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Nonstationary MDP
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transition kernel: 𝑃 𝑠′ ∣ 𝑠, 𝑎

reward: 𝑟 𝑠, 𝑎

Stationary MDP

transition kernel: 𝑃ℎ
𝑚 𝑠′ ∣ 𝑠, 𝑎

reward: 𝑟ℎ
𝑚 𝑠, 𝑎

Nonstationary MDP

Problem: Can we design a near-optimal model-free
learning algorithm over Nonstationary MDPs?
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Environment from Agent 1’s perspective

(Shared) Environment

Agent 1

rewardaction

Agent 2

rewardaction

Consider: 

 Shared environment is stationary

 Agent 2 can take arbitrary actions (uncontrollable by Agent 1)

 As the game proceeds, Agent 2 learns and updates its policy across episodes

⇒ NONSTATIONARY!
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Environment from Agent 1’s perspective

(Shared) Environment

Agent 1

rewardaction

Agent 2

rewardaction

Decentralized: Agent 1 cannot observe the actions taken by Agent 2

⇒ Agent 1 has no access to the complete model of the environment 

⇒ Agent 1 should learn the policy by simulation (Model-free Learning) 
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Definition – Dynamic Regret, Variation Budget

▪ Dynamic Regret: The measure of the algorithm’s performance

 Static Regret: Compare to best single policy for all episodes

 Dynamic Regret: Compare to best policy for each episode



 Measures the optimality of policy — appropriate for nonstationary environments
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9



Mao, W., Zhang, K., Zhu, R., Simchi-Levi, D., & Başar, T. (2025). Model-Free Nonstationary Reinforcement Learning: Near-Optimal Regret and Applications in Multiagent 
Reinforcement Learning and Inventory Control. Management Science, 71(2), 1564-1580.

Definition – Dynamic Regret, Variation Budget

▪ Dynamic Regret: The measure of the algorithm’s performance

 Static Regret: Compare to best single policy for all episodes

 Dynamic Regret: Compare to best policy for each episode



 Measures the optimality of policy — appropriate for nonstationary environments

▪ Variation Budget: The measure of the model’s non-stationarity

 Δ = Δ𝑟 + Δ𝑝



 ≈

1. Introduction
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▪ RestartQ-UCB

 A familiar Q-Learning algorithm…
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for each episode…

sample (s,a,r,s’)

update Q & V



▪ RestartQ-UCB

 A familiar Q-Learning algorithm… but over a nonstationary environment! 
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① Periodically
forget everything
(RestartQ-UCB)

② Compute UCB 
bonus terms

(RestartQ-UCB)



▪ ① Why periodically forget everything to handle nonstationarity? 

 Note that, our env is as much nonstationary as variation budget Δ

 Env at 𝑡 is similar to env at 𝑏, but distant to env 𝑎

 This means, at timepoint t, 𝑄𝑏 is useful but 𝑄𝑎 is outdated

 So we better forget 𝑄𝑎 when learning 𝑄𝑡!
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▪ ② What are UCB(Upper Confidence Bound) terms for?

 Question: Suppose we want to estimate Q-values for actions 𝑎1, 𝑎2, 𝑎3 as below.

which action should we choose first for exploration? (width of distrib. = uncertainty)

 Principle1: “The more uncertain we are about 𝑄(𝑎), the more important it is to explore the action”
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RestartQ-UCB (Hoeffding)
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Answer: a1



ㅌㄴ
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▪ ② What are UCB(Upper Confidence Bound) terms for?

 UCB Algorithm: “Pick the action according to the upper bound of the confidence interval

 Principle2: “Optimism in the face of uncertainty”
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uncertainty U(a)

Q(a)
Q(a)+U(a)Q(a)-U(a)

Estimated mean

𝑎 = argmax
𝑎

𝑄 𝑎 + 𝑈 𝑎
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empirical mean uncertainty bonus
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empirical mean uncertainty bonus

𝑏Δ ← Δ𝑟
𝑑
+𝐻Δ𝑝

𝑑 Nonstationary bonus:
the bigger delta
= the more nonstationary the model is
= the more uncertain the model is
= the more important it is to explore



Mao, W., Zhang, K., Zhu, R., Simchi-Levi, D., & Başar, T. (2025). Model-Free Nonstationary Reinforcement Learning: Near-Optimal Regret and Applications in Multiagent 
Reinforcement Learning and Inventory Control. Management Science, 71(2), 1564-1580.

RestartQ-UCB (Hoeffding)
2. Algorithm & Analysis

18

𝑆 : number of states
𝐴 : number of actions
Δ : variation budget
𝐻 : number of steps per episode
𝑇 : total number of timesteps
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Hoeffding type UCB is replaced 
by a tighter Freedman type UCB,
which is more involved..
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Hoeffding type UCB is replaced 
by a tighter Freedman type UCB,
which is more involved..
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Caveat: For optimality,

𝐷 = 𝑆−1/3 · 𝐴−1/3 · Δ2/3 · 𝐻−2/3 · 𝑇1/3

i.e. restart scheduling 
requires prior knowledge of Δ

Can we get rid of this?
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Double-Restart Q-UCB
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Here, D is “learned” 
in an online manner, 
rather than “given” 
as a parameter

𝐷1

𝐷2

𝐷n

⋯

restartQ-UCB

restartQ-UCB

restartQ-UCB

⋯

Multi-Armed Bandit Problem
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Still near-optimal!

Compared to RestartQ-UCB (Freedman),
- more overhead for learning D
- but more robust to unknown, irregular, 

and abrupt environment changes 
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Experiment

▪ Compared Algorithms
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Restart? Exploration Framework Time Complexity
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▪ Compared Algorithms

▪ Simulation

 Benchmark

 Bidirectional Diabolical Combination Lock

 particularly difficult for exploration

25

Q-Learning UCB
: no restart

Epsilon-Greedy
: no UCB

Experiment
3. Conclusion
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very slow!

only little
overhead!

Experiment
3. Conclusion
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Concluding Remark

▪ Proposed two model-free learning algorithms for nonstationary MDPs
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▪ With supporting empirical results

 competitive in both rewards & time

 justification of Restart & UCB in their design
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▪ With supporting empirical results
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▪ Future Direction

 Close the remaining ෨𝑂(𝐻
1

3) gap
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