

System Design

!ǎ ǿŜ ǾŀǊȅ ǘƘŜ ƭŜǾŜƭ ƻŦ ŎƻƭƭŀōƻǊŀǘƛƻƴΧ



Coalitionally Smooth Games

Theorem 1.1:             [Ferguson, Paccagnan, Pradelski, Marden TAC*]

How much does collaboration improve equilibrium efficiency?
Problem: Multi-Agent systems are complex and equilibria hard to compute

Complicated Multi-Agent
Systems Analysis

Two Parameter Search

Equilibrium Welfare

Optimal Welfare
=

0 ð very inefficient

1- fully efficient

Just need to find the right onesé



Resource Allocation Problems



Resource Allocation Problems

Drone Surveillance



Traffic Routing

Resource Allocation Problems



Resource Allocation Problems

Cloud Computing/Internet Routing



Resource Allocation Problems

System Welfare

Centralized optimal solution: NP-hard

Distributed equilibria: known sub-optimal performance

Partially collaborative equilibria:



Quantifying k-Strong Efficiency

Proposition 1.2:         [Ferguson, Paccagnan, Pradelski, Marden TAC*]

Theorem 1.1:          [Ferguson, Paccagnan, Pradelski, Marden TAC*]

Example: Covering Problems
Smooth transition from 

distributed to centralized!



Efficacy of Collaborative Decision-Making

Distributed 
Decision-making

Centralized
Decision-making

Benefit/Cost of Increased Collaboration

Benefit to equilibrium 
efficiency

Added communication 
costs/complexity

System Design

!ǎ ǿŜ ǾŀǊȅ ǘƘŜ ƭŜǾŜƭ ƻŦ ŎƻƭƭŀōƻǊŀǘƛƻƴΧ



Proposition 1.3:         [Ferguson, Paccagnan, Pradelski, Marden TAC*]

Complexity of k SNE 

Evaluating an equilibrium

How does collaboration affect Computational Complexity?

k-Round-Robin: each group updates in set order



Theorem 1.4:          [Ferguson, Paccagnan, Pradelski, Marden TAC*]

Asynchronous Dynamics
What is the performance like before convergence?

k-Asynchronous-Best-Response: each group updates in a random order



Efficacy of Collaborative Decision-Making

Distributed 
Decision-making

Centralized
Decision-making

Benefit/Cost of Increased Collaboration

Benefit to equilibrium 
efficiency

Added communication 
costs/complexity

System Design

!ǎ ǿŜ ǾŀǊȅ ǘƘŜ ƭŜǾŜƭ ƻŦ ŎƻƭƭŀōƻǊŀǘƛƻƴΧ



Utility Design for Collaborative Systems
System Objective

0.76
1.00
0.81
0.68
0.52

System Objective System Objective

0.85
0.91
0.72

How do we design the agent objective function?

Can we do this for the collaborative setting?


