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Abstract: Consider a game where a referee chooses (x,y) according to a publicly known
distribution, sends x to Alice, and y to Bob. Without communicating with each other, Alice
responds with a value a and Bob responds with a value b. Alice and Bob jointly win if a
publicly known predicate Q(x,y,a,b) is satisfied.

Assume that the maximum probability that Alice and Bob can win in such a game
is v < 1. Raz (SIAM J. Comput. 27, 1998) shows that if the game is repeated n times
in parallgl, then the probability that Alice and Bob win all games simultaneously is at

most 71°¢(5) | where s is the maximal number of possible responses from Alice and Bob in
the initial game, and v < 1 is a constant depending only on v.

In this work, we simplify Raz’s proof in various ways and thus shorten it significantly.
Further we study the case where Alice and Bob are not restricted to local computations and
can use any strategy which does not imply communication between them.
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1 Introduction

In a two-player refereed game, a referee chooses (x,y) randomly according to a known distribution Pxy,
sends x to Alice, and y to Bob, who respond with values a and b, respectively. Alice and Bob jointly
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win if a known predicate Q(x,y,a,b) is satisfied; we denote the maximum winning probability for such
a game by v and assume v < 1.

In the parallel repetition of such a game, n pairs (x;,y;) are chosen independently according to
(Pxy)". The values xi,...,x, are sent to Alice, the values yj,...,y, to Bob. The players respond with
values ay,...,a, and by,. .., by, and win if Q(x;,y;,a;,b;) is satisfied for all i.

The question studied in this paper is how much parallel repetition reduces the winning probability of
the players. It is motivated by the study of two-prover interactive proofs, initiated by Ben-Or et al. [5].
It was first conjectured that in a game which is repeated n times in parallel, the probability that Alice
and Bob win all the games simultaneously is at most v" (see [19]). However, later a counterexample to
this conjecture was given [18].!

Related work Because of the PCP-Theorem and its application to hardness of approximation [14, 2,
1], people became interested to know whether the winning probability would at least decrease exponen-
tially in n. Various papers give upper bounds on the winning probability of a game which is repeated n
times in parallel [8, 13, 25, 34]; but all of them fall short to give a result of the desired form. Raz then
gave a very strong result in [32], showing that the winning probability is at most 7"/'°¢(¥) for some con-
stant v < 1 depending only on v, and where s is the total number of answers Alice and Bob may give
in the initial game. It is the only explicit bound for arbitrary distributions Pyy and quantitatively the
strongest. Parnafes, Raz, and Wigderson [29] modify Raz’s proof to show that the term log(s) can be
replaced by a parameter which is much smaller for some games. The current paper is based on Raz’s
result (see below), and gives a slightly stronger upper bound of the same form.

Games for which the n-fold parallel repetition decreases the winning probability less than from v
to V' were also constructed: Fortnow [18] gives a game for which the maximal winning probability
in two repetitions is larger than v (see also [16]), Feige [13] constructs a game where the winning
probability in two parallel repetitions does not decrease at all, and Feige and Verbitsky [17] give, for
infinitely many s, a game where ®(log(s)/loglog(s)) repetitions decrease the winning probability from
at most 3 /4 to some value larger than 1/8, where s is the number of possible answers Alice and Bob can
give. This last result shows that in general a dependence on s as in Raz’s bound is needed.

No-signaling strategies No-signaling strategies are all those strategies which do not imply commu-
nication. Popescu and Rohrlich [30] give an example of such a strategy: Alice receives a bit x, Bob
receives a bit y, and they respond with uniform random bits a and b such that a b = x Ay. It is clear
that this strategy cannot be implemented with shared randomness and without communication. On the
other hand, black-box access to the strategy does not give Alice and Bob the power to communicate.

The study of no-signaling strategies is motivated by the idea that if Alice and Bob share some
entangled quantum state, the set of possible strategies they might use increases, but stays a subset of the
no-signaling strategies (this subset is strict: for example the above strategy which achievesa®b =xAYy
from (x,y) cannot be simulated perfectly using quantum mechanics [9], see also [28, Problem 2.3]—the
corresponding game is called the CHSH-game [10]).

We remark that there are games which can be won with probability 1 given a shared quantum state

'For readers not familiar with such counterexamples, a variation of Fortnow’s game is reproduced in Section 10.1.
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(and thus with a no-signaling strategy), but not using local strategies. Those are called “pseudo-telepathy
games” (see [60] and the references therein).

A parallel repetition theorem for the case where Alice and Bob share a quantum state and the decision
of the referee only depends on the XOR of the binary answers of Alice and Bob was given by Cleve et
al. [11].

Consistent sampling One of the contributions of this paper is to introduce consistent sampling in
the context of parallel repetition (Lemma 5.2). It essentially considers the following scenario: assume
Alice and Bob are given distributions Py, and Py, with the promise that ||Px, — Px,||1 < &, and they
are supposed to use shared randomness to produce elements X4 and Xp distributed according to their
respective distributions while maximizing Pr[Xsy = X3]; we will see that 1 — O(¢) is achievable.

After the conference version [21] of this paper has been published, it has come to our attention that
methods for this are known under the name consistent sampling. The first reference seems to be [27],
other occurrences are [7, 24, 20, 26]. Often, the special case where the two distributions are uniform
over a certain set is studied—the difference to the case considered here is small, however.

Contributions of this paper As mentioned above, the strongest upper bound on the winning prob-
ability of a game repeated n times in parallel previous to this paper was given by Raz [32]. His
proof was somewhat complicated. In this paper we simplify Raz’s proof and give a slightly stronger
bound in the following sense: Raz shows that the winning probability of the players is at most (1 —
Q((1—v)))"/1es) where ¢ = 32 is implicit in the paper (i. e., using our previous notation, Raz shows
7=1-Q((1 —v)*)). We improve the constant in the exponent to ¢ = 3. The most important change
we do to achieve this is to replace a large part (essentially Section 6) of Raz’s paper with consistent
sampling.

The use of consistent sampling also makes the rest of the argument simpler. We briefly explain
why: the main part of Raz’s proof consists of showing that the information the players get in the n-fold
repetition does not help them win the subgame in some coordinate j, even conditioned on the event that
certain other subgames are won. This is done in three steps. In two of these steps the information does
not help the players because they can generate this information themselves with local computation only.
Consistent sampling implies that this also holds for the third step. This allows us to merge some of the
steps, which simplifies the overall structure.

We then study how much the term log(s) in the exponent in the parallel repetition theorem can be
reduced. In [29] it is shown that the logarithm of the partition number of the acceptance predicate can
be used instead of log(s). Based on the ideas from there, we give a bound which might be stronger for
some games (see Theorem 8.2).

Finally, we prove a parallel repetition theorem in case Alice and Bob are restricted to no-signaling
strategies (in both the given game and the parallel repetition of it).

Subsequent work Theorem 2.5, the main result of this paper, states that the winning probability of
the two players in the n-fold repetition is at most (1 — (1 —v)3)2(*/) Based on the proof given here,
Rao [31] strengthens this to (1 — (1 —v)2)%"), for games where for every triple (x,y,a) a unique b
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satisfies Q(x,y,a,b); such games are known as “projection games.” This special case is important in the
application of the Parallel Repetition Theorem to probabilistically checkable proofs.

Raz [33] subsequently showed that Rao’s bound is essentially tight for the family of odd cycle games,
excluding the possibility of reducing the exponent 2 in the above bound. Such an improvement would
have been interesting: [15] shows that any exponent smaller than 2 would imply an equivalence between
certain Max-Cut hardness and Khot’s Unique Games conjecture [23]. Barak et al. [3] strengthen Raz’s
result, and give a non-trivial approximation algorithm for the value of a unique game (the special case
of a projection game where also for each b there is a unique a which satisfies Q(x,y,a,b)) repeated in
parallel.

In [31], Rao also gives a concentration bound: he shows that it is not only unlikely that the players
win all the games, but in fact it is unlikely that they win more than a 1 — v+ 0 fraction of the games for
any constant > 0. For this, he modifies the proof given here appropriately.

2 Notation and basic facts

2.1 Probability distributions

We use calligraphic letters to denote sets. We denote random variables using capital letters, and val-
ues with lower case letters. We use superscripts to denote tuples, e. g., X" := (Xi,...,X,) and x" :=
(X1yeeeyXn).

If a distribution Pxy over X x Y is given, we write Px or Py to denote the marginal distribution, e. g.,
Px (x) := ¥yeyPxy (x,y). The conditional distribution Pyx_, is Pyjx—.(y) := Pxy(x,y)/Px (x) which is
defined if Px (x) > 0. To also define it if Px(x) = 0, we assign expressions of the form 0/0 the value 0,
if they occur in this (or any other) context.

Let Py, be a distribution over X and Py, |y, be a conditional distribution over Y. We define the
distribution Py, Py, x, over X x | as

(PXOPYl\X1)(x7y) = PXo(x)'PYl\Xlzx(y)' (2.1

For this, it is necessary that Py, |y, _, is defined for every x € X. We also use this notation when Py, x, .
is defined as the marginal of a given distribution Py y,. In this case, we define Py, x,—, in an arbitrary
way if Py, (x) = 0. This notation is used for example in Corollary 5.3 in the form Px,y,Pgx, where it is
understood as (Px,y,Psx)(x,y,s) := Pxy, (x,y)Psjx—.(s). Note that the conditional distribution Pgx_,
is defined there by the marginal distribution Pgx of the given distribution Pgxy. The notation Px,y,Pgx
is not completely explicit, since it does not specify that Xy is to be associated with X. However, it will
always be clear from the context.
For two probability distributions Px, and Px, over the same set X we define the statistical distance

1
||PX0_PX1|| = E Z ‘PXO(X)_PXI (x)| (2.2)
xeX
The following lemma states alternate ways of characterizing the statistical distance. Equation (2.3)

states that the statistical distance is the advantage of the best function in predicting whether a given
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sample is from Xg or X;. Equation (2.4) states that Xy and X; can be generated at the same time such that
they differ only with probability ||Px, — Px, || (i. ., it provides some sort of coupling).

Lemma 2.1. Let Px, and Py, be distributions over a finite set X. Then,
Pr{f(Xy) =0] —Pr[f(X;) =0]) = ||Px, — P 2.3
x| (Prlf(30) = 0]~ Pr{y() =0) = [P, ~ P @3
min Pr[X, # X/]) = ||Px, — Px, ||. 2.4
PX(’)Xi:PXOZPX(/)APXIZPX{( [ 0 7é 1]) H Xo X1H ( )
Proof. For (2.3) we refer to [12], equation (11.137). For (2.4) we get, for any Px/x/ with (Px, = PX(/)) A
(Px, =Pyx):

Pr[X) =X{] = Z Pr[X, =x] < Z min(Px, (x), Px, (x))
xeX xeX
P P Py, (x) — P
_y X (¥ + () | XO(X)2 xl(x)\zl_”PXO—Px.H-
xeX
We can reach equality. For this, let € := ||Px, — Px, || and assume 0 < € < 1 (in the other cases the lemma

is trivial). Define the probability distributions

1 .

Py = 8(PXO min(Px,,Px,)),
1 .

Py, = - (Px, —min(Py,.Px))).

Then, PX(;X{ (x0,x1) = (1 — &) 6,1, Px(x0) + 8P5(~0 (xo)P)71 (x1), where 9, is the Kronecker-delta, has
the desired properties (note that it is a convex combination of the two distributions Jy, x, Px(xo) and
P (XO)P (xl)) O

1 .
PX = 17 rmn(PXO, PXI) s

2.2 Games

Definition 2.2. A game & = (Pxy,Q) over X x Y x A x B is a distribution Pxy over X x Y and a
predicate Q over X x Y x A x B. The value v(®) of a game is
V(@) = max)]?}l;[Q(X7Yaha(X)vhb(Y))] )

as'lp
where the maximization is over functions A, : X — A and hy, : Y — B. A strategy (hy,hyp) for a game is
a pair of such functions.

Sometimes also randomized strategies for Alice and Bob are considered, where /i, and A also de-
pend on (the same) shared randomness r chosen according to some distribution Pg. However, there
always exists an r € R such that

Rl)’(ry[Q(X,Y,ha(X,R),hb(Y,R))] = E[Pr[Q(X,Y,ha(X,R),hb(Y,R))]]

=
-<

S§§[Q(X,Y,ha(X,r),hb(Y,r))], (25)
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and we see that the definition of the value is robust against such a change. Individual (local) randomness
can be obtained from shared randomness and is thus a special case of the above.

Definition 2.3. The n-fold parallel repetition &" of a game & = (Pxy,Q) over X x Y x A x B is the
game over X" x Y" x A" x B" which is given by &" := (Pxny», Q"") where

l
n

oM ("Y', b") ==\ Q(xi,yi,ai,by).

i=1

n
PXnYn (x”,y") = ny(xi,yi), and
=1

If a strategy is given, the distribution Pynyngnp» of queries and answers is defined in the obvious way.
We further define, for all i, the event W; which occurs if the ith subgame is won.

Definition 2.4. For a game &" and a strategy (%, h;,) the distribution Pynyngng: over X" x Y x A" x B"
is given by

Pyoyn (x",3") if ha(x") = @ and hy(y") = b"

PannAan xn yn an bn =
SRALES 0 otherwise.

Further, W" is the tuple of events (Wy,...,W,) where W; : <— Q(X;,Y;,A;,B;).
We prove the following version of the Parallel Repetition Theorem.

Theorem 2.5 (Parallel Repetition Theorem). For any game & with value v := v(®) and any integer n:

)3\ —
W(®") < (1 B (1600‘;)) )log(\AHB\) _

The constant 6000 could be improved by a more careful analysis (we will not optimize constants
which would improve it during the proof). However, we do not know whether the 3 in the exponent can
be reduced in the general case (as remarked above, it was reduced to 2 for some games by Rao [31]).

In [29] it is shown that in Raz’s proof the term log(|.A||B|) in the exponent can be reduced to the
maximum of the logarithm of the partition number of Q(x,y,-,-). As shown by Beame [4], the argument
can be adapted to work with the proof given here. We give a slightly different argument in Section 8
which shows how the term can be reduced to a quantity which is a lower bound on the logarithm of the
partition number.

3 Proof sketch

Fix an arbitrary game &, its n-fold parallel repetition &”, and a strategy h,, hj, for &”". With the notation
from Definition 2.4, the parallel repetition theorem is simply an upper bound on Pr[W; A --- AW, ]. To
get such an upper bound, we show that for arbitrary indices i1, ..., i, there exists an index j such that

Pr[W/“Ml /\‘.‘/\mm] <V(Q5)+8’ (3'1)

where € depends on m, n, log(]A||B|), and Pr[W;, A--- AW, ] (this is Lemma 6.5). From (3.1) a simple
induction gives the parallel repetition theorem, thus we now concentrate on the proof of (3.1).
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Locally computable embeddings In order to prove (3.1) we define the distribution

Py = Pxoynw, nnw, (3.2)

m

(i. e., the distribution of the message which the referee sends to Alice and Bob conditioned on the event
that the games i to i,, are won).

We show (Lemma 6.4) that for some j the following can be achieved by Alice and Bob without
communication and using shared randomness only:

1. Alice, on input x, produces a tuple X" with x; = x.
2. Bob, on input y, produces a tuple y" with y; = y.

3. Let Pygnyn be the resulting joint distribution of the tuples (¥",7"), assuming that (x,y) is chosen
according to Pxy. Then
IPxy — Pyl < €.
If 1-3 holds, we say that “(X,Y) can be 1 — e-embedded into (X",¥") with (X;,Y;) = (X,Y) by local
computation.”

If such an embedding is given, we can consider the following strategy for the initial game &: Alice
and Bob embed their inputs (X,Y) in (X”,Y") with (X;,Y;) = (X,Y), and answer with coordinate j
of hy(X") and hy,(Y™). This strategy wins with probability at least Pr{W;|W;, A --- AW, ] — €. Since no
strategy for the initial game has higher winning probability than v(®) this implies (3.1).

We remark that a necessary condition for such an embedding to exist is that

IPxy —Pgyll <e, (3.3)

and indeed this follows from Lemma 4.1 for U; = (X;,Y;) (of course this condition is not a sufficient
one).

Constructing an embedding We now give a more detailed explanation how Alice and Bob can em-
bed (X,Y) into (X",Y") with (X;,Y;) = (X,Y). For this, given values (x,y) distributed according to Pxy,
Alice and Bob proceed as follows:

1. Alice and Bob use shared randomness to produce queries and responses for all the games won,
i.e., values (x;,,i,,ai,,bi,) to (xi,, i, ai,,bi, ). Here, Alice and Bob both produce all these values
consistently (i. e., they ensure that they produce the same actual values).

2. For every index i ¢ {i1,...,im,j}, Alice and Bob examine a shared random bit d;. If d; = 1 both
locally produce x;, otherwise both locally produce y;. Again, Alice and Bob both produce all these
values consistently.

3. Using individual randomness, Alice and Bob locally expand their information such that Alice
gets x" and Bob y".
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In steps 1 and 2 we have to take care of two things: first, the values produced should be distributed
according to the respective marginals of the distribution P, %, .5 (where P, 5. uyn 18 defined
analogously to (3.2)). Second, Alice and Bob should produce equal values (otherwise the resulting
random variables (X",Y") will not have the correct overall distribution).

For step 1 achieving both is simple: it follows from Corollary 4.3 that Alice and Bob can choose the

values (x;,,yi,,di,,bi,)s -, (Xi,, Vi, di,» bi, ) independently of (x,y) according to Pglﬁl&ll}il X T R By
Using shared randomness this can be done such that both get the same tuple.

The second step is harder, as in this case the values cannot be chosen independently of (x;,y;)
anymore.” However, let S be the random variables which Alice and Bob produce in Step 2. It will
follow from Corollary 4.3 that

|PxyP and ||PxyP

5%, — Pl 57, — Pxysll
are both small, and Lemma 5.2 implies that this is sufficient to generate S locally.

In fact, Corollary 4.3 and Lemma 5.2 are strong enough to do steps 1 and 2 at the same time, and
thus these steps are done simultaneously in the proof of Lemma 6.4.

Step 3 will be simpler to implement, since conditioned on the values already generated, the values
Alice generates are independent of the values Bob generates. To see this, consider the following experi-
ment. Pick (X",Y") according to (Pxy)", then, for each coordinate reveal either X or Y. Clearly, given
this information, the non-revealed X; are independent of the non-revealed Y;. Furthermore, this does not
change even if additionally coordinates iy, ..., i, of h,(X") and h,(Y") are revealed to both, which is the
situation before step 3 (actually, one needs to take a little more care because Alice does not know exactly
the same values as Bob: Alice knows X; while Bob knows ¥;—see Lemma 5.4 for the exact conditions).

4 Conditioned distributions

The following lemma is essentially Claim 5.1 in Raz’s paper [32] (and we use the proof given there).
It states that if random variables U; are chosen independently, then conditioning on an event does not
change the individual distributions a lot on average, unless the event has very low probability.

Lemma 4.1. Let Py := Py, - - - Py, be a probability distribution over UK, W an event. Then,
Pr{w] < 2 Zim1 (1P =Po 7, @.1)
As an example, let U; be uniform and independent bits and W be the event that at least k(% +¢€) of

these bits are one. Then ||Py,w — Py, || > € and the lemma states that Pr[W] < 2% which is a version
of Chernoff’s inequality (note that this implies that Lemma 4.1 is almost tight; see, for example, [22]).

2The values d; can be chosen independently, but not the values of the x; or the y;. We quickly explain why this is impossible
in general. Assume that the random variables X and Y contain a shared bit B. The game ®" and the strategy (h,,h;) may be
such that Alice and Bob win subgame i; in case By @ --- @ B,, = 0. Generating the values independently of (x,y) would now
produce a distribution with statistical distance at least % from the target distribution. Therefore, a bit which is contained in both
x and y must be considered when generating the values of x; and y;.
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Using (Z]/(‘:I a;)? < kzlj: | a? one checks that (4.1) implies

k 1
j; IPyw — Py, || < klog(m), 4.2)

The proof of Lemma 4.1 uses the relative entropy D(Ps||Pr), which, for two distributions Pg and Py
over the same set 8, is defined as

which is the form we use later.

D(Ps[IPr) = ¥ Ps(s)log 55 ) (4.3)

se8 (S)
(which is oo by convention if there is s € 8§ with Pg(s) > 0 = Pz (s)). This quantity satisfies D(Ps||P7) >
(|IPs—Pr ||)2 (see [12, Lemma 11.6.1]). Furthermore, we have the following inequality, which is well

known, but for which we could not find a written proof in the literature.

Lemma 4.2. For any distributions Py = Py, - - Py, and Py over a set U* we have

=

Z (Py;IPu;) < D(Py«||Py). (4.4)

Proof. We prove the case k = 2; the general case follows by induction. We get

Py, (u1) Py, (12)
D(Py,v,||Py,Py,) = Y P suz)l ( 1 ) P »u2)l ( : )
(Pvivs [P, Pus) ugz Vv, (11, u2) log By, (1) +u§2 viv, (1, 1) log Py, (1)

PVV(u u)
P 1 1va\uy,uz
+u§2 vivs (11, u2) 0g<Pvl(M1)PV2(u2))

= D(PVI ”PUI) +D(PV2HPU2) +D(PV1V2HPV1 PVZ)’

and D(Py,v, ||Py,Py,) > 0 (see [12, Theorem 2.6.3]). O
We can now give the proof of Lemma 4.1.

Proof of Lemma 4.1. Using the above we get

=~
=~

Z(HPU,W—PU,H) Y » (Pu,wllPu;)

j=1 j=1
< D(Pyipwl[Pyx)
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P k| (Mk)
=§Pyk|w(uk)log(%>

T k = I/lk
- §Pyk|w<uk>1og(%)

= log (PI‘[IW] ) + ; PUk|W(uk) 1og (PI'[VV‘U]c — uk])

< log<Pr[1W]) . O

We next give a slight extension of Lemma 4.1 (this makes it simpler to apply later). First, the U;
are independent given the value of an additional random variable 7. Second, an arbitrary third random
variable V' with bounded alphabet size gives side information about U;. Then, choosing U; without
considering the fact that an event W happened and ignoring V does not change the distribution of U; too
much on average. For the notation in the following corollary we refer to Section 2.1, equation (2.1) and
the subsequent remarks.

Corollary 4.3. Let Pyyiy := PrPy, 1Py, r - Py, rPy|ryx be a probability distribution over J x Uk x
YV, W be an event. Then,

k 1
j;HPTUjVW - PTV\WPU,-\TH < \/I;\/log(W*]) +10g(w) )

where V* := {v € V|Pyy (v) > 0}.

The proof is essentially an application of Jensen’s inequality on Lemma 4.1.

Proof. Fix a pair (f,v) € T x 'V and consider the distributions Pyt 7= v—vw and Pyxr_,. We apply
Lemma 4.1 (in the form given by (4.2)) on these distributions (with the event (V=v) AW) and get

k k
Y H PTUjV\W_PTV\WPU_/-\TH = Y Pryw (t,v)- ZIH Puir=tv=vw — Pu,ir=
Jj=1 Jj=

(t,v):Pryw (t,)>0

1
< ) PTVW([’V)\/kIOg(Pr[W/\V—v!T—l]>

(tvv):PTV‘W(t7V)>O

1
= klog( L PTV‘W(I7V)Pr[W/\V:v|T:t])’ (*)

(t,v):Pryw (t,v)>0
where the last inequality is Jensen’s inequality applied to the function 4/log(-), concave on [1,0). We
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compute

y 1 y Pr[T =t AV =v|W]

P t =
v V) B Y T =] Pr{W AV = [T =1]

(t,v):Pryw (t,)>0 (t,):Pryw (t,v)>0
Pr[T =t AV = vAW]|Pr[T =]

Pr[W]Pr[V =vAT =t AW]

Pr[T =1 |V
Pr[W]  Pr[W]’

Inserting this into (4.5) completes the proof. 0

5 Embedding by local computation

We next study under what conditions random variables can be embedded into other random variables by
local computations. The intent is that Alice holds a random variable X, Bob holds Y, and they would
like to produce S and T, respectively, using the shared randomness R.

Definition 5.1 (Embeddable). For two distributions Py,y, and Px,sy,r we say that (Xo,Yp) is (1 —€)-
embeddable in (X;S,Y;T) with (X;,Y)) = (Xo,Yp) if there exists a probability measure Pg over a set R
and functions f3 : X xR — 8, fp:Y xR — T, such that

H Pxoo P EyFslxy — PXIYISTH <€,

where Pg, g, 1x—y—,y is the distribution defined by the random variable (f(x,R), fp(y,R)).

:}7
The following lemma gives a condition under which (X,Y) is embeddable in (XS,YS).

Lemma 5.2. Let a distribution Psyy be given. If

[Psxy — PxyPgix|l < & (5.1)
and

[Psxy — PxyPgyll < &, (5.2)
then (X,Y) is (1 —2¢&; — 2&,)-embeddable® in (XS,YS).

Even if &, = & = 0, equations (5.1) and (5.2) do not imply that S is independent of X and Y.
For example, if X and Y contain the same uniform random bit, then S can depend on this bit. However,
if &; = & = 0 the lemma is obviously true: Alice uses shared randomness to choose S according to Pgx—,
(more concretely: Alice chooses a uniform random real p € [0, 1] and uses the smallest element s for

31t is understood that the embedding satisfies (X,Y) = (X,Y), i. e., that the original random variables will result if from the
resulting (XS,YS) the S-part is omitted.

THEORY OF COMPUTING, Volume 5 (2009), pp. 141-172 151


http://dx.doi.org/10.4086/toc

THOMAS HOLENSTEIN

1
[e]
3 p3
4 o
P1
1
2
1 L epatmToos
al____. 1
! 1
| QS Op4
o Ps5
51 52 853 S4

Figure 1: Proof sketch of Lemma 5.2: Alice and Bob use the shared randomness to pick an infinite
sequence of points {p;};>o in the plane. Both consider the first point which falls below their density
function, and pick the corresponding element. Here, Alice (dashed line) picks s3, since p; is the first
point below the dashed line. Bob (solid line) picks s4, due to ps. The probability that Alice and Bob
pick different values s; is approximately proportional to the area between the lines, which is twice the
statistical distance.

which the cumulative distribution function } < Py x—x(s") is larger than p). Since Bob has the same
distribution Pgy_, he will find the same value if he uses the same shared randomness.

In case & > 0 and & > 0, we have to overcome the following problem: Pgy_, is unknown to Alice
(since y is unknown to Alice), and analogously Pgy_, is unknown to Bob. The solution is depicted
graphically in Figure 1 for an alphabet of size 4: Alice and Bob paint their density function on a piece
of paper (where every element gets assigned the same width), then use the shared randomness to sample
points uniformly in the rectangle until one of the points is below their density. They pick the element
whose label is below the point.

Note that they will get a different output only if the first element which is below any of the two lines
is above the other line. This happens with probability

[Psix=x — Pspy=yll
14+ [[Psix—x = Pyl

We formalize this in the following proof.

Proof of Lemma 5.2. Let R := (8 x [0,1])* be the set of infinite sequences over 8 x [0,1]. For a fixed
x,y and a sequence r := {(s;,pi) }i>0 € R, we define fy(x,r) :=s; if i is the smallest index for which
Psix—x(si) > pi. Analogously, we define fp(y,r) := s; if j is the smallest index with Pgy_,(s;) > p;
and* fap(x,y,r) := s if k is the smallest index with Psix—xr—y(sk) > px. If no such index exists, the
corresponding function is defined in an arbitrary way (this happens with probability 0).

4The use of f4z in order to simplify the analysis was suggested by Anup Rao.
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Let Pxyr,ryr,, be the joint distribution of (x,y, fa(x,r), f8(y,r), fas(x,y,r)) where (x,y) is chosen
according to Pyy and r uniformly from R. We have P, x_,y—y = Psx—y—y» Pr,jx=x = Psjx—x and
Pryly=y = Psjy—y, since these equalities hold conditioned on the event that the corresponding function
accepts in round i, for any fixed i.

Further, we have Pr[Fy = Fap|X = x,Y = y| > 1 —2||Pg, ;x— — P, ;x—xy—,||: the two values Fy, Fxp
are equal if p; < min(Pg, x—(s;), P, x=xr—y(s;)) for the smallest j for which p; < max(Pg, x—.(s;),
Prislx=xr—y(s;)) is satisfied. This happens with probability

Y min(PFA \X:x(sj)’ PFAB|X:xY:y(sj)) _ 1— ||PFA [X=x— PFAB\X:xY:y”
Y maX(PFA \X:x(sj)a PFAB|X:xY:y(Sj)) 1+ PFA\X:x - PFAB\X:xY:y”

> 1=2|Prx=x — PEyyix=ay=ll -
This yields Pr[Fy = Fyp] > 1 — 2¢;, and analogously we get Pr[Fp = Fyg] > 1 — 2¢,, and thus Pr[Fy =
Fg = Fjp| > 1 —2¢&| — 2¢&,. This implies
IPxyss — PxyPrryxy | = IPxyrgsris — Pxvesl = 1-26 26, B

In the following corollary, the input distribution is changed slightly. This makes it a bit easier to
apply later.

Corollary 5.3. Let distributions Psxy and Py, be given. If
[Psxy — Pxoxr, Psix |l < & (5.3)

and

[Psxy — Px,x,Psyr || < &2, (5.4)
then (Xo,Yy) is (1 — 3¢, — 2&,)-embeddable’ in (XS,YS) with (X,Y) = (Xo,Yo).

Proof. From (5.3) we get ||Pxy — Px,y,|| < €. One can now find a joint distribution Pxyx,y, with
Pr[(X,Y) = (Xo,Yo)] > 1 — &;. The corollary now follows by applying f4 and fp from Lemma 5.2. O

Random variables S, T, U form a Markov chain, written S < T < U, if Psry = Pr PS|T PU‘T (i.e.,if
given T the random variable U is independent of S). The following lemma is essentially Lemma 4.1 in
Raz’s paper.

Lemma 5.4. Let Pxysr be any distribution. If
S—X<YT and XS—Y<T
then (X,Y) is 1-embeddable in (XS,YT).

Proof. Using individual (non-shared) randomness, Alice computes S according to Pgx—, and Bob com-
putes T according to Pr|y_,. Since

Psrxy = PxyPsixyPrisxy = PxyPsxPry (5.5)

this gives the correct (global) distribution. O

5The statement could be made symmetric: (Xo,Yp) is (1 — 2&; — 2&, — min(g;, & ))-embeddable.
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6 Embeddings for games

Given a game & and its n-fold parallel repetition, we now show that (X,Y) can be embedded into
(X", Y"), where Pg,5. 1= Pxnynw, nconw, -
We need the following simple fact on statistical distance.

Claim 6.1. Let Py, and Py, be distributions over 2. Let 8 C Z be such that Pr[Zy € 8| = Pr[Z; € 8] = 1
Then,

IPzjz0es = Pz jziesll < 2(|Pz, — Pz |-
Proof. Use Lemma 2.1, (2.3). ]
Also, we need the following statements about Markov chains.

Claim 6.2. Let Px,y,Px,y, be a distribution over Xo x Yo x X1 x Y1, f: Xox X1 —Uandg:Yox Y1 —V
be arbitrary. Then,

XoX1 < Xof (Xo,X1)Y18(Yo,Y1) <> YoYi. 6.1
Proof. Tt is sufficient to show this for all possible values xo € Xo and y; € Y. Let
Pyojzl := Pyx, |Xo=xoY1=y1 — PYO\XO:XO PX1|Y1:y1 .
In this case, (6.1) reduces to
X, < f(x0,X1)g(Yo,y1) < Y.
Since X 1 and ?0 are independent this is obvious. L]
Claim 6.3. Let Pryy be a distribution over T x U x V and W an event with

T—U=<®<YV,
WeU<—TV.

Then, for P5y := Pryyiw we have T—UeV.
Proof.
Pigv(t,u,v) = Pryyw(t,u,v)
= Pyw (W)Pryjy—uw(t,v)
= Pyjw (W)Prviy=u(t,v)
)
)

(
(
= Pyw (0)Priy—u(t)Pyjy=u(v)
= Pyw (@)Priy—uw ()Pyiu—uw (V). [
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Lemma 6.4. Let a game &" = (Q", (Pxy)"), a strategy (hq,hp), and k < n be given. Let
Psngn = Pxnyniwi Aaw, -

Then, for 1 < j <k, there exists €; > 0 such that (X,Y) is (1 — &;)-embeddable in (X", Y") with
(Xj,Yj) = (X,Y) and

k

Ye< 15\/12\/(nk)1og(|A| 1B]) +log(Pr[Wk+l /1---/\Wn]> . (6.2)

Proof. As described in Definition 2.4 we consider the distribution Pxnynangn, the corresponding random
variables, and the events W". Additionally, we let Dy, ..., Dy be uniform and independent bits. For 1 <
Jj < k we define

X; ifD;=0
Uj = .
Y; otherwise

and
T, Y; iftD;=0
X; otherwise.

Also, we set

—k
T := (XkJrla‘"JXnaYk+l7"‘7Yl’l7Dk7U )7 (63)
= (Ak+15- - An Bii15-- -, Bn) (6.4)

and define the event W := W, [ A--- AW,,.
From Corollary 4.3 we get

k
) HPTU]-V|W - PTV|WPU]-\TH < €rot (6.5)
=1
where we set
1
ETot 1= \/l;\/(nk)log(Iﬂ\IBI)JrlOg(l)r[m) (6.6)

(we applied Corollary 4.3 using |V*| < |V)).
In (6.5), we condition on both sides on the event D; = 0, which is, on both sides, a restriction on a
subset which has probability % Claim 6.1 implies

k
Z HPTU VIwAD;=0) — Prviwa,=0)Pu; \TH < 2€rot, (6.7)
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where we do not need to condition on D; = 0 in Py, 7 since this is included in the given 7 anyhow; in
fact we can now write Py |y, instead of Py 7.
For a fixed j, define the random variable

T(\]) = (Xk+17' s X Y1, Y,
Dlv"ijfl?DjJrl?"'kav
Ul,...,Ujfl,UJ#],...,Uk). (6.8)

With this notation (6.7) is equivalent to

k
Z H PT(\j)xjy_/v\W/\(Djzo) - PT(\J')Y_,-V\W/\(Djzo) PXj\Yj < 28Tot- (6-9)
j=1
But now nothing depends on D; = 0 anymore, so this also means
k
Z H PT(\J’)xjy_,.v|W - PT(\j)ij\WPXj\Yj H < 2éqy;- (6.10)
j=1
We set S := (7(\/), V) and define the probability distribution
PSN‘)ZH)N/'! = PSX"Y"‘W . (61 1)
With this, (6.10) becomes
k
.ZHPSXY Ps P, ) < 2ery, 6.12)
J:
or, equivalently
k
ZHPSXY Py P57, PX|YH < 2epy. (6.13)
Lemma 4.1 implies
k
ZHP;_—PYHS €Tot 5 (6.14)
=
and thus
k
ZlH Psz7, —PxrPsy H < 3eny. 6.15)
]:
Symmetric reasoning yields
k
.ZHPSXY PrrPss, H < 3em. 6.16)
]:
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From (6.15) and (6.16), Corollary 5.3 implies that (X,Y) is (1 — &;)-embeddable in (X j§, ?jg) with
(X;,Y;) = (X,Y) and such that Zl;:1 €; < 15&ry.
We next show that
Xk TV & YR (6.17)

If the bits DX and the values Xeaty-- s Xns Yer1,. .., Y, are fixed, this follows immediately from Claim 6.2.
Since it holds for all these values, it must also hold overall.
From (6.17) we easily get

Xn <—>XJ'S e YanS
XanS<—> YjS<—> Yn.
Claim 6.3 yields
X" XS — Y"Y;S (6.18)
X"X;S < Y;S > Y". (6.19)
Above we have seen that (X,Y) is embeddable in ()?jg, )7j§) with (X;,Y;) = (X,Y). Lemma 5.4
together with (6.18) and (6.19) now implies that we can 1-locally embed this in (X"X;S,Y"Y;S). Since

Alice and Bob can then ignore part of the information constructed, this completes the proof. O

Lemma 6.5. Let a game & = (Q,Pxy), its n-fold repetition 8", and a strategy (hy, hy) for 8" be given.
Let indices iy, ..., be given. Then there exists an index i, such that

P I:mUH»l‘W /\ /\W

1
8)+15/ — \/mlog (JA||B]) +log( S AT ]) (6.20)

Proof. First, we can assume that the given indices iy, 1 < ¢ < m, are pairwise different (otherwise we
get a stronger statement). Given this we can even assume that iy = n — ¢ + 1 by appropriately redefining
the functions (hg,hp).

Define the distribution Py,5, := Pxaynw, .. a.aw,- Lemma 6.4 implies that there exists an index j

such that (X,Y) is (1 — €)-embeddable in (X", ¥") with (X;,¥;) = (X,Y) and

1 1
€:=154/ n_m\/mlog(AHBD +10g<Pr[Wn—m+l . /\Wn]> .

Consider the following strategy for . On input (X,Y) Alice and Bob 1 — g-embed this into (X”,Y")
with (X j,IN/j) = (X,Y). Since the resulting distribution has statistical distance at most € from PX"Y’” if
they output coordinate j of h,(X") and h;,(Y") they have probability at least Pr[W;|[Wy_ 1 A--- AW,] —

to win the initial game. The shared randomness can be eliminated (see the remark after Definition 2.2),
and thus

v(®) > Pr[Wi|W, i1 A AW,| — €. O
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7 Parallel repetition theorem

We will need the following recursion in the proof of Theorem 2.5.

Lemma 7.1. Fix 0 <v <1, ¢ > 12, £ > 1, and let py,...,p, be a non-increasing sequence of non-
negative reals with po = 1 and

Pm+1 < Dm <V+ < m€+1og<l)> . (7.1)
Vin—ml Pm

Then,
1—v)3\%
pn < (1—( 26C) )‘. (72)
Proof. We show by induction that
I4+vy\m
s (50)"

2
as long as m < (11;:2 (n—m). The statement holds for m = 0 and we now make a step from m to m+ 1.

First, we can assume that

14+ 1m+1
pnz ()" > 5

as otherwise the induction step is trivial. In this case, (7.1) yields

Pm+1 < Pm- (V+“C \/m€+(m+1)>
n—m

Spm(vﬂ/ _lmm)
1

n
—vy 1+v

<pn- (V457 ) =P (7.3)

where we used m < (115&)2 (n— ;n) in the last inequality. i

We get, setting m* = "(113_6 ,Z) (which satisfies m* < (11;:2 (n—m) because ¢ > 12):
1 n(l:v:)2
Pn Spm* S ( ;v> e . (74)
We have

2 2

(1—{-1})(1130) — (I_I_V)(llsc») <1—(1_V)3 (7.5)
2 2 - 26c '

where the last inequality follows from (1 —b)* < 1 —ab which holds for all a € [0,1], b < 1. O
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Remark 7.2. The minimal value of the sequence defined by pj := 1 and the relation
[ ¢
Pm+1 = Pm(V+ TV m€+log(1/p,n))

is indeed (1—-0((1—v)%)) !, The lemma above shows that the minimal value can only be lower. On the
other hand, the sequence given by

ml
po=1, Pt = Pin(‘”" \/ 7)

is strictly smaller than the sequence {p;};>o. This sequence does not decrease anymore if m > m’ :=
n(1—v)?/¢, and

m] il ' Cp2n (]_y)3n n
p;,zﬂ(v+\/;)2v = (1= (=) T A (1= (1))

We now prove the Parallel Repetition Theorem.

Proof of Theorem 2.5. Fix a strategy (hg,hp) for &". Then, repeatedly choose the index iy, for which
Pr[W; ., | Wi A--- AW, ]is minimized. We set po := 1 and p,, := Pr[W;, A--- AW, ]. Lemma 6.5 implies

1 1
Pm+1 < Pm - <V+ 15\/ \/mlog(|A||B|)+log<>> . (7.6)
n—m Pm

We apply Lemma 7.1 and get

m+1 |

1_ 3 - n
PrWi A« AW,] = p, < (1 — (600V0) )‘g(‘ﬂ”g‘). (1.7)

8 Improving the rate

Theorem 2.5 shows that n-fold parallel repetition reduces the winning probability from v(&) to (1 —
O(1 —v(®))?)eel4T30, As shown in [29], the term |A| - |B| in the exponent can be reduced to the the
maximum (over x, y) number of (fractional) rectangles needed to cover the 1-entries in Q(x,y,-,-). Here,

we show that it can be reduced to a quantity which is possibly smaller in some cases.

Definition 8.1 (Exact Fractional Product Cover). Let O : A x B — {0, 1} be an arbitrary predicate. Two
functions f: A x {1,...,a} — [0,1] and g: B x {1,...,a} — [0, 1] form an exact fractional product
cover of size a for Q if for all a,b we have

Q(avb) = f(a>i)g(b>i)'

™=

i=1
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Clearly, any partition by rectangles gives an exact fractional product cover (by defining f(a,i)
and g(b, i) as appropriate predicates). We will prove the following strengthening of Theorem 2.5.

Theorem 8.2. Let & = (Pxy,Q) be a game. Let o be such that for all (x,y) there exists an exact
fractional product cover of size o for Qyy(a,b) := Q(x,y,a,b). If o« > 1 then

1—v)3\ ety
v(8") < (1_ (600‘2)) ) i @D
and if & = 1 then
1—v)2y\n
p(@") < (1— (6oovo) ) . (8.2)

To prove Theorem 8.2 we first need a characterization of fractional product covers by Markov chains.

Lemma 8.3. Let a distribution Papz = PsPpPzap be given for which there exist functions f(a,z) :
AXZ—0,1] and g(b,z) : B x Z — [0, 1] which satisfy

Pzia—aB=5(2) = f(a,2) - g(b,2). (3.3)
Then A — Z < B.

Lemma 8.3 has a converse in the following sense: if Pz 4p is such that A < Z < B for all distributions
PaPg, then Py 4p is of the form (8.3) for some functions f and g. For completeness, we prove this in
Section 10.2.

Proof of Lemma 8.3. We get

Pajp=bz—:(a) = m
_ Pa(a)Pp(b)f(a,z)g(b,z)
~ YuPa(b)Pa(d) f(d,2)8(b,2)
_ Pala)f(a,z)
Yo Pald)f(d,z2)
Yy Pa(a)Pp(d)f(a,z)g(',2)
~ Yuw Pald)Pp(t)f(d,2)g(V,2)

_ Paz(a,2)
Pz(2)
= PA\Z:z(a)a
and thus Papz(a,b,z) = Pz(2)Ppjz—-(b)Pajp—pz—-(a) = Pz(2)Ppjz—-(b)Psz—.(a), which means that
A~ Z < B. O

Lemma 8.4. Assume Q : A x B — {0,1} has a fractional product cover of size o. Then there exists a
conditional distribution Pz 45 over® 2. ={1,..., 0} U (A X B) such that

The intention is that {1,...,a} N (A x B) = 0, such that on a given z one can tell whether it’s from {1,..., e} or from
A X B.
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e for any product distributions Pag = PsPp and Pagz; = PAPBPZ\AB we have A < Z < B;
o O(a,b)=1 <<= ze{l,...,a}.

Proof. Let f,g be the functions as guaranteed by the exact fractional product cover. We set

1 if O(a,b) =0Az=(a,b)
PZ‘A:a,B:b(Z) = f(a;Z)g(b7Z) lfQ(aab) =1Aze {lava}
0 otherwise.
The properties follow immediately from the definition and Lemma 8.3. OJ

We strengthen Claim 6.2:

Claim 8.5. Let Px,y,Px,y, be a distribution over Xo x Yo x X1 x Y1, f: Xox X1 —Aandg:YoxY — B
be arbitrary. Let Pzap be such that for any product distribution Pap = PoPg the Markov condition
A — Z < B is satisfied. Then, if Z is obtained using Pzja—¢(x, v,).=¢(vo.v;) W€ have

XoX] — XOZY] g Y()Yl . (84)

Proof. We fix xg € Xy and y; € Y, throughout the proof, and consider everything conditioned on these
values. Then f: X; — A and g : Yo — B. We have

Px,vorGz = Px,Prx, PvoPry6Pzirc = PrPx, | FPGcPy 6Pz ir6 = PzPr1zP61zPx,1rPyiG
which implies the claim. O

For the case & = 1 we will need a slightly different recursion than the one given in Lemma 7.1.

Lemma 8.6. Fix v < 1, ¢ > 5, and let py,...,p, be a sequence of non-increasing non-negative reals
with pg = 1 and

1
pmﬂgpm(w./ ¢ ,/1og()>. (8.5)
n—m Pm
Then,
(1—v)2\n
pné(l— = ) . (8.6)

Proof. We show by induction that p,, < (13)" as long as m+1 < (n—m)(1 —v)/(4c). Clearly, this
holds for m = 0. To make a step from m to m + 1 we can assume

et m+1 (1=v)(m-+1)
Pm > <1—2|_v> = <1— 1;v> > <1—;> — o~ (1=v)(m+1)
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(where we used (1 —b)* <1—ab fora € [0,1], b < 1) which means that

c(m—l—l)(l—v)) 87)

Pms1 < DPm- (V+
n—m

< P (H%) (8.8)

aslongasm+1< (n—m)(1—v)/(4c), which implies the hypothesis. We thus get form =n(1—v)/(5¢)

14wy "5
= ( 2 )
Finally,
1+V (lfv)/Sc _ (1 —V) (l*V)/SC (1 _ V)Z
= =(1- <1- ,
2 2 10c
again using (1 —5)* < 1—ab. O

n
Remark 8.7. Lemma 8.6 is essentially tight: in case p,, < (1 —-0((1- v)z)) equation (8.5) only
implies

Pt < Pm <v+c\/—log(l —o((1 —v)Z))> = Pm <v+c o((1 —v)Z)) — (V1 =) = P

We now come to the proof of Theorem 8.2.

Proof (of Theorem 8.2). We first show that Lemma 6.4 still holds if we replace (6.2) by

(8.9

k
j;ej < 15\/12\/(n—k)10g((x) +10g(Pr[Wk+1 /\ "'/\Wn]) )

For this, we define the random variables D*, U*, Uk, and T exactly as in the proof of Lemma 6.4.
Instead of (6.4) we now define

V.= (Zk+1,...,Zn), (810)

where Z; is obtained from (A;, B;, X;,Y;) by a channel that has alphabet size at most o in case W;, which
ensures A; < X;Y;Z; < B; in case A; and B; are independent, and for which W; can be inferred from
(X;,Y:,Z;). The existence of such a random variable is ensured by Lemma 8.4 and the fact that for
every (x,y) there exists an exact fractional product cover of size a for Q(x,y,-,").

From Corollary 4.3 we now get

k
) HPTUJ-V|W - PTV|WPU,«\TH < €0t (8.11)
j=1
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where we set

ot 1= \//E\/(n—k) log(a)+log(w). (8.12)

For a fixed j we define 7(\)) as in the proof of Lemma 6.4 and obtain in exactly the same way for
S:=(T™),V) and

Psgayn = Psxnynw (8.13)
the equations
k
X [Pz 5, — PrrPay | < 3ere (8.14)
]:
and
k
ZIHP@Z - nyPgﬁjH < 3erny. 8.15)
]:

Again, Corollary 5.3 implies that (X,Y) is (1 — &;)-embeddable in (X j§, 17]§) with (X;,Y;) = (X,Y) and
such that Y5_, & < 15er,.
Again we get

Xk TV o YF, (8.16)

now using the properties of the Z;. (This is done as follows: clearly, X* <+ T « Y, i.e.for a fixed
values ¢ for 7 the X* and Y* are independent. Now, inductively adding Z; will not change this in any
step, due to Claim 8.5.) Claim 6.3 now yields

X" XS —Y"Y;S (8.17)
X"X;S — VS —Y", (8.18)
and Lemma 5.4 completes the proof that (8.9) can replace (6.2) in Lemma 6.4.

From Lemma 6.4 where (6.2) is replaced by (8.9) we apply Lemma 7.1 and get (8.1). To get (8.2)
we note first that in this case (8.9) reduces to

k
1
g < 15Vk |10 , (8.19)
,; J g(Pr[Wk+1A---/\Wn]>

and so we can apply Lemma 8.6. 0
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9 No-signaling strategies

No-signaling strategies are those where the only restriction on the response of Alice and Bob is that they
do not imply communication.

Definition 9.1 (No-signaling). A pair (h,,h) of functions is no-signaling if h, : X x Y x R — A and hy, :
X' xY xR — B satisfy

I;r[ha(xvyﬂR)] = I;I'[/’la(x,yl,R)]
Prlhy(x,y,R)] = Pr{hy(x',y,R)]

for all x,x",y,y'.

Definition 9.2 (No-signaling value). The no-signaling value v,,(®) of a game & = (Pxy, Q) over X x
Yx AxBis

Vs (B) 1= maxXPyrR[Q(X,Y, ha(X,Y,R),hy(X,Y,R))],

where the maximum is over all no-signaling functions (%, hp).

Clearly, v(®) < v,5(®), since any local strategy is a no-signaling strategy. We further note that for
no-signaling strategies v,,;(&2) > (v,s(®))? is also possible, similarly to the local case (see Section 10.1).
We will prove the following upper bound on the no-signaling value of parallel repetition.

Theorem 9.3. For any game & with no-signaling value v, := v,5(®) and any integer n we have

n (I_Vn3)2 "
(@) < (1= ) ©.1)

We remark that the proof of this theorem will be much simpler than the proof of Theorem 2.5.

We first show that if Pxysr is a distribution which is close to no-signaling (i. ., ||Pxys — PxyPgx|| <
€ and ||Pxyr — Pxy PT‘YH < ¢€) then there exists a no-signaling strategy which produces values (s',7")
from (x,y) such that the distribution (§',X,7T’,Y) is statistically close to the distribution (S,X,7,Y).
This will follow by applying the following lemma twice.

Lemma 9.4. Let Ps 7, Ps, be arbitrary distributions over 8 X T and S, respectively, where 8 and T are
finite. Then there exists a distribution Pz such that

IPs7 = Psizl| < [[Ps, — Ps,|| 9.2)

IPs—Ps,[| =0 9.3)

IP7—Pr||=0. (9.4)

Proof. Let P§1 5 be the joint distribution guaranteed in Lemma 2.1, (2.4) which satisfies P§1 = Pg,,
Ps, = Ps, and

Pr[S; = S,] = 1 —||Ps, — Ps, ||. (9.5)
We consider P§] S = P§] 5 Pr|s, and set Py = P§2T to be the corresponding marginal. Equations (9.3)
and (9.4) are clear. To see (9.2) note that with our definitions P57 and Pg,7 are marginals of the same
distribution which additionally satisfies (9.5). ]
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Lemma 9.5. Let Py,y, and Pxysr be arbitrary distributions. If
IPxox, Psix — Pxvysl| < €1, 9.6)
IPxovyPriy — Pxyrll < &, 0.7

then there exists a conditional distribution Pgixi—xy1—, with Pgx1—yr—, = Py x1—y and P xi_yr—, =
Prr|yr—y such that

IPxoxoPsrrixy — Pxysrll < 3€1+2¢. 9.8)

Proof. For fixed x,y we define Pg, 7 x—,y—, using Lemma 9.4 with the following properties:

IPsozo[x=xv=y — Psrix=xr=y|l < IPsjx=x — Psjx=xr=ll
|| PSO\X:xY:y - PS\X:xH =0
IPrx=xr=y = Prix=xy—y|| =0

Then, again using Lemma 9.4, we define Pg7/x_,y—, such that

IPsrix=xy=y — Psymolx=sr=yll < [IPryjy=y = Pryjx=sr=yll
| PT’|X:xY:y - PTO\Y:yH =0
IPs/ix=xv=y — Psylx=sr—yl| = 0.
We see that for all pairs x,y we have Py x_,y—, = Py x=, and Pr/x—,y—, = Pry—,.
We further get
Pxox, Psrrixy — Pxysrll
< & +||PxyPyrxy — Pxysr||
=&+ Y [Pxy(x,3)Pyrixsy—y(s,1) = Pxy (x,5)Psrix—xy—y(s.1)|

X,),8,t
<& +)Y Pxr(x,y) <|| Psix=x = Psix=xy=yll + [[Prjy=y — PT|X:xY:yH)
'x7y
<& +||PxyPsix — Psxy | + ||PxyPriy — Prxy||
<3g +2&. O

We can now prove a no-signaling analogue of Lemma 6.5.”

Lemma 9.6. Let a game & = (Q,Pxy), its n-fold repetition &", and a no-signaling strategy (hq,hp)
for &" be given. Let indices iy, ..., iy be given. Then there exists an index i,, 1 such that

Pr(W,, Wi, A AW, ]

< v(®) 410/~ \/1 g T ]) (9.9)

7 A previous version of the proof of this lemma contained an error, which was first noticed by Oded Regev and Ricky Rosen.
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Proof. Asin the proof of Lemma 6.5 we assume that iy =n— ¢+ 1 and we define W :=W,_,,, . 1 A---AW,,.
The no-signaling property of (44,hy,) implies Pxuynan = PxaPyn xnPgnjxn = PanxnPynjx». Thus, when we
apply Corollary 4.3 on this distribution (with the event W and the random variables T = (X",A") and
U;=Y,;) we get

n—m
=) HPTW - PT\WPY]-\TH
=

< \/(n—m)log<Pr[1W]> .

n—m
J=1

Taking appropriate marginals this gives

n—m 1
j; HPXijAj|W - PXjA,»|WPYj|XjH < \/(”—m) log(w> :

Applying Lemma 4.1 once more and rearranging we get

ii:HPXJYjAJ-IW - PXYPA]-\X]-WH = 2\/('1"1) 10g<Pr[1m) : 9.10)

Symmetrically, we obtain

ii;H Px,v;8,w — Pxy PBj\ijH < 2\/(11 —m) IOg(Pr[IW]) : (9.11)

From (9.10), (9.11), and Lemma 9.5 we get that there exists a distribution P ALB|XY which can be imple-
mented by no-signaling functions and for which

n—m 1
j; HPXYPA’}.B;.\XY - PX,-Y_,-A,B_,-\WH < 10\/(” —m) OOZ%(W» :

Thus, if Alice and Bob use the strategy implied by PA;B//,‘XY (which is no-signaling) they can win the
initial game with probability Pr[W;|W] — 10+/1/(n —m)+/log(1/Pr[W]) for some j, which implies the
lemma. 0

Proof (of Theorem 9.3). Fix a no-signaling strategy (h,,hp) for &. As in the proof of Theorem 2.5 we
repeatedly select indices i+ such that Pr[W;  |W;, A--- AW, ] is minimized. Let p,, := Pr[W;, A--- A
W;,]. Lemma 9.6 implies

m+||

1og(i>) . 9.12)

Punet < P (v+ 10
Pm

n—m

From (9.12) we apply Lemma 8.6 to get (9.1). 0
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10 Appendix

10.1 Non-triviality

Local case We quickly reproduce a slight modification® of Fortnow’s example [18] which shows that
v(62) > (v(8))? is possible. The same variation was also considered by Feige and Lovész [16].
The game we describe is over bits (i. e., all the queries and all the responses are bits). We set

1
Pxr(0,0) :=Pxy(0,1) := Pxy(1,0) := =,

and define

O(x,y,a,b) := ((xVa) # (yVb)). (10.1)

This can be described in words: Alice and Bob each receive a bit, and at least one of these bits is 0. If
both players receive 0, exactly one player must respond with 1. If one of the players receives 1, the other
must respond with 0.

We first show that for this game v = % Clearly, v > % (e. g., both players always answer 0). To
show v < % we check all deterministic strategies. If both players reply 0 on query 0, this fails in case x =
y = 0 (and thus with probability %). If one player, w.l.o.g. Alice, answers 0 with 1 the players fail in
casex=0andy=1.

If this game is repeated twice in parallel, setting (aj,az) := (x2,x1), (b1,b2) := (y2,y1) also wins
with probability % One can check this as follows: for every fixed query (x1,y;) answering with (x,y,)
wins the first subgame with probability % (one checks all 3 cases). Moreover, with this strategy

Q(xlaylaahbl) = Q('x2’y27a27b2)

which implies the claim.

No-signaling case 'We now show that for the above game
W(B) = v(&) = vs(B) = v, (67). (10.2)

Previously, it was known that quantum strategies do not help Alice and Bob to win this game [35] (in
either the single instance case or where two parallel instances are used).

To show (10.2) it is sufficient to show that V(&) > v,,4(B) (since v,5(B) > v, (B2) > v(B?) = ()
is already known). There are two ways to see this. First, one can notice that the joint probability of
Alice’s and Bob’s reply only matters if x =y = 0; i.e., only for one query. In such a case one can
always get a local strategy which is as good as a given no-signaling strategy. Alternatively, let p be the
probability that Alice replies 0 on query 0 and g be the probability that Bob replies 0 on query 0. In
this case, the players win with probability at most p on query (x,y) = (0, 1), with probability at most g
on query (1,0), and with probability at most (1 — p) + (1 — ¢) on query (0,0), which gives an overall
winning probability of at most %

8Fortnow also lets the referee choose x = y = 1 with some probability, in which case the players cannot win the game.
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10.2 Converse of Lemma 8.3
We show here that Lemma 8.3 can be strengthened to get an “if and only if”” condition.

Lemma 10.1. Let a conditional distribution Pzp over finite sets A, B, Z be given. If for all product
distributions Pag = PoPg the Markov condition A < Z < B is satisfied then there exist functions f(a,z) :
AxZ—10,1] and g(b,z) : B x Z — [0,1] such that

PZ\A:aB:b(Z) = f(a,Z) -g(b,z) : (10.3)

Proof. Fix an arbitrary z throughout the proof, and consider arbitrary elements a,a’ € A and b,b’ € B.
We set Py (a) = P4(a’) = 1 and Pg(b) = Pg(') = 4. The Markov condition implies

Pajz=8=1(a) = Pajz—p-1(a)

which is equivalent to

Pasz(a,b,z) _ Papz(a,b',2)
Papz(a,b,z) +Papz(d',b,z)  Papz(a,b',z) +Papz(a',V',z)

or (because of our choice of P4p)

PZ|A:a,B:b (2) . PZ\A:a,B:b’ (z)
Pzia—aB=b(2) + Pzja—a =5(z)  Pzia—ap—1(2) +Pzia—w g1 (2)

Analogously one gets (by swapping the roles of a and a’)

Pzia—a 5=5(2) Pzia—a B—1 (2)

PZ\A:a,B:b(Z) + PZ\A:a/,B:b(Z) B PZ\A:a,B:b’ (z) + PZ\A:a’,B:b' (z) '

Together, this implies

P2ia=a.8=b(2)Pzia=a’ B=1 (2) = Pzja—a,B=1 (2)Pzja=a' B=(2) - (10.4)

Fix a* with Y,c 5 Pzja—4+ p—5(z) > 0 (if there is no such a* we let f and g be the zero functions) and
let b* be such that P74+ p—p+(2) > Pzja—q p—p(2) for all b (note that Py4_y+ g+ (z) > 0). We define

f((l,Z) = PZ\A:a,B:b* (Z)v
PZ\A:a*,B:b (z)

8b,2)i=g——,

6.2) Pzia=a B=b+ (2)

and we note that because of our choice of a* and b* both f, g € [0, 1]. We further get, for any a, b:

Pzia=a,=p (2)Pzia=a* B=1(2)

f(a,z)g(b,z) =

=Paunsp(2),
Pia—a* b (2) Zla=a,8=b(2)

where the last equation follows from (10.4). 0
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