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𝑠𝑡+1 ∼ 𝑃(⋅ ∣ 𝑠𝑡 , 𝑢𝑡, 𝑢𝑡, 𝑢𝑡 , 𝑢𝑡)
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S. Li, M. Egorov, M. J. Kochenderfer, “Optimizing collision avoidance in dense airspace using deep 
reinforcement learning”, in Air Traffic Management Research and Development Seminar, 2019. 
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A multi-agent encounter
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Utility Decomposition: dividing 
the encounter into pairwise 
encounters

Utility Fusion: “adding-up” 
pairwise utilities to decide on 
safe actions

Ownship

Intruder

Ownship Action

Decomposition

𝑠1
𝑠2

…

𝑠𝑛

𝑄1
∗

𝑄2
∗

𝑄𝑛
∗

𝑠 argmax
𝑄𝑙𝑜𝑤
∗

Each pairwise Collision Avoidance policy is solved by Value Iteration => VICAS
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Ownship
Action

Decomposition

𝑠1
𝑠2

…

𝑠𝑛

𝑄1
∗

𝑄2
∗

𝑄𝑛
∗

𝑠 argmax
𝑄𝑙𝑜𝑤
∗

VICASClosest: using the closest intruder
𝑄𝑙𝑜𝑤
∗ 𝑠, 𝑎 ≈ 𝑄𝑖

∗ 𝑠𝑖 , 𝑎
𝑖 = arg min𝑗∈ 1,…,𝑛 𝑑𝑖𝑠𝑡𝑗

• A very rough approximation

VICASMulti: using all the 𝑛 intruders
𝑄𝑙𝑜𝑤
∗ (𝑠, 𝑎) ≈ min

𝑖∈{1,…,𝑛}
𝑄𝑖
∗(𝑠𝑖 , 𝑎)

• Considers the most dangerous 
intruder for each action, risk averse

Fusion
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Deep Correction:

• Multi-fidelity optimization

• The high-fidelity model (𝑓ℎ𝑖) is expensive to evaluate

• Use a surrogate model : 

𝑓ℎ𝑖 ≈ 𝑓𝑙𝑜𝑤 + 𝛿

𝑄∗ ≈ 𝑄𝑙𝑜𝑤
∗ + 𝛿

• Correction 𝛿 is a deep Q-network

Agent

Action

𝑠1

…

𝑠𝑛

𝑄1
∗

𝑄𝑛
∗

𝑠
argmax

𝑄𝑙𝑜𝑤
∗

Correction 𝛿
DQN(𝜃)

+

…

Why?

• 𝑄∗ is hard to optimize

• 𝑄𝑙𝑜𝑤
∗ is easy to obtain 

• Deep Q-network is powerful

Utility decomposition / fusion + deep correction

VICAS
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VICASMultiNo Collision Avoidance

An encounter with collision Winding routes and oscillations in actions Less winding routes

VICASClosest
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Corrected More Conservative Corrected

Avoiding collision with minimal maneuvers and straightforward paths
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𝑒1

𝑒2 𝑒3

𝑒4
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Recap: Two Extremes of MARL
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𝑄 𝑎 = 𝑄12 𝑎1, 𝑎2 + 𝑄23 𝑎2, 𝑎3 + 𝑄34(𝑎3, 𝑎4) 𝑄 𝑎 = ෍

𝑖∈𝑉

𝑄𝑖 𝑎𝑖 + ෍

𝑖,𝑗∈𝐸

𝑄𝑖𝑗(𝑎𝑖 , 𝑎𝑗)
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S. Li, Y. Zhou, R. Allen, M. J. Kochenderfer, “Learning Emergent Discrete Message Communication for Cooperative 
Reinforcement Learning”, in IEEE International Conference on Robotics and Automation (ICRA), 2022. 
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• 𝑚 = 10110

• 𝑚𝑘 = argmax 𝑙𝑜𝑔𝑖𝑡𝑠[𝑘, ∶]

•
• 𝑚 = 00010

• 𝑚 = onehot(argmax 𝑙𝑜𝑔𝑖𝑡𝑠)

argmax

ar
gm

ax
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• Single agent capture penalty
enabled

• Other agents are invisible to
each agent

• Communication is necessary for
a high return



47

SISL

•

•

•

• |𝑉| = 256
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ො𝑎𝑖 = 𝑓( ഥ𝑚𝑎𝑔𝑔𝑟,𝑖; 𝜙) ො𝑎𝑖 = 𝑓(𝑚𝑖; 𝜙)
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