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Mul�ple access channel

Simplest network communica�on scenario involving two senders and one receiver.

Goal

Each sender transmits individual

classical messages through

common channel to the receiver.

Sender 1

Sender 2
Receiver
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Mul�ple access channel
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Capacity region of a MAC
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Typical capacity region

Mul�ple access channel
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Locality & quantum correla�ons

The independence constraint for the two senders in the MAC scenario 
can be interpreted as a locality constraint.

Central ques�ons in our work

Can entanglement assistance increase the capacity region of a MAC?

How hard is it to compute the unassisted capacity region of a MAC?

YES (and it can be complicated...)

NP‐HARD

Bell inequali�es: quantum correla�ons are strict superset of classical correla�ons.
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Talk outline

Capacity region of a classical MAC and entanglement assistance

Quantum correla�ons and non‐local games

Construc�ng a MAC in terms of a non‐local game

Main result 1: entanglement increases capacity region

Main result 2: unbounded entanglement may be necessary

Main result 3: compu�ng the unassisted capacity region is NP‐hard

Conclusion and open ques�ons
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Coding for a MAC

Encoding Channel transmission Decoding
(i.i.d.)
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Capacity region of a MAC

Single‐le�er capacity region of a MAC                              (Ahlswede '73, Liao '73)
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Typical capacity region of a MAC
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Capacity region of a MAC

Ahlswede‐Liao region characterized by single‐le�er formula.

Complicated part: product constraint (🠐independence constraint) on input RVs.

We will study both ques�ons using the theory of non‐local games.

How hard is it to compute the full region?

Product constraint can be turned into

rank‐1 constraint.

[Calvo et al., IEEE Trans. Comm. 58.12 (2010)]

Ques�on 2

Can we use entanglement assistance

to overcome independence constraint?

Ques�on 1

9



Entanglement assistance for MACs
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Talk outline

Capacity region of a classical MAC and entanglement assistance

Quantum correla�ons and non‐local games

Construc�ng a MAC in terms of a non‐local game

Main result 1: entanglement increases capacity region

Main result 2: unbounded entanglement may be necessary

Main result 3: compu�ng the unassisted capacity region is NP‐hard

Conclusion and open ques�ons
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Non‐local games

Referee

Alice Bob
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Non‐local games: Classical strategies

Referee

Alice Bob
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Non‐local games: Quantum strategies

Quantum strategies:Referee

Alice Bob
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Magic square game

Alice is given a row.

Bob is given a column.

They win, if:
          Alice's parity is even;

          Bob's parity is odd;
          strings agree in overlapping cell.

[Mermin, PRL 65.27 (1990)]

[Peres, Phys. Le�. A 151.3 (1990)]
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Magic square game

0 1 1

0

1

Alice is given a row.

Bob is given a column.

[Mermin, PRL 65.27 (1990)]

[Peres, Phys. Le�. A 151.3 (1990)]

They win, if:
          Alice's parity is even;

          Bob's parity is odd;
          strings agree in overlapping cell.
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Magic square game

0 1 1

0

1

0 0

0 ?

Alice is given a row.

Bob is given a column.

[Mermin, PRL 65.27 (1990)]

[Peres, Phys. Le�. A 151.3 (1990)]

They win, if:
          Alice's parity is even;

          Bob's parity is odd;
          strings agree in overlapping cell.
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MSG: Classical strategies

0 1 1

0

1

0 0

0 ?

Perfect determinis�c strategy 
necessarily violates parity constraints.

Maximal winning probability: 8/9

For uniformly drawn ques�ons, 
this also holds for any
probabilis�c strategy.

[Brassard et al., Found. Phys. 35.11 (2005)]

Classical value
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+XI

-XZ

+IZ

+XX

+YY

+ZZ

+IX

-ZX

+ZI
[Mermin, PRL 65.27 (1990)], [Peres, Phys. Le�. A 151.3 (1990)]

[Brassard et al., Found. Phys. 35.11 (2005)]

Parity constraints are always sa�sfied.

MSG: A perfect quantum strategy

Quantum value
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Talk outline

Capacity region of a classical MAC and entanglement assistance

Quantum correla�ons and non‐local games

Construc�ng a MAC in terms of a non‐local game

Main result 1: entanglement increases capacity region

Main result 2: unbounded entanglement may be necessary

Main result 3: compu�ng the unassisted capacity region is NP‐hard

Conclusion and open ques�ons
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MAC in terms of a non‐local game

Alice

Bob

Game strategy

Inspired by [Quek & Shor, PRA 95.5 (2017)]. 21



MAC in terms of a non‐local game
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Talk outline

Capacity region of a classical MAC and entanglement assistance

Quantum correla�ons and non‐local games

Construc�ng a MAC in terms of a non‐local game

Main result 1: entanglement increases capacity region

Main result 2: unbounded entanglement may be necessary

Main result 3: compu�ng the unassisted capacity region is NP‐hard

Conclusion and open ques�ons
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Sum rate of a non‐local game MAC

Lemma

Problem
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Sum rate of a non‐local game MAC

Lemma

Main result: No‐Go theorem for classical strategies
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Sum rate of a non‐local game MAC

Main result: perfect sum rate with entanglement

Lemma
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Example: Magic square game channel

approxima�on
to capacity region Bound on

classical sum rate

achievable using

perfect quantum strategy
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Example: Magic square game channel

"true" separa�on
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Talk outline

Capacity region of a classical MAC and entanglement assistance

Quantum correla�ons and non‐local games

Construc�ng a MAC in terms of a non‐local game

Main result 1: entanglement increases capacity region

Main result 2: unbounded entanglement may be necessary

Main result 3: compu�ng the unassisted capacity region is NP‐hard

Conclusion and open ques�ons
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Linear system games

Referee

Alice

Bob
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Unbounded entanglement needed

[Slofstra and Vidick, Ann. H. Poincare 19.10 (2018)], [Slofstra, Forum Math. Pi 7 (2019)]

Main result: Unbounded entanglement
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Talk outline

Capacity region of a classical MAC and entanglement assistance

Quantum correla�ons and non‐local games

Construc�ng a MAC in terms of a non‐local game

Main result 1: entanglement increases capacity region

Main result 2: unbounded entanglement may be necessary

Main result 3: compu�ng the unassisted capacity region is NP‐hard

Conclusion and open ques�ons

32



A non‐local game version of 3‐SAT

Referee

Alice

Bob [Håstad, J. ACM 48.4 (2001)]
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NP‐hardness of compu�ng capacity region

Main result: NP‐hardness of compu�ng unassisted capacity region
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Talk outline

Capacity region of a classical MAC and entanglement assistance

Quantum correla�ons and non‐local games

Construc�ng a MAC in terms of a non‐local game

Main result 1: entanglement increases capacity region

Main result 2: unbounded entanglement may be necessary

Main result 3: compu�ng the unassisted capacity region is NP‐hard

Conclusion and open ques�ons
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Conclusion

MAC models simple network communica�on scenario with 2 senders, 1 receiver.

Capacity region given by single‐le�er formula, but non‐convex problem.

All results are proven by embedding a non‐local game in a MAC scenario.

Main results

Entanglement between senders can boost capacity region of a MAC.

You may need lots of entanglement to get full boost.

The classical capacity region is NP‐hard to compute.

This is generally undecidable.
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Open ques�ons

Informa�on‐theore�c Op�miza�on‐theore�c

Can we improve sum rate bound

to get "true" separa�on?

Formula for the entanglement‐
assisted capacity region? 

What about arbitrary (three‐way)
entanglement assistance?

Efficiently computable outer

bounds for capacity region of MAC?

Can entanglement boost the 
capacity of arbitrary MACs?

Efficient op�miza�on over 
(bilinear) quantum strategies?
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Thank you 
for your a�en�on!
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