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Tragedy of the Commons & Distributed Control

The Grand Banks Fishing Fiasco:
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The Collapse of the Grand Banks Cod

Fishery

The Grand Banks of Newfoundland are a series of underwater plateaus found off the northeast coast of

Canada. For centuries the Grand Banks produced a seemingly endless supply of cod and other
commercially valuable fish. However, overfishing and mismanagement of stocks in the second half of the

twentieth century saw the number of cod dwindle and then ultimately collapse, causing economic turmoil

and significant social issues for the people of Newfoundland who had come to rely on cod fishing as a

major part of their economy. As Charles Clover writes in The End of the Line:

x &S 6rand Banks
is the textbook case
of failure in
fisheries science. An
army of scientists in
one of the Ud 1 YI
richest and most
advanced  nations
managed to destroy
one of the richest
fisheies 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
T4t Eo T resources
were renewable ..
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The Need for Coordination

Fleet Robotics
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Local algorithms for marn
robots
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Decisioamaking of
human users

CoordinateX
Generation, demancdand
storage of power




Prevalent phenomenon in muigent systems

Local Decision Making # Suboptimal Global Behavior

Central Goal

Discover control approaches that daeally implementablewhile still offering
good collective behaviar
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Agents that can communicate anJI Noncooperative or competitive
collaborate with one another F3ASyi1aQ O2yiNRf LINROT S




l. Interragent Collaboration



Engineered MultAgent Systems

Internet of Things

Drone Fleets

Manufacturlng Robotlcs

Distributed Control
(local decisions)

Large, interconnected systems of many automated devices

|_

and processes

Quantifying the effects of

Collaborative DecisiotMaking
[CDC23, TAC*, CDC24]
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Design new system paradigms
betweencentralized and distributed

greater coordination
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Centralized Control
(Coordinated decisions)



Modeling Collaborative Solutions

Design Local Control Law

Local Cost Function
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Quality of Nash Equilibria
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Modeling Collaborative Solutions

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

Local Cost Function
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Local Decision Making

Perfor'mance can be
Sub-optima/



Modeling Collaborative Solutions

DesignGroupControl Law Converge to Nash Equilibria Quality of Nash Equilibria
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Perfor'mance can be

Inter-agent communication sub-optimal
and coordination




Modeling Collaborative Solutions

DesignGroupControl Law
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Inter-agent communication
and coordination

Converge tdtrongerEquilibria
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New, stronger
equilibria notions

Quality of Nash Equilibria
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Modeling Collaborative Solutions

DesignGroupControl Law
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Inter-agent communication
and coordination

Converge tdtrongerEquilibria
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New, stronger
equilibria notions

Quality ofStrongEquilibria

Improve system level
performance



Modeling Collaborative Solutions
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Inter-agent communication New, stronger
and coordination
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Improve system level
equilibria notions performance

beyond local decisioimakingto coordinate better equilibria?

With emerging communication technologies, can we go




Collaborative Decisions and Emergent Equilibria
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Equilibrium Hypergraph

Communication Graph
A Channels over which agents can A Group of connected agentsuse A All possible groups of
coordinate actions coordinated control action collaborating agents
A In equilibrium, no admissible

A May vary with time and state of A Groups require communication
the system and can change with time group will deviate action

Collaboration Partition



What Makes Collaboration Good?

R StirabguiNish Equilibyium (a®°NF):
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Bridge the gap betweecentralizedand
distributed equilibrium concepts

W,




Collaborative DecisiecMaking Paradigms

Alg.p° ¢ ©

Distributed De&%ﬁ%ﬁb@tem architecture to govern behaV|or @Emﬁlﬁg@g@slemakmg

(Suboptimal performance/ low complexity) . Partlally Collaborative (Best performance / high complexity)

Decisioamaking

4 )
Increased coordination through partial collaboration

Tradeoff benefit toequilibrium performanceand addedalgorithm complexity




Efficacy of Collaborative DecisiMaking

Distributed ] ) Centralized
Decisionmaking

Decisionmaking

Collaboration Hyper-graph H C 2V

H={T1,...,T5 | Ta NTars # 0} H={TC N |p(i,j) <dVijeTl}



Efficacy of Collaborative DecistMaking

Distributed ] ) Centralized
Decisiommaking Decisionmaking

Collaboration Hyper-graph H C 2V
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Benefit/Cost of Increased Collaboration /\“srpo ng N
k
H = U (T C N [T = ¢} — " hequiy,.
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At mostk agents can collaborate
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Benefit to equilibrium Added communication

efficiency costs/complexity System Design




CoalitionallySmooth Games

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

Definition: W is (), u)-k-coalitionally-smooth, where A\, u € R”, if for

If W is (A, p)-ketoeditonnpdlyzsmoo

all a,a’ € A
1
— Z W(ar,a_r) > AW (a") — ucWia), V¢ € [k].
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Theorem :L]ﬂver-age 9r'oup/ deviation [Ferguson, Paccagnafradelski Marden TAC*]
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Resource Allocation Problems
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Resource Allocation Problems
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Drone Survelllance




Resource Allocation Problems
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Agents (N) Resources (R)

Traffic Routing
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Resource Allocation Problems
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Resource Allocation Problems
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Agents (N Resources (R) Actions (a; CR)

System Welfare

W(a) =) vw(al,)

reR ————  Value of having |a|,
agents share resource r

Centralized optimal solutiarNRhard

4 Diminishing returns 1
Partially collaborative equilibria ~ Eff (k)
w
v

Distributed equilibriaknown suboptimal performance
Number of agents on resource: |al,




Quantifyingk-Strong Efficiency

Theorem 1.1:

[Ferguson, PaccagnafAradelskiMarden TAC*]
Find (A, ) for bound on Eff (k)

Proposition 1.2:

Any resource allo tlon game
where (pf,vf) is a sohﬁ b ts t

(p¢,vE) €argmin  p
Example: Covering Igrob?ems
w(la}) = 1lal. = 1]

i
Numbtr of agents on resource: |al,

0> w(o+z) —

Lower-bound

[Ferguson, PaccagnafAradelskiMarden TAC*]
Hh ISP SRS ™ L AaBIY Tindsh Horogiata — !

near program
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1T Smooth transition from

distributed to centralized!
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Efficacy of Collaborative DecistMaking

Distributed

) Centralized
Decisionmaking

Decisionmaking

Gt
Benefit/Cost of Increased Collaboration
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Benefit to equilibrium
efficiency
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Added communication
costs/complexity

System Design




Complexity okSNE

How does collaboration affe€@omputational Complexity
n := number of players m := number of agent actions k := size of coalitions

Nash Equilibrium k-Strong Nash Equilibrium

Evaluating an equilibrium

Olnm) © ((n —nli)!k!mk)

k-RoundRobin:each group updates in set order
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Proposition 1.3: [Ferguson, PaccagndaradelskiMarden TAC*]
The k-Round-Robin dynamics converge in finite time

1— L
m

k
and requires welfare comparisons on order O (m” ( L ) )




Asynchronous Dynamics

What is the performance likeefore convergence?

k-AsynchronoudBestResponseeach group updates intr@andomorder
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Theorem 1.4: [Ferguson, PaccagnafAradelskiMarden TAC*]

If W is (A, p)-k-coalitionally smooth, then after 7" > 1 update steps,
the cumulative expected welfare satisfies

P \
= (a )7 eTTer' u P
2T KZC Pl guarantee

where p¢ is the probability a group of size ¢ best responds.
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Efficacy of Collaborative DecistMaking

Distributed

) Centralized
Decisionmaking

Decisionmaking
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Benefit/Cost of Increased Collaboration

~

la 6S OFNE UKS fS@gSt 2F O2ftl 062N) A

09

08

0.7

0.6

Benefit to equilibrium
efficiency

05

L L L L L L L
2 4 G 8 10 12 14 16 18 20

Added communication
costs/complexity

System Design




Utility Design for Collaborative Systems
System Objective

Design Agent's

Local op+: Still ey, ‘ective
o Ptimq| WfThaplil/jaTe ObjectV
gystem O_pjecti@ Gystem Objecti\g
0.76 @ 0.85-{1 Locqy Obtimg|
1.001 ) 0.91—- — Oofy
7 0.81 0.72)\
0.681— -
\___Los &

How do we design the agent objective function”
Can we do this for the collaborative setting?
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