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• no information: (D,D) is NE

(D,D) is NE o.w.

(w.p. 2/5)

(w.p. 3/5)

[example modified from Dughmi ‘14+



Prisoners’ Dilemma
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H: (C,C) is NE (w.p. 3/5)

L: (D,D) is NE (w.p. 2/5)

(C,C) is NE w.p. 3/5!

[example modified from Dughmi ‘14+



Bayesian Game

• payoffs are uncertain

… 

w.p. … 

chooses Signaling Scheme:

e.g., L H

(possibly randomized)



Bayesian Game

• payoffs are uncertain

… 

w.p. … 

e.g., - called full revelation

- reveals nothing beyond prior

- called no revelation



Problem: What is computational complexity
of optimal signaling scheme?

(e.g., maximize social welfare, player 1’s payoff, etc.)

running time poly(# states, size of game)



Problem: What is computational complexity
of optimal signaling scheme?

for 2-person zero-sum games

(goal: maximize row-player’s payoff)



Problem: What is computational complexity
of optimal signaling scheme?

for 2-person zero-sum games

(goal: maximize row-player’s payoff)

since • NE (essentially) unique,

• well-understood,

• poly-time computable



Approximation



Previous Work for 0-Sum Games

• Obtaining an FPTAS is as hard as 
recovering a planted clique in a random graph

• Design problem first studied by Dughmi

[Dughmi ‘14+



Previous Work for 0-Sum Games

• Obtaining an FPTAS is as hard as 
recovering a planted clique in a random graph

• Design problem first studied by Dughmi

[Dughmi ‘14+

*CCDEHT ‘14+



Previous Work for 0-Sum Games

Independently,

• Obtaining an FPTAS is NP-hard

*Rubinstein ‘15+



Results for 2-player 0-sum games

Result I: NP-hard to obtain an FPTAS



Results for 2-player 0-sum games

Result II:

• why not NP-hard?

so NP-hardness would give a QPT algo for an NP-hard problem

*CCDEHT ‘15+



Results for 2-player 0-sum games

Result II:

• planted-clique hardness:

• why not NP-hard?



Results for 2-player 0-sum games

Result II:

• planted-clique hardness:

• why not NP-hard?

Problem: find planted clique



This Talk

Theorem: NP-hard to compute optimal signalling scheme

• reduction from Balanced Complete Bipartite Subgraph (BCBS) 
problem…

• but to the dual separation problem



This Talk

Theorem: NP-hard to compute optimal signalling scheme

Step 2: Threshold signaling problem is NP-hard

Step 1: Signaling is at least as hard as threshold signaling,

via reduction from BCBS

the separation problem for the dual



Posteriors

… 

w.p. … prior

… 

posterior… 

signaling scheme



Posteriors

… 

w.p. … prior

… 

posterior… 

signaling scheme



An Example
w.p. prior

posterior1 0



Posterior Distributions
w.p.

1 0

• posteriors form convex 
decomposition of the prior

prior



Posterior Distributions
w.p. prior

1 0

prior



Posterior Distributions
w.p. prior

1 0

We shift focus and try to find

posteriors rather than signals.

Conditions:

• each posterior is distribution 
over states of nature

• posteriors form convex 
decomposition of prior



Computing Optimal Posteriors
w.p. prior

1 0

max



Computing Optimal Posteriors
w.p. prior

1 0

max



A Linear Program for Signaling

max

s.t.

(implied by previous constraint)

(note: infinite set, hence infinite variables)

• this is a linear program



Dual Linear Program for Signaling

max

s.t.

• this is a linear program

• consider the dual linear program:

min



min Theorem: Solving an LP is as hard as
finding a violated constraint,
given variable values

Thus,   solving dual LP

The Separation Problem



Threshold Signaling Problem

min Thus,   solving dual LP

A simpler problem:

This is the Threshold Signaling Problem



Threshold Signaling Problem

min Thus,   solving dual LP

A simpler problem:

Theorem: Signaling is at least as hard as 



Threshold Signaling Problem

Theorem: Signaling is at least as hard as 

Proof: (1) strong LP duality,

but need to consider infinite-dimensionality, etc.

(details skipped)



Threshold Signaling Problem

Theorem: Signaling is at least as hard as 

Step 2: Threshold signaling problem is NP-hard

Step 1: Signaling is at least as hard as threshold signaling

reduce
Balanced Complete 

Bipartite Subgraph (BCBS)
to threshold signaling in 

Network 
Security Games



Balanced Complete Bipartite Subgraph Problem



Balanced Complete Bipartite Subgraph Problem



Balanced Complete Bipartite Subgraph Problem

Theorem: BCBS is NP-complete *GJ ‘79+



Network Security Games



Network Security Games

=  states of nature



Network Security Games

=  states of nature



Network Security Games

=  states of nature



Network Security Games

=  states of nature



Network Security Games

Case I: 

Case II: Signaling scheme reveals nothing=  states of nature



Network Security Games

Theorem: Threshold signaling in Network Security Games is NP-hard

(reduction from BCBS)

yes, iff

(in same graph)



Network Security Games

Lemma:

(will only sketch one implication)

BCBS NSG

Choose:



Network Security Games

Lemma:

Lemma: Threshold Signaling is NP-hard

Theorem:



Network Security Games

Lemma: Threshold Signaling is NP-hard

Theorem: Signaling in 2-player 0-sum games is NP-hard

Theorem: Signaling is at least as hard as Threshold Signaling



Results for 2-player 0-sum games

Result I:

Result II:

In paper: Signaling in network congestion games

NP-hard to obtain an FPTAS



Open Questions

Question I:

Question II:

Question III: What if you could give different signals to different players?

(asymmetric signaling)



Thank You!



Results for 2-player 0-sum games

Result II:

• why not NP-hard?

so NP-hardness would give a QPT algo for an NP-hard problem

*CDDT ‘15+



This Talk

Part I: NP-hard to obtain a fully polynomial-time approximation scheme:

Will show:



Dual Linear Program for Signaling

max

s.t.

• this is a linear program

• consider the dual linear program:

min



Results for 2-player 0-sum games

Result I: NP-hard to compute optimal signaling scheme

NP-hard to obtain a fully polynomial-time approximation scheme:



Results for 2-player 0-sum games

Result I: NP-hard to compute optimal signaling scheme

NP-hard to obtain a FPTAS



This Talk

Part I:

Part II:

is as hard as planted-clique recovery
[Dughmi ‘14+


