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What?
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Commuting 



Network Formation Game

There are  players optimizing simultaneously the 
shortest path on a network, and want to share the 
setup costs

n

8

Network Formation

<latexit sha1_base64="sizfokeHATx3vJvcuMxrQTX+y1I="></latexit>

min
xi

{ui(xi;x�i) : xi 2 X i}

Choices of player i

Choices of other players

How do we algorithmically compute  
the best stable outcome?



Network Formation Game

9

Network Congestion

A regulator wants to intervene in the game



Multi-agent Assortment
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🧙
<latexit sha1_base64="6ZQDwd+rxpMaoY9B5LsP8SKo7jY="></latexit>

max
x1

6x1
1 + x1

2

s.t. 3x1
1 + 2x1

2  4

x1 2 {0, 1}2
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<latexit sha1_base64="6ZQDwd+rxpMaoY9B5LsP8SKo7jY="></latexit>

max
x1

6x1
1 + x1

2

s.t. 3x1
1 + 2x1

2  4

x1 2 {0, 1}2

🧚Their “profits” interact🧙
<latexit sha1_base64="1Y9vRtamXxSYFRWMDRCNFZtUNUQ="></latexit>

max
x2

4x2
1 + 2x2

2

s.t. 2x2
1 + 3x2

2  4

x2 2 {0, 1}2

<latexit sha1_base64="5ga7cAtB1C7BrTJ8d80+DohGUQ0="></latexit>

�4x1
1x

2
1 + 6x1

2x
1
2

<latexit sha1_base64="dvuuc/6l4XHKu76BSWa8ZDrXOuA="></latexit>

�x2
1x

1
1 � x2

2x
1
2

Knapsack Games (Carvalho et al., 2022; D. and Scatamacchia, 2022), Critical Node Game (D. et al., 2023)



Energy Markets



🌊☀

SolarCorp Inc. Hydro Inc.

Simultaneous 

Game
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“Cournot Game”



🇨🇦
Canada taxes and regulates the production

15

🌊☀

SolarCorp Inc. Hydro Inc.

Simultaneous 

Game



🇨🇦
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Sequential 
“Stackelberg” Game

🌊☀

SolarCorp Inc. Hydro Inc.

Simultaneous 

Game



🇨🇦

🌊☀

🇺🇸

🏭⚡

Canada U.S.

This is a simultaneous game among optimistic bilevel (i.e., 
sequential) programs

17

Simultaneous 

Game

When Nash Meets Stackelberg (Carvalho et al., 2022)
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And it can get more complex…



Network Formation Game
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And it get more complex…

Supply Chain and 
Transportation

Simultaneous game 
among  “bilevel” players

Carvalho, D. et al, 2023  

(Management Science)

Cronert and Minner, 2021  (OR, TR-B) 

Sagratella et al 2020 (EJOR) 

Carvalho et al. 2018 (IJ Production Economics) 

Cybersecurity

D. et al, 2023  

(Ericsson Inc, - Patent pending)
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Decision-making is rarely an individual task
Self-driven interactions with other decision-makers
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Decision-making is rarely an individual task
Self-driven interactions with other decision-makers

deciding by solving complex (e.g., non-convex) optimization problems

Modeling 
Capabilities

Practically 
Useful

Informative 
Solutions



The Toolkit: Integer Programming Games

22Köppe et al., (2011), Sagratella (2015), D. et al (2021), D. (2022)

An Integer Programming Game (IPG) is a simultaneous one-shot (static) game 
among  players where each player  solvesn i = 1,…, n

<latexit sha1_base64="f71pgd40WLwmnqKmHj/99A9sICk="></latexit>

X i := {Aixi  bi, xi 2 Z↵i

⇥ R�i

}

<latexit sha1_base64="L9l2sCbHH3iNo0Vlm7N9ytDTfBQ="></latexit>

min
xi

{ui(xi;x�i) : xi 2 X i}

There is common knowledge of rationality, i.e., each player is 
rational and there is complete information,
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Why?
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Decision-making is rarely an individual task
Self-driven interactions with other decision-makers

deciding by solving complex (e.g., non-convex) optimization problems

Modeling 
Capabilities
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Solutions
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Modeling 
Capabilities

Indivisible quantities, fixed production costs and logical 
disjunctions often require discrete variables 

Energy — Gabriel et al. (2013), David Fuller and Çelebi (2017)  
Supply Chain  — Anderson et al. (2017) 

Assortment-Price competitions — Federgruen and Hu (2015) 
Kidney Exchange Problems — Carvalho et al. (2017) 

Cybersecurity — Dragotto et al. (2023)

They extend traditional resource-allocation tasks and 
combinatorial optimization problems to a multi-agent setting

Why? Modeling Capabilities
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Why? Informative Contents of Equilibria

Informative 
Solutions

“Designers therefore cannot work only with the simple conceptual 
models used for theoretical insights into the general working of 

markets. Instead, market design calls for an engineering approach.

 

Experimental and computational economics are natural 
complements to game theory in the work of design.”
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How?
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Decision-making is rarely an individual task
Self-driven interactions with other decision-makers

Solutions should embed the concept of stability
For instance, the mutual optimality of the decision-makers
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Nash equilibria

 is a Pure Nash Equilibrium (PNE) if, for any player ,x̄ = (x̄1, …, x̄n) i
<latexit sha1_base64="yxDCDSig07v+o1Jf1gnMTF8lwMQ="></latexit>

ui(x̄i, x̄�i)  ui(x̂i, x̄�i) 8x̂i 2 X i

PNEs and MNEs (Carvalho et. al, 2018)

1. Deciding if an IPG has a PNE is Σp
2-complete

2. Deciding if an IPG has a MNE is Σp
2-complete

3. If  is finite for any player , there exists an MNE𝒳i i



Enumerate Optimize Payoff Types

Sagratella (2016) Branching Method ✅ ❌ Convex payoffs

Carvalho et al. (2022) Sample Generation 
Method ❌ ❌ Separable Payoffs

Schwarze and Stein (2022) Branch-and-Prune ✅ ❌ Quadratic Payoffs

Carvalho, D., Lodi, 
Sankaranarayanan (2021) Cut-And-Play ❌ ❌ Separable Payoffs

Cronert and Minner (2021) Exhaustive Sample 
Generation Method ✅ ❌ Separable Payoffs

D. and Scatamacchia (2023) Zero Regrets ✅ ✅ Linearizable Payoffs

31

State-of-the-art



Check if  is a Nash equilibrium.x̄

Network Formation Game

32

A 3-Phase Process

Play2

3 Refine

Else:  is a Nash equilibriumx̄
     If not, refine at least a  and goto

<latexit sha1_base64="WV6AmRdxVI4rv8xwJ8ftZoLoCNA=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapgp2seuIIjLCvYB7VgyaaYNzTxMMoUyFPwLNy4UcevHuPNvzHQqqOiBC4dz7iUnx404k8qyPozcyura+kZ+s7C1vbO7V9w/aMswFoS2SMhD0XWxpJwFtKWY4rQbCYp9l9OOO7lI/c6UCsnC4EbNIur4eBQwjxGstOT0fazGBPOkO79lg2LJMu26Xa+VUUaqlSWpWcg2rQVKsERzUHzvD0MS+zRQhGMpe7YVKSfBQjHC6bzQjyWNMJngEe1pGmCfSidZhJ6jE60MkRcKPYFCC/X7RYJ9KWe+qzfTkPK3l4p/eb1YeTUnYUEUKxqQ7CEv5kiFKG0ADZmgRPGZJpgIprMiMsYCE6V7KugSvn6K/iftsmlXzPPrs1Lj8j6rIw9HcAynYEMVGnAFTWgBgTt4gCd4NqbGo/FivGarOWNZ4SH8gPH2CcJ+kzI=</latexit>

X i 2

Approximate1 Create : Approximate  with some set G̃
<latexit sha1_base64="WV6AmRdxVI4rv8xwJ8ftZoLoCNA=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapgp2seuIIjLCvYB7VgyaaYNzTxMMoUyFPwLNy4UcevHuPNvzHQqqOiBC4dz7iUnx404k8qyPozcyura+kZ+s7C1vbO7V9w/aMswFoS2SMhD0XWxpJwFtKWY4rQbCYp9l9OOO7lI/c6UCsnC4EbNIur4eBQwjxGstOT0fazGBPOkO79lg2LJMu26Xa+VUUaqlSWpWcg2rQVKsERzUHzvD0MS+zRQhGMpe7YVKSfBQjHC6bzQjyWNMJngEe1pGmCfSidZhJ6jE60MkRcKPYFCC/X7RYJ9KWe+qzfTkPK3l4p/eb1YeTUnYUEUKxqQ7CEv5kiFKG0ADZmgRPGZJpgIprMiMsYCE6V7KugSvn6K/iftsmlXzPPrs1Lj8j6rIw9HcAynYEMVGnAFTWgBgTt4gCd4NqbGo/FivGarOWNZ4SH8gPH2CcJ+kzI=</latexit>

X i
<latexit sha1_base64="x75qreHotdagTv6a07G6qFj6llQ=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyEp2seuIIjLCvYBTSyTyaQdOnkwMxFKCPRX3LhQxK3f4c6/cdJUUNEDFw7n3MucOW7MqJCm+aGVVlbX1jfKm5Wt7Z3dPX3/oCeihGPSxRGL+MBFgjAakq6kkpFBzAkKXEb67vQy9/v3hAsahbdyFhMnQOOQ+hQjqaSRfmRLyjyS2gGSE4xYOsiyOzrSq6ZhtaxWswYL0qgvSdOElmEuUAVLdEb6u+1FOAlIKDFDQgwtM5ZOirikmJGsYieCxAhP0ZgMFQ1RQISTLuJn8FQpHvQjriaUcKF+v0hRIMQscNVmnlL89nLxL2+YSL/ppDSME0lCXDzkJwzKCOZdQI9ygiWbKYIwpyorxBPEEZaqsYoq4eun8H/SqxlW3bi4Oa+2r+ZFHWVwDE7AGbBAA7TBNeiALsAgBQ/gCTxrc+1Re9Fei9WStqzwEPyA9vYJwMWXGQ==</latexit>

X̃ i

Compute a solution  to  with an optimization problemx̄ G̃

INPUT A game  described by the payoff  and the actions  G ui(xi; x−i)
<latexit sha1_base64="WV6AmRdxVI4rv8xwJ8ftZoLoCNA=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapgp2seuIIjLCvYB7VgyaaYNzTxMMoUyFPwLNy4UcevHuPNvzHQqqOiBC4dz7iUnx404k8qyPozcyura+kZ+s7C1vbO7V9w/aMswFoS2SMhD0XWxpJwFtKWY4rQbCYp9l9OOO7lI/c6UCsnC4EbNIur4eBQwjxGstOT0fazGBPOkO79lg2LJMu26Xa+VUUaqlSWpWcg2rQVKsERzUHzvD0MS+zRQhGMpe7YVKSfBQjHC6bzQjyWNMJngEe1pGmCfSidZhJ6jE60MkRcKPYFCC/X7RYJ9KWe+qzfTkPK3l4p/eb1YeTUnYUEUKxqQ7CEv5kiFKG0ADZmgRPGZJpgIprMiMsYCE6V7KugSvn6K/iftsmlXzPPrs1Lj8j6rIw9HcAynYEMVGnAFTWgBgTt4gCd4NqbGo/FivGarOWNZ4SH8gPH2CcJ+kzI=</latexit>

X i



Network Formation Game

33

A 3-Phase Process

3 Refine

Stability Step Membership 
Step

Check if  is a Nash equilibrium.x̄

Else:  is a Nash equilibriumx̄
     If not, refine at least a  and goto

<latexit sha1_base64="WV6AmRdxVI4rv8xwJ8ftZoLoCNA=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapgp2seuIIjLCvYB7VgyaaYNzTxMMoUyFPwLNy4UcevHuPNvzHQqqOiBC4dz7iUnx404k8qyPozcyura+kZ+s7C1vbO7V9w/aMswFoS2SMhD0XWxpJwFtKWY4rQbCYp9l9OOO7lI/c6UCsnC4EbNIur4eBQwjxGstOT0fazGBPOkO79lg2LJMu26Xa+VUUaqlSWpWcg2rQVKsERzUHzvD0MS+zRQhGMpe7YVKSfBQjHC6bzQjyWNMJngEe1pGmCfSidZhJ6jE60MkRcKPYFCC/X7RYJ9KWe+qzfTkPK3l4p/eb1YeTUnYUEUKxqQ7CEv5kiFKG0ADZmgRPGZJpgIprMiMsYCE6V7KugSvn6K/iftsmlXzPPrs1Lj8j6rIw9HcAynYEMVGnAFTWgBgTt4gCd4NqbGo/FivGarOWNZ4SH8gPH2CcJ+kzI=</latexit>

X i 2

No player should deviate from  given x̄i x̄−i
<latexit sha1_base64="/1APNm9jnvPGp238LjKknibORIg="></latexit>

x̃i = argmin
xi

{ui(x
i, x̄�i) : xi 2 X i}

ui(x̄i; x̄−i) ≤ ui(x̃i; x̄−i)

If                , then refine 
<latexit sha1_base64="x75qreHotdagTv6a07G6qFj6llQ=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyEp2seuIIjLCvYBTSyTyaQdOnkwMxFKCPRX3LhQxK3f4c6/cdJUUNEDFw7n3MucOW7MqJCm+aGVVlbX1jfKm5Wt7Z3dPX3/oCeihGPSxRGL+MBFgjAakq6kkpFBzAkKXEb67vQy9/v3hAsahbdyFhMnQOOQ+hQjqaSRfmRLyjyS2gGSE4xYOsiyOzrSq6ZhtaxWswYL0qgvSdOElmEuUAVLdEb6u+1FOAlIKDFDQgwtM5ZOirikmJGsYieCxAhP0ZgMFQ1RQISTLuJn8FQpHvQjriaUcKF+v0hRIMQscNVmnlL89nLxL2+YSL/ppDSME0lCXDzkJwzKCOZdQI9ygiWbKYIwpyorxBPEEZaqsYoq4eun8H/SqxlW3bi4Oa+2r+ZFHWVwDE7AGbBAA7TBNeiALsAgBQ/gCTxrc+1Re9Fei9WStqzwEPyA9vYJwMWXGQ==</latexit>

X̃ i
<latexit sha1_base64="2ZB2gFHq8KSVDXvVQZDMwwNBTb8=">AAACB3icdVDLSsNAFJ3UV62vqEtBBovgKiRF+9gVBHFZwT6giWUynbRDJ5MwMxFLKLhw46+4caGIW3/BnX/jpK2gogcuHM65l3vv8WNGpbLtDyO3sLi0vJJfLaytb2xumds7LRklApMmjlgkOj6ShFFOmooqRjqxICj0GWn7o9PMb18TIWnEL9U4Jl6IBpwGFCOlpZ657/pIpDeTKwpdHinKoRsiNcSIpR0t9syibTk1p1YtwRmplOekakPHsqcogjkaPfPd7Uc4CQlXmCEpu44dKy9FQlHMyKTgJpLECI/QgHQ15Sgk0kunf0zgoVb6MIiELq7gVP0+kaJQynHo687sSPnby8S/vG6igqqXUh4ninA8WxQkDKoIZqHAPhUEKzbWBGFB9a0QD5FAWOnoCjqEr0/h/6RVspyydXJxXKyf3c7iyIM9cACOgAMqoA7OQQM0AQZ34AE8gWfj3ng0XozXWWvOmEe4C37AePsEKm6amQ==</latexit>

x̄i /2 X i
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And some challenges

Existence of 
equilibria

How to select 
approximations

Solving the 
play phase

Equilibria 
Selection
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And some challenges

Existence of 
equilibria

How to select 
approximations

Solving the 
play phase

Equilibria 
Selection

An equilibrium might not exist in a given game .  
How to detect this?

G
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And some challenges

Existence of 
equilibria

How to select 
approximations

Solving the 
play phase

Equilibria 
Selection

An equilibrium might not exist in an approximation 

  while one exists in the original game  (and vice versa)G̃ G

Outer vs Inner approximations
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And some challenges

Existence of 
equilibria

How to select 
approximations

Solving the 
play phase

Equilibria 
Selection

This phase often involves solving a hard optimization problem,  
e.g., a mixed-integer program, variational inequality or complementarity problem.
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And some challenges

Existence of 
equilibria

How to select 
approximations

Solving the 
play phase

Equilibria 
Selection

If multiple equilibria exist, selecting (i.e., optimizing) a specific one is often  
complex from an algorithmic-design perspective
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An example: Cut-and-Play



Network Formation Game

40

Cut-and-Play

Play2

3 Refine

Else:  is a Nash equilibriumx̄

     If not, refine at an   via branching/cutting
<latexit sha1_base64="WV6AmRdxVI4rv8xwJ8ftZoLoCNA=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapgp2seuIIjLCvYB7VgyaaYNzTxMMoUyFPwLNy4UcevHuPNvzHQqqOiBC4dz7iUnx404k8qyPozcyura+kZ+s7C1vbO7V9w/aMswFoS2SMhD0XWxpJwFtKWY4rQbCYp9l9OOO7lI/c6UCsnC4EbNIur4eBQwjxGstOT0fazGBPOkO79lg2LJMu26Xa+VUUaqlSWpWcg2rQVKsERzUHzvD0MS+zRQhGMpe7YVKSfBQjHC6bzQjyWNMJngEe1pGmCfSidZhJ6jE60MkRcKPYFCC/X7RYJ9KWe+qzfTkPK3l4p/eb1YeTUnYUEUKxqQ7CEv5kiFKG0ADZmgRPGZJpgIprMiMsYCE6V7KugSvn6K/iftsmlXzPPrs1Lj8j6rIw9HcAynYEMVGnAFTWgBgTt4gCd4NqbGo/FivGarOWNZ4SH8gPH2CcJ+kzI=</latexit>

X i

Check if  is a Nash equilibrium via both  
membership and stability

x̄

2

Approximate1 Create : Approximate  with some polyhedron G̃
<latexit sha1_base64="WV6AmRdxVI4rv8xwJ8ftZoLoCNA=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapgp2seuIIjLCvYB7VgyaaYNzTxMMoUyFPwLNy4UcevHuPNvzHQqqOiBC4dz7iUnx404k8qyPozcyura+kZ+s7C1vbO7V9w/aMswFoS2SMhD0XWxpJwFtKWY4rQbCYp9l9OOO7lI/c6UCsnC4EbNIur4eBQwjxGstOT0fazGBPOkO79lg2LJMu26Xa+VUUaqlSWpWcg2rQVKsERzUHzvD0MS+zRQhGMpe7YVKSfBQjHC6bzQjyWNMJngEe1pGmCfSidZhJ6jE60MkRcKPYFCC/X7RYJ9KWe+qzfTkPK3l4p/eb1YeTUnYUEUKxqQ7CEv5kiFKG0ADZmgRPGZJpgIprMiMsYCE6V7KugSvn6K/iftsmlXzPPrs1Lj8j6rIw9HcAynYEMVGnAFTWgBgTt4gCd4NqbGo/FivGarOWNZ4SH8gPH2CcJ+kzI=</latexit>

X i
<latexit sha1_base64="x75qreHotdagTv6a07G6qFj6llQ=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyEp2seuIIjLCvYBTSyTyaQdOnkwMxFKCPRX3LhQxK3f4c6/cdJUUNEDFw7n3MucOW7MqJCm+aGVVlbX1jfKm5Wt7Z3dPX3/oCeihGPSxRGL+MBFgjAakq6kkpFBzAkKXEb67vQy9/v3hAsahbdyFhMnQOOQ+hQjqaSRfmRLyjyS2gGSE4xYOsiyOzrSq6ZhtaxWswYL0qgvSdOElmEuUAVLdEb6u+1FOAlIKDFDQgwtM5ZOirikmJGsYieCxAhP0ZgMFQ1RQISTLuJn8FQpHvQjriaUcKF+v0hRIMQscNVmnlL89nLxL2+YSL/ppDSME0lCXDzkJwzKCOZdQI9ygiWbKYIwpyorxBPEEZaqsYoq4eun8H/SqxlW3bi4Oa+2r+ZFHWVwDE7AGbBAA7TBNeiALsAgBQ/gCTxrc+1Re9Fei9WStqzwEPyA9vYJwMWXGQ==</latexit>

X̃ i

Compute a solution  to  via a complementarity problemx̄ G̃

INPUT A game  described by the separable payoff  and the actions  G ui(xi; x−i)
<latexit sha1_base64="WV6AmRdxVI4rv8xwJ8ftZoLoCNA=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapgp2seuIIjLCvYB7VgyaaYNzTxMMoUyFPwLNy4UcevHuPNvzHQqqOiBC4dz7iUnx404k8qyPozcyura+kZ+s7C1vbO7V9w/aMswFoS2SMhD0XWxpJwFtKWY4rQbCYp9l9OOO7lI/c6UCsnC4EbNIur4eBQwjxGstOT0fazGBPOkO79lg2LJMu26Xa+VUUaqlSWpWcg2rQVKsERzUHzvD0MS+zRQhGMpe7YVKSfBQjHC6bzQjyWNMJngEe1pGmCfSidZhJ6jE60MkRcKPYFCC/X7RYJ9KWe+qzfTkPK3l4p/eb1YeTUnYUEUKxqQ7CEv5kiFKG0ADZmgRPGZJpgIprMiMsYCE6V7KugSvn6K/iftsmlXzPPrs1Lj8j6rIw9HcAynYEMVGnAFTWgBgTt4gCd4NqbGo/FivGarOWNZ4SH8gPH2CcJ+kzI=</latexit>

X i
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Looking Ahead



Some perspectives

42

Applications Deployment of IPGs in  novel application domains

OptimizationDevelop novel and efficient general and problem-
specific algorithms

Fairness
Solutions balancing the decision-makers 

selfishness with societal goals



Integer Programming Games: A Gentle Computational 
Overview

INFORMS 2023 TutORial in O.R. -  2023
2303.11188

The Cut-and-Play Algorithm
2111.05726



Knapsack Game (KPG)

max
xi {

m

∑
j=1

pi
j x

i
j +

n

∑
k=1,k≠i

m

∑
j=1

Ci
k,jx

i
j x

k
j :

m

∑
j=1

wi
j x

i
j ≤ bi, xi ∈ {0,1}m}

As for Wizard and Fairy, each player solves a binary Knapsack problem 
with some interaction terms in the objective
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Knapsack Game (KPG)
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A few facts:


• No successful attempts to enumerate or 
select equilibria in KPGs with  and 

 (Cronert and Minner (2021)) 

• Carvalho et al. (2021, 2022) only compute 
an MNE with at most 


• No results on the complexity of the KPG, 
nor its 

n > 2
m > 4

n = 3, m ≤ 40

PoS/PoA
We prove it is -complete to determine if a 

PNE exists + the  are arbitrarily bad

Σp
2
PoS/PoA

We select PNEs with 

We provide “packing" equilibrium inequalities

n > 2, m > 50



Knapsack Game (KPG)
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Equilibrium inequalities may also capture specific structures or constraint types.

Strategic Payoff Inequalities

In a packing problem, often the all-zeros strategy 
is feasible with objective 0

A fact

A consequence Let  be a subset of ’s opponents. If  so that𝒮i i ∃𝒮i

pi
j + ∑

k∈𝒮i
j

Ci
k,j < 0,

then,  is an equilibrium inequality.xi
j + ∑

k∈𝒮i
j

xk
j ≤ |𝒮i

j |
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A
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Ti
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0.00

400.00

800.00

1200.00

1600.00
P

ri
ce

 o
f 

St
ab

ili
ty

1.01

1.02

1.04

1.05

(n,m)
(2, 25) (2, 50) (2, 75) (2, 100) (3, 25) (3, 50) (3, 75) (3, 100)

PoS Time (s) Time 1st (s)

666.13

110.3289.35
1.04

63.35
3.30.450.07

1400.32

548.80

342.36

10.11

475.49

18.902.350.19



Facility Location and Design Game
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Average Time (s)  
(Bar-lengths are in log-scale)

36,978.14 seconds

283.32 seconds

20,969.56 seconds

64.92 seconds

96.00 seconds

15.00 seconds

471.13 seconds

4.42 seconds

ZERO Regrets Cronert and Minner (2020)

n = 2, Small

n = 2, Big

n = 3, Small

n = 3, Big

*Only PNEs *Also MNEs, existence?
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