




























< 𝑆, 𝐴, 𝑇, 𝑅, 𝛾 >

𝑆

𝐴

𝑇: 𝑆 × 𝐴 → 𝑆

𝑅: 𝑆 × 𝐴 → ℝ

𝛾

𝜋: 𝑆 → 𝐴

𝜋

𝔼𝜋 𝛾𝑡𝑅(𝑠𝑡 , 𝑎𝑡)

𝜏

𝑡=0



𝑥 𝑡 = 𝑓 𝑥 𝑡 , 𝑢 𝑡 , 𝑡 , 𝑡 ∈ 𝑡0, 𝑡1 , 𝑥 𝑡0 = 𝑎, 𝑢(𝑡) ∈ Ω

• 𝑥 𝑡 ∈ ℝ𝑛

• 𝑢 𝑡 ∈ ℝ𝑚 Ω

𝐽 ≔  𝜑 𝑥 𝑡 , 𝑢 𝑡 , 𝑡 𝑑𝑡 + 𝑔 𝑥 𝑡1

𝑡1

𝑡0

→ min  

•

• 𝑓, 𝜑, 𝑔

• 𝑓



∀𝑠, 𝑠′∃𝜋𝑟:  𝔼𝛽𝔼𝑠,𝜋𝑟
𝑃 𝐵𝑠′ = 1,

𝐵𝑠′
𝑠′

𝐵𝑠′ = 1*∃𝑡 < ∞: 𝑠𝑡 = 𝑠′+

𝛽 𝑃

https://arxiv.org/abs/1205.4810


•

•

𝑠𝑡

𝑜𝑡 ∈  𝑂

• 𝑜1, 𝑎1, 𝑟2, 𝑜2, 𝑎2, 𝑟3, …

•

•

𝑠𝑡 ≈  (𝑜𝑡 , 𝑜𝑡−1, … )



𝑎𝑡

𝑜𝑡 ∈ ℝ 2𝑑 2

𝑠 𝑡 = (𝑜1, … , 𝑜𝑡)

𝑄

𝑄 𝑠𝑡 , 𝑎𝑡 = 𝔼𝜋  𝛾𝑖𝑅(𝑠𝑖 , 𝑎𝑖)

𝜏

𝑖=𝑡

𝑄∗ 𝑠, 𝑎 = 𝔼𝑠𝑡∼𝑇 𝑟𝑡 + 𝛾max
𝑎𝑡

𝑄∗(𝑠𝑡 , 𝑎𝑡) |𝑠, 𝑎





𝑄 𝑠, 𝑎; 𝜃 ≈ 𝑄(𝑠, 𝑎)

 𝜃

ℒ 𝜃 = 𝔼𝑠,𝑎∼𝒟 𝑦 − 𝑄(𝑠, 𝑎; 𝜃) 2

 

𝑦 = 𝔼𝑠𝑡∼𝑇 𝑟𝑡 + 𝛾max
𝑎𝑡

𝑄 (𝑠𝑡, 𝑎𝑡; 𝜃) |𝑠, 𝑎



∇𝜃ℒ 𝜃 = 𝔼𝑠,𝑎∼𝒟;𝑠𝑡∼𝑇 𝑟𝑡 + 𝛾max
𝑎𝑡

𝑄 (𝑠𝑡, 𝑎𝑡; 𝜃) − 𝑄 𝑠, 𝑎; 𝜃 ∇𝜃Q(s, a; 𝜃)



𝑠𝑡 , 𝑎𝑡 , 𝑟𝑡+1, 𝑠𝑡+1 → 𝒟

(𝑠, 𝑎, 𝑟, 𝑠′) 𝒟

ℒ 𝜃 = 𝔼𝑠,𝑎,𝑟,𝑠′∼𝒟 𝑟𝑡 + 𝛾max
𝑎′

𝑄 𝑠′, 𝑎′; 𝜃− − 𝑄 𝑠, 𝑎; 𝜃
2



 𝜋 𝑠;𝑤 = ℙ,𝑎|𝑠, 𝑤-

 𝐽

∇𝑤𝐽 𝑤 = 𝔼𝜋 (𝑤) ∇𝑤 log 𝜋 𝑠; 𝑤 𝑄𝜋 𝑤 (𝑠, 𝑎)

 𝑄



ℒ(𝜃)



𝐽(𝑤)



𝑅𝑡 ≈ 𝑄𝜋 𝑤 (𝑠𝑡, 𝑎𝑡)



•

∇𝜃 𝑄 𝑠, 𝑎; 𝜃 = ∇𝜙log𝜋(𝑠; 𝜙),

•

𝜖 = 𝔼𝜋 𝜙  𝑄𝜋 𝜙 𝑠, 𝑎 − 𝑄 𝑠, 𝑎; 𝜙
2
,

•

 ∇𝜙 𝐽(𝜙) = 𝔼𝜋 𝜙  ,∇𝜙log 𝜋(𝑠; 𝜙) 𝑄(𝑠, 𝑎; 𝜃)-



𝐷𝑇𝑉
𝑚𝑎𝑥 𝜋1, 𝜋2 = max

𝑠
𝐷𝑇𝑉
𝑚𝑎𝑥 𝜋1(⋅ |𝑠), 𝜋2𝜋1(⋅ |𝑠) ,

𝐽 𝜋 (𝜙
′) ≥ 𝐿𝜋 𝜙 (𝜋 (𝜙′)) −

4𝜖𝛾

1−𝛾 2  (𝐷𝑇𝑉
𝑚𝑎𝑥𝜋 𝜙 , 𝜋 (𝜙′)))2

𝜖 = max
𝑠,𝑎

 𝐴𝜋 𝜙  𝑎, 𝑠



𝐿𝑤𝑜𝑙𝑑
𝑤 = 𝐽 𝑤𝑜𝑙𝑑 + 𝜇𝑤𝑜𝑙𝑑

𝑠  𝜋 𝑎 𝑠,𝑤 𝐴(𝑠, 𝑎; 𝑤old)

𝑎𝑠

𝛿 𝐿

•

•

max
𝑤

𝔼𝑠∼𝜇𝑤𝑜𝑙𝑑
,𝑎∼𝜋(𝑤𝑜𝑙𝑑)

𝜋 𝑎 𝑠, 𝑤

𝜋 𝑎 𝑠, 𝑤𝑜𝑙𝑑
𝑄(𝑠, 𝑎;𝑤𝑜𝑙𝑑)

при условии 𝐷𝐾𝐿
𝑠∼𝜇𝑤𝑜𝑙𝑑 𝜋 𝑤𝑜𝑙𝑑 , 𝜋 𝑤 ≤ 𝛿



ℒ 𝜃 = 𝔼𝑠,𝑎,𝑟,𝑠′∼𝒟 𝑦(𝑟, 𝑠′) − 𝑄(𝑠, 𝑎; 𝜃𝑖
−) 2

𝑦 𝑟, 𝑠′ = 𝑟 + 𝛾 min
𝑖=1,2

𝑄 𝑠′, 𝑎′; 𝜃𝑖
− − 𝛼 log 𝜋(𝑎′|𝑠′, 𝑤)

𝜉 ∼
𝒩(0,1)

𝜋 𝑎 𝑠, 𝑤, 𝜉 = tanh(𝜇 𝑠;𝑤 − 𝜎 𝑠;𝑤 ⋅ 𝜉)

•

𝐽 𝑤 = 𝔼𝑠∼𝒟,𝜉∼𝒩 min
𝑖=1,2

𝑄 𝑠, 𝑎 𝑠; 𝜉, 𝑤 ; 𝜃𝑖 − 𝛼 log 𝜋(𝑎(𝑠; 𝜉, 𝑤)|𝑠)



•

•

•

•

http://arxiv.org/abs/2006.10742


𝑠𝑖 𝑠𝑗

𝑀 𝐵 
𝑠𝑖 , 𝑠𝑗 ∈ 𝑆 𝐵

• 𝑅 𝑠𝑖 , 𝑎 = 𝑅 𝑠𝑗 , 𝑎 ∀𝑎 ∈ 𝐴

• 𝒫 𝐺 𝑠𝑖 , 𝑎 = 𝒫 𝐺 𝑠𝑗 , 𝑎 ∀𝑎 ∈ 𝐴 ∀𝐺 ∈ 𝑆𝐵

𝑆𝐵 𝑆 𝐵 𝒫 𝐺 𝑠𝑖 , 𝑎 =  𝒫 𝑠′ 𝑠, 𝑎𝑠′∈𝑆

𝑑 𝑠𝑖 , 𝑠𝑗 = max
𝑎∈𝐴

1 − 𝑐 ⋅ 𝑅𝑠𝑖
𝑎 − 𝑅𝑠𝑗

𝑎 + 𝑐 ⋅ 𝑊1 𝒫𝑠𝑖
𝑎 , 𝒫𝑠𝑖

𝑎; 𝑑 ,

𝑐 ∈ ,0,1)

𝑊𝑝 = 𝒫𝑖 , 𝒫𝑗; 𝑑 = inf
𝛾′∈Γ 𝒫𝑖,𝒫𝑗

 𝑑 𝑠𝑖 , 𝑠𝑗
𝑝
𝑑𝛾′ 𝑠𝑖 , 𝑠𝑗

𝑆×𝑆

1/𝑝



ℓ1

𝐽 𝜙 = 𝑧𝑖 − 𝑧𝑗
1
− 𝑟𝑖 − 𝑟𝑗 − 𝛾𝑊2(𝒫 ⋅ 𝑧 𝑖 , 𝑎𝑖 , 𝒫 (⋅ |𝑧 𝑗 , 𝑎𝑗))

2

,

𝒫 

𝑊2 𝒩 𝜇𝑖 , Σ𝑖 ,𝒩 𝜇𝑗 , Σ𝑗
2
= 𝜇𝑖  − 𝜇𝑗

2

2
+ Σ𝑖

1/2
− Σ𝑗

1/2

ℱ

2



•

•

•





















https://arxiv.org/abs/2005.01643


< 𝑆, 𝐴, 𝑇, 𝑅, 𝐺, 𝛾 >

 𝑆

 𝐴

 𝑇: 𝑆 × 𝐴 → 𝑆

 𝑅: 𝑆 × 𝐴 → ℝ

 𝑮: 𝑺 → *𝟎, 𝟏+

 𝛾

< 𝑇 , 𝑅 > 𝐺 𝑠𝑛+1 = 1

𝑃𝑙𝑎𝑛:< 𝑠𝑖 , 𝑟𝑖 , 𝑎𝑖 , 𝑠 𝑖+1, 𝑟 𝑖+1, 𝑎𝑖+1, … , 𝑎𝑛, 𝑠 𝑛+1 >

𝜋

𝔼𝜋 𝛾𝑡𝑅(𝑠𝑡 , 𝑎𝑡)

𝜏

𝑡=0





𝜂 𝜋

𝜂 𝜋

𝑟max  

max
𝑡

𝔼𝑠∼𝜋𝐷,𝑡 ,𝐷𝑇𝑉(𝑃(𝑠
′|𝑠, 𝑎)||𝑃 (𝑠′|𝑠, 𝑎) )- ≤ 𝜖𝑚

max
𝑠

𝐷𝑇𝑉(𝜋𝐷(𝑎|𝑠)||𝜋𝐷 (𝑎|𝑠) ) ≤ 𝜖𝜋





γ

• ∈ ≡ …
ua ∈

•

∈ ≡ 𝑈𝑛

•

’ × × →

•

× → γ ∈



•

𝑧𝑎 ∈
× →

•

𝜏𝑎 ∈ ≡ ×
∗

 𝜋𝑎 𝑢𝑎 τ𝑎 × →

• 𝜋

𝑄π 𝑠𝑡 𝑡 𝔼 𝑠𝑡+1 ∞ 𝒖𝑡+1:∞ 𝑅𝑡 𝑠𝑡 𝒖𝑡
𝑅𝑡  𝛾𝑖  𝑟𝑡+𝑖

∞
𝑖=0

•





Улучшение современных алгоритмов MARL 
может быть достигнуто простой 
модификацией ϵ-жадной стратегии 

Исследование зависит от соотношения 
доступных совместных действий и 
количества агентов 

Улучшение памяти прецедцентов, чтобы 
декоррелировать опыт на основе 
повторяющихся траеткорий, а не эпизодов





2407.14931  

https://github.com/AIRI-Institute/pogema  

https://github.com/AIRI-Institute/pogema-benchmark  

https://github.com/AIRI-Institute/pogema-toolbox  

https://arxiv.org/abs/2407.14931
https://arxiv.org/abs/2407.14931
https://github.com/AIRI-Institute/pogema
https://github.com/AIRI-Institute/pogema
https://github.com/AIRI-Institute/pogema
https://github.com/AIRI-Institute/pogema-benchmark
https://github.com/AIRI-Institute/pogema-benchmark
https://github.com/AIRI-Institute/pogema-benchmark
https://github.com/AIRI-Institute/pogema-benchmark
https://github.com/AIRI-Institute/pogema-benchmark
https://github.com/AIRI-Institute/pogema-toolbox
https://github.com/AIRI-Institute/pogema-toolbox
https://github.com/AIRI-Institute/pogema-toolbox
https://github.com/AIRI-Institute/pogema-toolbox
https://github.com/AIRI-Institute/pogema-toolbox


















ℒ𝑅 ℒ𝑇



𝑀 = <  𝑇, 𝑅 >

𝒫 𝒱

𝑀 = <  𝑇, 𝑅 > 𝑀  = < 𝑇 , 𝑅  >
𝒫 𝒱



 
m∗  = <  𝑇, 𝑅 >

m∗

𝑚 ∈ 𝑀𝑚∗ 𝒫,𝒱 ≡ 𝑀(𝒫,𝒱)

𝒫 𝒱



Φ: 𝑆 → 𝑂

𝒞 = *𝑐1, … , 𝑐𝑛+

*𝑐. 𝑝1, … , 𝑐. 𝑝𝑚+

𝑠 𝑓 𝑠 = *𝑜1, … , 𝑜𝑘+
𝑐(𝑜) ∈ 𝒞

𝑠  𝑜𝑖
𝑘
𝑖=0

𝐼: 𝑂 × 𝑂 → *0,1+ 𝑇𝑐(𝑜, 𝑎) 𝑇𝑐𝑖,𝑐𝑗(𝑜𝑖 , 𝑜𝑗 , 𝑎)

𝐼 𝑜𝑖 , 𝑜𝑗 = 1



𝑒 ∈ 𝑠

𝐴𝑐
𝑐(𝑒)

𝜅 𝑐 =< 𝐼𝑐 , 𝜋𝑐 , 𝛽𝑐 >

𝐼𝑐 ⊆ 𝑆 ∀𝑠 ∈ 𝑆, 𝑒 ∈ 𝑠, 𝑐 𝑒 = 𝑐

𝜋𝑐 ∀𝑎 ∼ 𝜋𝑐 , 𝑎 ∈ 𝐴𝑐 , 𝑐 𝑒 = 𝑐

𝛽𝑐: 𝑆 → *0,1+



𝑘 + 1
𝒟

Φ



𝑁𝐷 𝑠𝑖 𝑠𝑖  𝒟



𝜋 𝜋𝑐𝑖 𝑚 

𝑚 𝑐𝑖

𝒟
𝜋 𝜋𝑐𝑖

𝑉𝑖 𝑉𝜅 

𝑉𝑖 𝑉𝜅 
𝜋 𝜋𝑐𝑖

























































Φ𝑝

Φ𝑎









https://git.mipt.ru/cogmodel/strl/strl_robotics


https://arxiv.org/abs/2212.14307


http://doi.org/10.1109/ACCESS.2022.3182803




https://ieeexplore.ieee.org/document/10323309


http://www.youtube.com/watch?v=iDj7Yo73drA
http://www.youtube.com/watch?v=Eszs0llLpF4


http://arxiv.org/abs/2306.09459v4






https://www.youtube.com/c/AIRIInstitute
https://t.me/airi_research_institute
https://t.me/airi_research_institute
https://t.me/airi_research_institute
https://t.me/airi_research_institute
https://t.me/airi_research_institute
https://vk.com/airi_institute
https://airi.net/ru/?force=ru

