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Multi-Agent Decision-Making Problems

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Problem: How should the sensors coordinate where to observe to achieve the goal?1

Traffic Monitoring

Goal: Maximize knowledge of traffic conditions based on live data collected by distributed traffic sensors

1Li, Mehr, Horowitz, Transportation Research B ’23

2



Multi-Agent Decision-Making Problems

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Problem: How should the sensors coordinate where to observe to achieve the goal?2

Event Detection

Goal: Maximize number of detected events based on live data collected by wireless sensor networks

2Kumar, Rus, Singh, IEEE Pervasive Computing ’04
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Multi-Agent Decision-Making Problems

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Problem: How should the sensors coordinate where to observe to achieve the goal?3

Wildfire Management

Goal: Maximize knowledge of wildfire influence based on live data collected by distributed remote sensors

3Afghah, Razi, Chakareski, Ashdown, IEEE INFOCOM ’19

4



Multi-Agent Coordination Problems

All above are submodular maximization problems1

non-decreasing

submodular
(and  2nd-order submodular)

1Atanasov; Bilmes; Bushnell; Calinescu; Chekuri; Clark; Corah; Gharesifard; Hassani; Hespanha; Iyer; Karbasi; Kia; Konda; Krause; Li; Marden; 
Martinez; Michael; Mirzasoleiman; Mokhtari; Poovendran; Rezazadeh; Robey; Smith; Sundaram; Tokekar; …
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Agents Have Limited Communication Bandwidth and Data Rate
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Agents Have Limited Communication Bandwidth and Data Rate

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Having all sensors coordinating with all other is often impractical: 
•  Impractical communication and computation loads/requirements
•  Impractical decision time
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Agents Have Limited Communication Bandwidth and Data Rate

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Research Question: 
Given the agents’ communication constraints, what is the best network configuration?

NSF Strategic Plan 2022-2026
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Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Network Configuration Matters to Optimization Performance

1

2 3

4

Area Monitoring Example: 
• 4 cameras select their FOV’s to collaboratively maximize total covered area
• Each camera is able to receive information from only up to 2 others
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Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Network Configuration Matters to Optimization Performance

cameras 1-3 already decided

1

2 3

Area Monitoring Example: 
• 4 cameras select their FOV’s to collaboratively maximize total covered area
• Each camera is able to receive information from only up to 2 others
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Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Network Configuration Matters to Optimization Performance

and camera 4 has 3 options

4

Area Monitoring Example: 
• 4 cameras select their FOV’s to collaboratively maximize total covered area
• Each camera is able to receive information from only up to 2 others
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Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Network Configuration Matters to Optimization Performance

All possible local network configurations for camera 4:

Scenario 1: 
Listen to 1 & 2, no info about 3

Best network: gives largest total covered area

Scenario 2:
Listen to 1 & 3; no info about 2

Scenario 3:
Listen to 2 & 3; no info about 1

1

2 3

4

1

2 3

4

1

2 3

4

Area Monitoring Example: 
• 4 cameras select their FOV’s to collaboratively maximize total covered area
• Each camera is able to receive information from only up to 2 others
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Distributed Simultaneous Action Coordination & Network Self-Configuration
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1Fisher, Nemhauser, Wolsey, Math Prog Studies ’78
2Liu, Zhou, Tokekar, RAL ’20
3Konda, Grimsman, Marden, ACC ’22 
4Robey, Adibi, Schlotfeldt, Hassani, Pappas, L4DC ’21 
5Du, Qian, Claudel, Sun, TAC ’22
6Rezazadeh, Kia, Automatica ’23
Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Current Distributed Submodular Maximization Approaches

has not been studied before

• Sequential Greedy and SOTA variants:1–6

- Suboptimality guarantee 1-1/e or 1/2 
- Decision time including communication delays:
‣                     time for connected, directed graphs2

‣           time for connected, directed graphs  |            time for strongly connected, undirected graphs3

                                                  

agents must relay info 
across the network

15

Distributed algorithms for :



• Works that examine impact of limited information access to suboptimality bound:7–9

- Quantification for worst-case 𝑓 : Suboptimality guarantee 1/(𝛼 + 1)7–8                  

1Fisher, Nemhauser, Wolsey, Math Prog Studies ’78
2Liu, Zhou, Tokekar, RAL ’20
3Konda, Grimsman, Marden, ACC ’22 
4Robey, Adibi, Schlotfeldt, Hassani, Pappas, L4DC ’21 
5Du, Qian, Claudel, Sun, TAC ’22
6Rezazadeh, Kia, Automatica ’23
Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Current Distributed Submodular Maximization Approaches

Distributed algorithms for :

• Sequential Greedy and SOTA variants:1–6

- Suboptimality guarantee 1-1/e or 1/2 
- Decision time including communication delays:
‣                     time for connected, directed graphs2

‣           time for connected, directed graphs  |            time for strongly connected, undirected graphs3

                         

has not been studied before

agents must relay info 
across the network

degrades proportionally to number of
agents that select actions independently

7Gharesifard and Smith, TCNS ’18 
8Grimsman, Ali, Hespanha, Marden, TCNS ’19 
9Corah, Michael, CDC ’18
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Our Contributions

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Introduced distributed optimization algorithm:

Algorithm 1: AlterNAting COordination and Network-Design Algorithm (Anaconda)
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Our Contributions

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Introduced distributed optimization algorithm:

Algorithm 1: AlterNAting COordination and Network-Design Algorithm (Anaconda)

• Design Action Coordination and Network Design steps to require minimal communications
• Quantify impact of network configuration             to suboptimality of action coordination
• Use quantification to optimize network configuration via alternating optimization

Key ideas in making Algorithm 1 scalable and near-optimal:
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Our Contributions

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Introduced distributed optimization algorithm:

Algorithm 1: AlterNAting COordination and Network-Design Algorithm (Anaconda)

• Design Action Coordination and Network Design steps to require minimal communications
• Quantify impact of network configuration             to suboptimality of action coordination
• Use quantification to optimize network configuration via alternating optimization

Key ideas in making Algorithm 1 scalable and near-optimal:

denote it
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Our Contributions

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Introduced distributed optimization algorithm:

Algorithm 1: AlterNAting COordination and Network-Design Algorithm (Anaconda)

• Design Action Coordination and Network Design steps to require minimal communications
• Quantify impact of network configuration             to suboptimality of action coordination
• Use quantification                 to optimize network configuration via alternating optimization

Key ideas in making Algorithm 1 scalable and near-optimal:
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

A Closer Look to Algorithm 1
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

ActionCoordination

Multiplicative Weights Update1

1Arora, Hazan, Kale, Theory of Computing, ’12
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Our Algorithm: AlterNAting COordination and Network-Design Algorithm (Anaconda)ActionCoordination

Multiplicative Weights Update1

1Arora, Hazan, Kale, Theory of Computing, ’12

23



Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Suboptimality Performance of ActionCoordination

DefinitionDefinition

DefinitionDefinition (Suboptimality Cost of ActionCoordination)
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Suboptimality Performance of ActionCoordination

Intuition:

DefinitionDefinition

DefinitionDefinition (Suboptimality Cost of ActionCoordination)
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Suboptimality Performance of ActionCoordination

Intuition:

DefinitionDefinition

DefinitionDefinition (Suboptimality Cost of ActionCoordination)
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Suboptimality Performance of ActionCoordination

Proposition 1
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Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Suboptimality Performance of ActionCoordination

Proposition 1

28



Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Neighbor Selection: A Bandit Supermodular Minimization Approach

Problem (Neighbor Selection)

,

.
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Neighbor Selection: A Bandit Supermodular Minimization Approach

Problem (Neighbor Selection)

Lemma (Monotonicity and Supermodularity of 𝐶!,#)

bandit feedback ,

.
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Neighbor Selection: A Bandit Supermodular Minimization Approach
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

A Closer Look to Algorithm 1
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

NeighborSelection

1Neu, NeurIPS, ’15

EXP3-IX algorithm1

34



Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Suboptimality Performance of NeighborSelection

Proposition
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Suboptimality Performance of NeighborSelection

Proposition
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Approximation Performance of Anaconda

Theorem 1 (Fully Centralized Networks)

Match the tight bound of Sequential Greedy [Conforti and Cornoejols, ’78]

No need to select neighbors since every agent has
enough bandwidth budget to hear all others
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Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Approximation Performance of Anaconda

Theorem 1 (Fully Disconnected Networks)

Match the bound [Sviridenko et al. ’17]

No agent can hear others so all actions
are myopically selected
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Approximation Performance of Anaconda

Theorem 1 (Arbitrary Decentralized Network)

Network that is not fully connected emerges
after agents select neighbors individually
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Decision Speed of Anaconda

Theorem 2
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Performance: Sublinear Runtime & Asymptotically Near-Optimal Approximation

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Decision Speed of Anaconda

Theorem 2

Comparison to SOTA decision time: In sparse directed networks where                    
- Anaconda: 
- Sequential Greedy with depth-first search:1

1Konda, Grimsman, Marden, ACC ’22 
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Simulation: Area Monitoring with Multiple Cameras

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks 42



Simulation: Area Monitoring with Multiple Cameras
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Simulation: Area Monitoring with Multiple Cameras
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Simulation Results

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

Anaconda with different uniform bandwidth budgets: As bandwidth budget increases, Anaconda’s 
coverage performance increases (Theorem 1) and convergence speed decreases (Proposition 2)
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coverage performance increases (Theorem 1) and convergence speed decreases (Proposition 2)
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Summary and Extensions

Xu and Tzoumas Performance-Aware Self-Configurable Multi-Agent Networks

• Introduce  
• Provide distributed alternating optimization algorithm

- Neighborhood self-configuration 
- Quantify impact of network configuration to suboptimality
- Scalability vs. optimality trade-off

• One-order faster than SOTA when accounting for inter-agent communication delay

Extensions:
• Unknown a priori 𝑓
• Linear decision time
• Tight approximation bound
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