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Plan

• theory of mind
• the p-beauty game
• recursive theory of mind in shopping
• recursive theory of mind in the ultimatum game

• dynamic updating
• defection



ToM as inverse reinforcement learning
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Jara-Ettinger et al. (2016), Baker et al. (2017), and many more

What I 
know

What I 
want

What I 
do

𝑃𝑃 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∝ 𝑃𝑃 𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶,𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑝𝑝(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅)

Action

Inference



Recursive theory of mind: the p-Beauty Game
• Keynes; Nagel

• choose number between 1-100
• person closest to ⁄2 3rds of the mean wins prize



The problem setting - intuition
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A three stage disinformation game
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-1-1-1 -1 -1

Buyer shows interest 
observed by seller Seller chooses price

Buyer purchases item
based on prices

1 2 3

R(buyer) = U(i1) – C(i1)
R(seller) = C(i2)

+ U(i2) – C(i2)



V     (      ) 7 ?

V     (      ) 3 ?

A three stage disinformation game
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-1-1-1 -1-1-1-1-1

Flat prior

Σ = 10 Σ = 10

-1 -1

Where the buyer enters the shop varies 
(but always Σ = 10) 



The theory of mind depths
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DoM(-1) buyer: The naïve buyer

Entirely 
independent!

-1 -1-1-1-1-1



𝑃𝑃(𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉|𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)

The theory of mind levels
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DoM(0) seller: The inverse reinforcement learning seller 
(a.k.a. the Naïve Utility Calculus)

-1 -1-1-1-1-1



The theory of mind levels
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DoM(1) buyer: Hacking the inverse reinforcement learner
 Observer awareness

-1 -1-1-1-1-1

-1 -1-1-1-1-1

Optimizing 𝑃𝑃 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴,𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  to its advantage



The theory of mind levels
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DoM(2) seller: Defending against the hack
A skeptical utility calculus

-1 -1-1-1-1-1



The theory of mind levels
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DoM(3) buyer: Planning through the skeptical utility calculus

-1 -1-1-1-1-1



Recap: Theory of mind levels
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DoM(-1)
Buyer

DoM(1)
Buyer

DoM(2)
Seller

DoM(0)
Seller

Inverse 
Reinforcement 
Learning (IRL)

Hacking
inverse RL

Defending against
the hacked IRL

Reinforcement
Learning (RL)

DoM(3)
Buyer

Planning through
a defensive seller

Gmytrasiewicz & Doshi, 2005



Behaviors of interest 
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-1 -1-1-1-1-1

1. Buyer picks an item 2. Seller chooses a price
based on buyer’s action

3. Buyer buys one of the options 
based on seller’s price



Recap: Theory of mind levels
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DoM(-1)
Buyer

Reinforcement
Learning (RL)



DoM(-1): “Naïve” Buyer
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-1-1-1 -1-1-1-1-1 -1 -1



Recap: Theory of mind levels
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DoM(-1)
Buyer

DoM(0)
Seller

Inverse 
Reinforcement 
Learning (IRL)

Reinforcement
Learning (RL)



DoM(0): “Naïve Utility Calculus” Seller
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* After 
buyer 
choses 
apple

Probability
of choosing
apple



Recap: Theory of mind levels
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DoM(-1)
Buyer

DoM(1)
Buyer

DoM(0)
Seller

Inverse 
Reinforcement 
Learning (IRL)

Hacking
inverse RL

Reinforcement
Learning (RL)



DoM(1): Hacking the “Naïve Utility Calculus”
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Probability
of choosing
apple



DoM(1): Hacking the “Naïve Utility Calculus”
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Probability
of choosing
apple



Recap: Theory of mind levels
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DoM(-1)
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DoM(1)
Buyer

DoM(2)
Seller

DoM(0)
Seller
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Learning (IRL)

Hacking
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Defending against
the hacked IRL

Reinforcement
Learning (RL)



DoM(2): The “Skeptical Utility Calculus”
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Probability
of choosing
apple



Recap: Theory of mind levels
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DoM(-1)
Buyer

DoM(1)
Buyer

DoM(2)
Seller

DoM(0)
Seller

Inverse 
Reinforcement 
Learning (IRL)

Hacking
inverse RL

Defending against
the hacked IRL

Reinforcement
Learning (RL)

DoM(3)
Buyer

Planning through
a defensive seller



DoM(3): The “Cornered Hacker”
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Intermediate summary
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Intermediate summary

• theory of mind and pure reward maximization give rise to
• observed agents (partially) hiding their preferences
• observing agents selectively ignoring or reinterpreting the signals sent by the 

observed agents
• belief updating in the face of opponent

• information theoretic view
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𝐼𝐼(𝑟𝑟, 𝑎𝑎1) KL(priorr,posteriorr) KL(buyerk+1,sellerk)



Plan

• theory of mind
• the p-beauty game
• recursive theory of mind in shopping
• recursive theory of mind in the ultimatum game

• dynamic updating
• defection



The Ultimatum Game

Oosterbeek et al, 2004



The Ultimatum Game

12 rounds



Sender

• DoM(-1):
• random: just acts randomly
• threshold: myopic use of lower and upper bounds

• lower: increase from rejection
• upper: decrease from acceptance
• softmax policy within bounds

• DoM(1):
• pretends to be random



DoM(-1) vs DoM(0)



DoM(1) vs DoM(0)



DoM(2) vs DoM(-1) : ‘Paranoia’

• DoM(1) masquerades as random 
• so true randomness is hard to infer – implying cost for the receiver
• DoM(-1) threshold behaviour is atypical for DoM(1) random-pretenders

• so infer that it is actually random
• and so lose out!



Self-Protection
• how can DoM(0) protect against DoM(1)?

non-stationarity



Credible Threats



Summary
• from inverse RL to deception, protection, threats

• dynamic belief updating; non-stationarity; mixed motives
• depth of mentalizing
• critical dependence on DoM(-1) strategy
• difficulty of being too smart
• difficulty of being insufficiently smart

• need to detect manipulation (non-likelihood based)
• need an א-policy

• personality disorders: irritation
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