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E\/eryéoa’y fnowos that enz‘ans/emenz‘ IS a
resource. £.9., 1T can help distant, non-
inleracting players Co owlperform only
classically correlated ones:

44020>+<4130>+<40£,>"<413,> < Z
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E\/eryéoa’y fnowos that enz‘ans/emenz‘ IS a
resource. £.9., 1T can help distant, non-
inleracting players Co owlperform only
classically correlated ones:

44020>+<4130>+<4021>"<f415’> = 2

>f/ere 7 wan? Zo 5/70a) yoLl Z/?df separaé/e
correlalions can provide a game advantage, as
/on3 as Chey are nonclassical (even classical-
guantum states with non—zero discord)






0. GGames

Board, card, strateqy, sport, .: games dont
have Co be solely for entertainment, Chere are
also military and economic games.

There don't necessarily have to be rules, but
each player needs o hAave a sel of moves and
needs o frnoww cwhat Zherr a)/nn[ng oé/'ecz‘/\/e /S.
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Board, card, strateqy, sport, .: games dont
have Co be solely for entertainment, Chere are
also military and economic games.

There don't necessarily have to be rules, but
each player needs o hAave a sel of moves and
needs o frnoww cwhat Zherr a)/'nn[ng oé/'ecz‘f\/e /S.

Chess, checkers, Cic—Cac—Coe, ..: each player
has an oplimal pire strateqy — e?a//fér/am



0. GGames

e
Example: Rock—-Paper—-Scissors 7 >
NG

Does not Ahave a
dornnant Sfraz‘egy.



0. GGames

Example: Rock—-Paper—-Scissors

X e P2 S
2 | 0,0 | —l,+I| +I,—I
2 | +I,-1| 0,0 | —I,+I
S | —-L,+I|+1,-1| 0,0

/ &
p >
. _
Does not Ahave «
dornrnant Sz‘raz‘egy.
Optimal play is Zo
58/7@/8 rdna/om/y:

expected payof¥ O
Zo AoZ‘/? p/ayers.



0. GGames f" <

Example: Rock—-Paper—-Scissors

D
Xf’ 7 S \-s

Does not have «
K| 0,0 | ~bhHl| +h-l| dominant strateqy. (&=
Optimal play is Zo =,
2 | +1ymt| 0,0 | ~it| betave randomly: YR8
expected payof¥ O | t

S | —L+1|+1,-1| 0,0 | %° both players.

Z CLro—SLrn 3@/}78 .I

Minimax ZAh».: 3 e?a//fér/am In »irxed sz‘raz‘egfes



0. GGames

Example: Rock—Paper—Scissors with penally

X e P S

2 =99 =l,+I1| +I1,-I
2 | +L,-1|-9,-9| —=I,+1I
S | =L+ +1,-1|-9,—9

No /onger Lero—s54177, bt
Nash's Cheorens 5é(dl‘dhf885
egu 1libricent in riixed
strategies. Uniforrly
randornr sZi//

optimal




0. GGames

Example: Rock—Paper—Scissors with penally

X e P S

2 =99 =l,+I1| +I1,-I
2 | +L,-1|-9,-9| =1,
S | =L+ +1,-1|-9,—9

With correlation advice
(A,B) e $KA KS, PK, PS,
SK SPE players avord The
penalty. Correlated
e?af/fér/am : ho
incentive o deviaZe
wnrialerally




0. GGames

Cocw/d ?aanz‘am correlalions provide any ever
betder e?a///%r/'d?

Not 1h games of complele information as TAe

above: since each player has o pick a strateqy,
ZAe ?aanz‘am statde r»uwst be measwred. And
Z A e resa/z‘/n5 Jo/nz‘ distribetion 1s a correlated

e?a//fér/am . la Awriann.

LS. ZAang, Proc. IC7S 201271



l. Nonloca/ 3@/)785

S COOP@/‘QZ‘I\/@ 3&/)785 ‘ X\i }/ 7
Zewo of more players Try

Zo pass /nz‘errogaz‘/on Ay

a referee (who doesr'? Vg ¢
al 6!

Correlation clearly helps (‘criéb sheet’).

Aave an oé/'ecz‘/\/e}.

Bell: Entanglement can help more, even allocwing
Zo win with certarnty a game | b ol
2hat can't be cwon classically

( psewudo-Ztelepaltry )



Magic SQUAre GamE [Peres & Merminl

r=2, c=l
regl2,3% cec$l,2,3¢
Y 4 - -
— -

4 Y
AyA2yA3 5052)53
cfI¢ cftI¢ -
A)/.n: Qdzds = —l, ! ! 1

58,55 = -+, —+ I —+I —+I

&dczér ,DC-‘-S/?),DQ--I



6 #Z 3@”7 e [ Greenéerﬂer/ Yorne,/ Ze///ngerj

res O, sc$0,l18 ZecsO,ls
\ ¢ TN

m rosecs

4 v Y
acf 0,12  bec50,18 cc$0,12

Win 1 a®boc®l = rst

lpcz.g/q,lp@:l



2. anesfan ganes and e?a///ér/a

:4 de%/.dn 34/}78 C >‘/a/‘5a/ny/ 196571 15 k/.é(SZ( //,ée 7
nonloca/ garre, coITh 1nputs (Zypes) T, and
outputs (actions) a;, for each player (1=ly.,n);
7=7,.7, ~1 « 3/\/817 p.d. But noew each player 1
has Therr own payofF functlion «(Z,a) € R




2. anesfan ganes and e?a//fér/a

:4 de%/dn 3&/}78 C %/arsa’nyi 196571 15 &/Z(SZ( //,ée 7
nonlocal/ garre, coITh 1nputs (Zypes) T, and
outlputls (actions) a, for each player (I=ly..,n);
7=7,.7, ~1 « 3/\/817 p.d. But noew each player 1
has Therr own payofF functlion «(Z,a) € R

Also called games of’ incomplete 1hfo,
because T determrines Che actual game,
but each player fnowos only partially
which one 1s played.

[von Newumann/Nash: 1 = point mass ]



2. anesfan ganes and e?a///'ér/a

Can still apply von Newumann—Nash Framecoork:
sz‘raz‘eg/’es noewo are functions, F;, = $£:7—a;s.

Def? A correlated efa//fér/am s a collection
of randorr functions F, € F,, swch Chat For

every | and all Marfov charns 6’ - 6 - Fcnj}p
[Eé{/(7;44> = E%’(Tﬁ[n]&\jfi{/}»
where A = f,(77> for all 1eLnl, ,i{/.’ = 67(7;}

LCA Maschler/Solan/ Zarir, Game 7 Aeory, 20131
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Can still apply von Newumann—Nash Framecoork:
sz‘raz‘eg/’es noewo are functions, F;, = $£:7—a;s.

Del? A correlated e?a//fér/am s a collection
of randorr functions F, € F,, swch Chat For

every | and all Marfov charns 6’ - 6 - fcﬂy
[Eé{/(7;44> = E%’(Tﬂﬁn]&\j{{/}»
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Dell A correlated e?é(///érfam Is a collection
of randorr functions F, € [, swuch 2hat for

every j and all Markov chains ;' — F; — Fray,
Ect;(7,A) = Eet;(7,ArayA s

where A, = F(7)) for all ieLrl, ff(/’ = 6’ ( 7;}

NasH e?a///ér/am £ the F are al/ 1ndependent.

Sz‘raz‘egy defines a belavior
Jla.wa,lt, .2, = Privi a; = Fi(Z)%,
which 1s local £#or correlated e?&(f//‘érfd and «
product channe! & (alt)..q,(a,lt,) for NasA.
LCA Maschler/Solan/ Zarir, Game 7 Aeory, 20131



For a 3/\/8/7 gare (7, consider
Corré(G) = §$&§ behaviowur of a corr egul. £,
so Cthat
NECGY = §£§ behaviour of a Nash eous.§
= Corré(G) n gproduct channels$ + @.

Fact?: Corré(G) is a convex polylope. 7T hat's
because e?a//iér/am conditions caplured by

finitely many linear /ne?aa/fz(/es on The Jo/nZ‘
distribetion of Fu.F,,

LCA Maschler/Solan/ Zarir, Game 7 Aeory, 20131



Def’ A ouantum correlated e?a//iér/am
consists of an n-party state p and POV Ms
( /V/QZ:’. )y such that For every player | and any
other POVM (M’af_/ ),
Ect;(7,A) = Eet;(7,ArayA s
with respect o the guantun behaviours
lamanlt, o,y = TF p(M o MEr),

n

&'(ac 1y 12,02,y = TF p(Mdf@...@M’Cg/@...@Mafn |

[ Auletda et al., 1605.075967]



Def’ A ouantum correlated e?a///ér/am
consists of an n-party state p and POV Ms
i/ Z:’ )y such that For every player | and any
other POVM (M;g/ ),
Eeei( 7,A) = Eee;( 7,A En]}/‘ff‘{/’%
with respect o the guantun behaviours
lamanlt, o,y = TF p(M o MEr),

n

& (ac,aye E-2,) = TF (Mo .o M G0 .o ML)

JuéE(G) = §£4§ behaviour of a Qu. corr. egui.g
IS comvex alrighT, bt generally not a closed

polytope.. CAwlet?a et al, 1605.075967]



Note: Behaviowur & plus 7T~n define a joint
distribution Pri7=t,A=a? = W(\§(alt), hence
expected payof#s Eu,( 7,4 are linear functions

of &. (But ZhHe variowus e?a//fér/am conditions
are not properly of &1

Thus, Lo wilthess separalions betioeen
NE(GY € comv(NECGEY) ¢ Corré(GY ¢ Jué(G),
we Use linear Funclions, suchH as The

. % . .
social welfare s = ,—i— 2o U, and 1ls expeclalion.



3. Juantum advantage: entangle-

ment and Separaé/e stales

Example: Modifled G427 Lfor 0<Lu(0Y<w(lY],
wuni#orm, (rs,2) € $£001,010,100,l114,
wzhning predicate V(rs,Zya,b,c) = d(a®becdlrst)

Let w (rsytya,byc) = w(alV(rsytya,by2),
z(rs,lyab,c) = w( AWV rs,lya,b,e),
o(rslya,bye) = wl(eWV(rsda,b,e),

j.e. players ewin and /ose Zogelher, but amount

a’epena’s on therr actual o&(Z‘de‘

(M. Cerda Farion, BSc Zhesis (UAB, 20217



Example: Frx OLu(0N<uw(l), GHZ o111 7G
predicate V(rst a,byc) = 8(a®bocdl,rst), /et
e g(rs,lya,b,c) = w(alV(rs,t,a,b,e), ete.

T L. Advice state 1GY 2> = é (1000 >+l >)
and G¥HZ measurements X,)Y is ouantum corr
e?ai/fér/'am eorth Eetysz/0 = Es = é-(a(O)—f—a(l)}.

[M. Cerda Raron, BSc thesis UAB, 202171



Example: Frx OLu(0N<uw(l), GHZ o111 7G
predicate V(rst a,byc) = 8(a®bocdl,rst), /et
e g(rs,lya,b,c) = w(alV(rs,t,a,b,e), ete.

T L. Advice state 1GY 2> = é (1000 >+l >)
and G¥HZ measurements X,)Y is ouantum corr
e?a[/fériam eorth Eetysz/0 = Es = %(a(OH—a(l)).

For any class. correlated e?a//fér/am, /argest

social welfare Es = ‘—3-4(( 1), so Aave ?aaniam

q
advantage Ffor «(0)” i’-a( ).

[M. Cerda Raron, BSc thesis UAB, 202171



Lemark: we are cheaz‘/ng considerably, as not
only do we wuse The enz‘ang/ea’ sZate and
measurements From The guantus strategy,
but the bowund on the classical social welfare
/s oblarned by MAaxIAISIng over all loca/
strateqies (not just e?a//fér/a).

Al prior examples of ?aanz‘am aa’\/anz‘age are
ust dressed-wp Bel/ /ne?ad/fz‘/es, Zoo!

[La Mura 2005, Pappa et al. 2015, Awuletla et al.
2016, Fai et al. 2016, Bolonef—Lasosr 2017, .71



Example: C/ S

xe$ O, €
v
v

ac$ O,l$

ves 0,14
A
v

450,12

Y /'nn/ng prea’/'caZ‘e :
\/(Q>A)X>}/> =0 (Q@A)X)A

max Prieoing = 3/4

c/ass.

max Prieorng = cos?in/$

ent.
(Si;z‘e I® 7,

Alice: X,Z)' Bob: 5?,2

I:C/aé(ser/>‘/orhe/§/7/.mony/>f/o/z‘, ,D([_ 1965 "]



Example: C/ S

xe$ O,l$ ves 0,14 ;J/'nn/ng predicate:
\/(Q)AP'O)A = O (Q@A)X)A

v v
O A max Prieoing = 3/4
v v

c/ass.

acf 0,2 €012 pax Prieoin? = cos?m/S

ent.

As in GHZ, can modify 2his by introducing
modest compelition, so thal 3/4 and cos?n/§
are largest classical and guantum social

welfare, resp... [Pappa et al., PEL 201571



Example: CHSY for capidalists

A VS XONY Cy/ S a)/'nnfng predicate:
v v \/(X,y,a,é) = 5(4@A>>(>/>
v v

£ 0,182 (x,a) (A)X}>€£O)l;2

4(4()/)X)Q)A)X)> ‘= \/(X>)/)Q)A> - A28, 1)
4(3()/>X)Q)A>X)> ‘= \/(X))/)Q>A> + A28, 1)

C A)dng/ Scarpa/ AL, 1h preparation, 20261



£Xamp/e : C%/S%/ £or cap/z‘a/isz‘s

A ves 0,14 C/SY a)/'nn/ns predicate:
v v Vixpa,b) = 8(a®sbyxy)

O A Tncendivises Alice

£ 0,182 (x,a) (6yx')e$ 0,187 ( UnifSrnt X
4(4(y>>«>d>5>>«’) . \/(X))/)d)é> - A28, 1)
4(3()/>X)Q)A)X)> . \/(X))/)Q>A> + A28, 1)

Ze., CHSY cwith Alice c/zoosfng X Bob 1s
recoarded (Alice punished) if /e guesses x'=x



£>(a/)7p/e : C%/S)f/ £or cap/z‘a/fsz‘s

a3 ;
yed O)l5 a%/B(V)X,»a)A)X )

é % ;= \/(x,y,a,é} ¥ A28, -I)
v v

£ 0,182 (x,a) (A)X}>E£O)’;2

7T A | Generaz‘/ns x & X' wniformly and u€Us1ng
optlimal classical strateqy, i1s a correlated
e?a//fér/am corth Buwysg = Bs = 3/4.

[A)anﬁ/ Scarpa/ AL, 15 preparation, 20261



Example: CHSY for capitalists

A ;
ye{O,I; “4/B(V)X>Q)A)X )

@ % ;= \/(x,y,a,é} ¥ A28, -I)
v v

£ 0,182 (x,a) (A)X}>E£O)’;2

Thr. | condd: For A /arﬁe enoag/’z, every
classically correlated e?ai/iér/a/yz has socral
welfare Es <= 3/4.

C A)dns/ Scarpa/ AL, 1h preparation, 20261



£>(a/)7p/e : C%/S)f/ £or cap/z‘a/fsz‘s

A ;
ye{O,l} “4/3(V)X>4)A)X )

@ % ;= \/(x,y,a,é} ¥ A28, -I)
v v

£ 0,182 (x,a) (A)X}>E£O)’;2

T hne. 2: Generaz‘/ng X & X/ wuniformly and asfng
oplimal CY/ S siraiegy, IS Q ?aanz‘am COrr.
e?a//fér/am corth Buysg = Bs = cos?n/S.

[A)anﬁ/ Scarpa/ AL, 15 preparation, 20261



Example: CHSY for capidalists

7?(‘ ;
7S £0 E 4(4/2()/9()@)59( )

Q f L= \/(X)}/)Q)A> F A(20. 1)

Advice state 1@,
{O,l}%(x,@ (59( )£ 0 Alice X,Z) Bob 5?)2’

'n3 x & X' wuniformly and as/'n3
oplimal C/ Sy sz‘raz‘eﬁy, IS Qa ?aanz‘am COrr
e?a[/iériam corth Euysg = Bs = cos?n/S.

C A)dng/ Scarpa/ AL, 1h preparation, 20261



Example: CHSY for capitalists

A ;
VEiO)’; “4/8(%*)@)59( )

é % ;= \/(x,y,a,é} ¥ A28, -I)
v v

£ 0,182 (x,a) (A)X}>E£O)’;2

Since x 15 wniforrly generated, might as eell
already carry out Alice's CH'SY meascrenrent:
W = éZ/xa><>«a/4 ® (,..7< Pl ® Ix'7<Lx"1)3

Cﬂjans/ Scarpa/ AL, 15 preparation, 20261



Example: CHSY for capitalists

A ;
ye{O,l} “4/3(%*)@)59( )

@ % ;= \/(x,y,a,é} ¥ A(20,. 1)
v

£ 0,182 (x,a) (A)X}>E£O)’;2

T . 24 Aavice stade w and Bob's C/S¥
MeasLrenents X Z IS & ?aaniam correlaled
e?a//zér/am cith Euysz = Es = cos?n/S.

Cﬂjans/ Scarpa/ AL, 15 preparation, 20261



4 Concl/usior & opes ?aes‘é‘/ons

Same melhod can be applied To any nonlocal
game (G Zo 332‘ G—for-capitalists: oplimal
enz‘ang/ea’ sz‘raz‘egy gies rise Zo ?aanz‘am COrr
e?a///ér/am cwith a separable, indeed classical-
?aanz‘am state. I G 1s a psewudo—-telepalrry
game (magic sguare, G2, ..), social welfare
shoeus Quant U advantage.



4 Concl/usior & opes faesf/ons

Same method can be applied To any nonlocal
3@/}78 (G Zo 382‘ G—r’br—-cap/z‘a//sz‘s : opZ‘/Md/
enz‘ang/ea’ 5Z‘raz‘egy 3/\/85 rise Zo ?aanz‘am COrr.
e?ai/iér/'am cwith a separable, indeed classical-
?aanZ‘am state. I G 15 a psewudo—-Celepaliy
game (magic sguare, G2, ..), social welfare
shoeos faanz‘am aa’vanz‘age.

Zero—swun Zerr cOrrespona’/ns Zo 34{855//73 X
Is arn instance of a mechanism. Were: laco
enforcesrrent Ay £ines and bownties.



4 Conclusior & opes ?aesffons

Behaviowur & of above guantun correlated
e?a//fériam of C%/S%/—-r/’or—-cap/fa/fsis 1s Jocal.
Z.e. 1Zs a mixture of randon local functions,
but none of them is a classically correlated

e?a//fér/afn.



4 Conclusior & opes ?aesffons

Behaviowur & of above guantun correlated
e?a//férfam of C%/S?’/—-/’or—-capffa/fsis 1s Jocal.
T.e. 1Zs a mixture of randon local functions,
but none of them is a classically correlated
e?a//fér/a/yz.

Are Zhere rea/—coorl/d games eoITh an enians/ea’

or separable ouantum advantage?

Shape of ?aanZ‘am e?a//férfam se?? Convex,
bud in senera/ compulalionally Aard. Are Zhere
SDP owler approxImations ?






