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CHSH game
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@ questions and answers are bits: x,y,a, b € {0,1}

@ (x,y) drawn uniformly
@ agentswiniffa@b=xAy

o local (LHV) value: wg =

(x,y)‘ win ‘ lose
(0,0) [a=b|a#b
(0,1) |a=b|a#b
(1,0) |a=b|a#b
(1,1) |a#b|a=b
3=075

@ quantum value: wy = cos?(m/8) ~ 0.854
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Magic Square game

x=0 by
x=1 ai 32:b2 as
x =2 b3

Alice fills her row x with £1 entries: ajaras = +1
Bob fills his column y with £1 entries: bibybz = —1
they win iff they agree on the shared cell: a, = by
local (LHV) value: wg = 8 ~0.889

quantum value: wy = 1 (perfect strategy)

e 6 6 o o
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Rendezvous problem

(a) Cycle graph, |V| =6 (b) Cubic graph, |V| =8

Figure: The two graph topologies used in the Rendezvous game.
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Rendezvous Game

@ players on vertices of a graph G = (V, E) — V vertices, E edges;
Alice's question x € V and Bob's question y € V are their own
starting vertices

@ answer: a move — to a neighboring vertex (or “stay”) — chosen
without knowledge of the other’s start

@ win condition: both agents on the same vertex after the move

@ achievable values of the game depend on graph topology
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Background Quantum

Correlations

il

joint probability of a, b given x,
AGH J p Yy g Y
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state of shared physical system

l |

p(a,b|x,y) =Tr[p (M @ Ny )]

Alice’s measurement effect (input x, outcome a)

Bob's measurement effect (input y, outcome b)

e all joint probabilities p(a, b | x, y) are the correlations
@ quantum set £ — correlations from any shared state p

@ local set £ — correlations from separable p

o £ C ) — entangled p can produce correlations no separable state
reproduces
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Background Quantum

Nonlocal Games

mmm Definition (Nonlocal Game)

Question sets X and Y, answer sets A and B, a probability distribution
g : X x Y — [0, 1] over questions, and a predicate function
W:XxY xAxB— {0,1} together define a nonlocal game G = (W, q).

How a round is played:
© a strategy is selected before the start of a game

@ questions (x,y) ~ g are drawn — Alice gets x and Bob gets y
© Alice answers a € A, Bob answers b € B
Q they win iff W(a,b | x,y) =1

Value of a game
we, Wy — best winning probability achievable with strategies from £, Q.
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Background Quantum

Dec-POMDP

agents and their joint action space

@mm |

M=(D,A, §T, 0,0, Rhby)
GH

environment state and how it evolves

what each agent actually sees — own observation only

shared reward, episode horizon, initial state

Figure: Example environment with two agents — Alice (red) and Bob (blue).
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Background Quantum

Problem Formulation
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We express a nonlocal game G = (W, q) as a Dec-POMDP:

S=XxY; T trivial (h=1)

D = {Alice,Bob}, A =A% B

Dawid Mazur, Piotr Gawron

l

M=(D,A, §,T, 0,0, Rhby)

O deterministic: op = x, og = y[

R=W(a,b|x,y),h=1,bp=gq
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Background Quantum
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i ROt(“i 1)0 L 1)0 'Yi 1)0)
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10) _r@ : :IROt( (rl)l 3111 ’Ya(c1)1)l D ; A

0) S Rot(e} Y, 51707 0) F4— A

0) S—H Rot(0,, 45,1, -—H A

Figure: Variational quantum circuit for Alice (x € X) and Bob (y € Y), each with n = 2 qubits
and L =1 layer. Gray: entangled-state preparation. Red/blue: Alice's/Bob’s variational unitary,
weights indexed by their question.
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Background Quantum

(A) (A
= Rot (o). 810

(A g(A) _(A)
Rot(ayy1, 8111,71,11)

(B) _ (B)
1100 71,00)

Rot(a{®,, 8

Figure: Constructed circuits for a game with question sets X = Y = {0, 1}, entangled initial

state, n = 2 qubits per agent, L = 1 layer. Each question pair (x,y) gets its own circuit, and
thus its own policy mg(a, b | x, y).
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Background Training

From Measurement Probabilities to Policy

@ computational-basis projectors M; = |i)i|, i € {0,...,2" — 1}
mmm " p(k,m | vay)J— tTr [12(Bx.)) <¢(§x,y)l (M ®Mi)]

AGH
@ raw outcomes k, m € {0,...,2" — 1} — not yet the actions in A, B
@ partition into families {P‘SA)}aeA, {P(B)}beg — one subset per action
plab|x,y)= > > plk,m|xy)
k€733 mGPb
me(a, b | x,y) :=p(a,b|x,y)
@ joint policy mg: parametrized by the shared VQC — factorizes into
! independent per-agent policies or not, depending on the shared resource
"% @ in training: exact probability vector, no sampling
g @ at execution: each agent samples one outcome from their own subsystem
s mapped through the same partition
A«4O0» «Fr» «Z» « >
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Background Training

REINFORCE Training
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(x,¥)

Y
Environment Wiablxy) > Agents

A

(a,b)

Monte Carlo REINFORCE gradient (batch of N trajectories)

1N1

VGJ(O Z W al7b ’XMYI)VGInT"B(a/ab ‘Xn)/l)
i=0

@ weight update (z=0,...,Z—1 batches): 0,1 =0, +nVeJ(0,)
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Background Training

CHSH Results
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step

Figure: Training curves for the CHSH game, averaged over ten runs. Here, wg and w; denote
agents with entangled and product-state initialization, with solid lines showing the mean and

shading one standard deviation. Horizontal lines mark the quantum (wg) and LHV (wg) upper
bounds.
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Background Training

Magic Square Results

0 1000 2000 3000 4000 5000
step

6000

Figure: Training curves for the Magic Square game, averaged over ten runs. Here, wg and w;
denote agents with entangled and product-state initialization, with solid lines showing the mean

and shading one standard deviation. Horizontal lines mark the quantum (wg) and LHV (wg)
upper bounds.
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Background Training

Rendezvous Results — Cycle Graph

0 1000 2000 3000 4000 5000 6000 7000

step

Figure: Training curves for the Rendezvous game for cycle graph, averaged over ten runs. Here,
wg and w; denote agents with entangled and product-state initialization, with solid lines showing

the mean and shading one standard deviation. Horizontal lines mark the quantum (wg) and LHV
(we) upper bounds.
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Background Training

Rendezvous Results — Cubic Graph
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Figure: Training curves for the Rendezvous game for cubic graph, averaged over ten runs. Here,
wg and w; denote agents with entangled and product-state initialization, with solid lines showing

the mean and shading one standard deviation. Horizontal lines mark the quantum (wg) and LHV
(we) upper bounds.
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Thank you for your attention!




	Background
	Quantum
	Training


