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e We obtain sharp bounds for the set disjointness function of order n. For the case of
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e Answering a question of Braverman (STOC’12), we apply our analysis of the set dis-
jointness function to establish a gap between the two different notions of the prior-free
information cost. In the light of Braverman (STOC’12), this implies that the amor-
tized randomized communication complexity is not necessarily equal to the amortized
distributional communication complexity with respect to the hardest distribution.

As a consequence, we show that the €-error randomized communication complexity of
the set disjointness function of order n is n[Cpisy — ®@(h(€))] + o(n), where Cpysy =~ 0.4827
is the constant found by Braverman et al. (STOC’13).
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1 Introduction

Communication complexity studies the amount of communication needed to compute a function whose
inputs are spread among several parties. It has many applications to different areas of complexity theory
and beyond, mostly as a technical tool used for proving lower bounds. Traditionally, communication
complexity has been studied through a combinatorial lens. Recently, information complexity, the approach
to study communication complexity via information theory, has successfully been used to resolve some
of the major problems of this field [11, 2, 3]. While communication complexity is concerned with
minimizing the amount of communication required for two players to evaluate a function, information
complexity is concerned with the amount of information that the communicated bits reveal about the
players’ inputs.

The study of information complexity is motivated by fundamental questions regarding compressing
communication [3, 7, 4, 16] that extend the seminal work of Shannon [29] to the setting where interaction
is allowed. Moreover, it has important applications to communication complexity, and in particular to
the study of the direct-sum problem [2, 11, 18, 9, 8, 14, 11, 20, 17, 3, 22, 18, 19, 9, 8]. For example,
the only known direct-sum result for general randomized communication complexity is proven via
information-theoretic techniques in [3].

One of the most spectacular applications of information complexity, due to Braverman et al. [5], is
determining the exact first order asymptotics of the communication complexity of set disjointness. Our
goal in this paper is to determine the rate of growth of the second-order term (see Equation (1.1) below).
Set disjointness, introduced in [31], is one of the most important functions in communication complexity,
and as a result it has been studied extensively in the past four decades (see the surveys [12, 30] and the
references therein). In this communication problem, which is denoted by DISJ,,, Alice and Bob each
receives a subset of {1,...,n} and they wish to determine whether their sets are disjoint. The goal, first
studied in [1], is to determine the asymptotic rate of growth of the randomized communication complexity
R:(DISJ,) of set disjointness, defined as the smallest number of bits exchanged by the two players in a
protocol which computes the function correctly with probability at least 1 — € on every input. The correct
asymptotic R;(DISJ,) = ®(n) was first proved by Kalyanasundaram and Schnitger [21]. Although later
Razborov [27] gave a shorter proof, still, despite several decades of research in this area, all known
proofs of this fact are intricate. It was thus a great breakthrough when Braverman et al. determined
the exact constant in the asymptotics of R.(DISJ,) as € — 0 by employing several recent results from
the area of information complexity. They proved that as the error parameter € tends to 0, the quantity
lim,,_,. R¢ (DISJ,) /n tends to a constant Cpysy ~ 0.4827.

Our main result determines the asymptotic rate of growth of the error term Cpisy — R¢(DISJ,) as
€ — 0: we show that for all € > 0 and all sufficiently large n (depending on €) we have

= O(h(e)). (1.1)

R:(DISJ
Cpis) — E(H”)

Here the constants implied by the ® notation are absolute.

As in the work of Braverman et al., we obtain our result by analyzing the information complexity
of the 2-bit AND function (in which each player gets one bit). Roughly speaking, the information
complexity IC, (f,€) of a function f with respect to a distribution y on the inputs is the minimal amount
of information that the players need to leak in any protocol that computes f correctly with probability at
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least 1 — £ on every input." The asymptotic estimate on R, (DISJ,,) follows by analyzing IC°(AND, ) :=
minIC, (AND, €), where the minimum is taken over all distributions u such that p(1, 1) = 0. Specifically,
we prove the following bound:

Cpis; — IC°(AND, €) = O(h(¢)). (1.2)

The upper bound on IC°(AND, €) is attained by a protocol having one-sided error, which is only allowed
to make a mistake on the input (1, 1). It follows from a black-box modification of the optimal protocol
for AND found by Braverman et al. The lower bound is significantly harder, requiring several new ideas
which could have wider applicability. We sketch these ideas later on in the introduction.

It is natural to ask whether a bound of the form (1.2) holds for arbitrary functions f. Braverman et
al. [5] considered this question in the context of distributional information complexity.? The distributional
information complexity 1C,(f,1,€) of a function f with respect to a distribution u on the inputs is
the minimal amount of information that the players need to leak in any protocol that computes f
correctly with probability at least 1 — € when the inputs are drawn according to 1. They showed that
IC, (f,1,0) —IC, (f,1,€) < C(f,1)h(e'/?), where C(f, 1) denotes a positive constant which depends
only on f and u. We significantly improve this lower bound on IC, (f, i1, €), and obtain the first non-trivial
upper and lower bounds for general functions:

Cl (f,u)h(e) S ICIJ (fv.LL?O) _IC,U(fuuas) S CZ(fnu)h(\/E)a (13)
G (fau)h(g) < IC.U(f7O) _IC.U(fvg) < CZ(fau)h(\/E)a (1.4)

for positive C; (f, 1) and Co(f, ).

Our results hold in both the non-distributional and distributional settings, as well as in the prior-free
settings explained below. The upper bounds on IC,(f,u,€) and IC,(f,€) use the same black-box
technique used to prove the upper bound in (1.2). The lower bounds use protocol completion, a new
technique which also figures in the proof of the lower bound in (1.2).

In classical communication complexity, the distributional setting arises from an application of Yao’s
minimax principle: R¢(f) is the maximum over u of the communication complexity of deterministic
protocols which compute f correctly with probability at least 1 — € when the inputs are drawn according
to 1. This connection suggests searching for an analog of R¢(f) in the setting of information complexity.
Braverman [4] defined two such notions of prior-free information complexity: IC(f,€) = max, IC,(f,€),
and ICP(f, &) = max, IC, (f, i, €). Using the minimax theorem, he showed that the two notions coincide
when € = 0. He conjectured that the two notions coincide for all €, but he could only prove the following
bound, for 0 < o < 1:

- ICP(f,ae)

D
IC7(f,e) <IC(f,6) < —

(1.5)

IThere are two different ways to measure information leakage. The usual notion, internal information complexity, measures
how much each player learns about the other player’s input. External information complexity, studied in this paper only in
passing, measures how much an external observer learns about the players’ input.

2Information complexity and distributional information complexity are often confused in the literature. One reason might be
that they are the same in the zero-error prior-free setting, as shown by Braverman [4] and explained further below.

THEORY OF COMPUTING, Volume 14 (6), 2018, pp. 1-73 5


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

YUVAL DAGAN, YUVAL FILMUS, HAMED HATAMI AND YAQIAO LI

We separate the two notions of prior-free information complexity, thus showing that this tradeoff is
essentially optimal for set disjointness:

lim sup
n—o0

ICP(DISJ,, €

IO < sy - (Ve (1.6)
n

IC(DISJ,, €)

. > Cpisy — O (h(g)). (1.7)

The upper bound on IC? (DISJ,,, &) follows from a new protocol for set disjointness which is asymptoti-
cally optimal in the distributional prior-free setting, while the lower bound on IC(DISJ,,) follows from
the proof of (1.1).

Since information complexity is amortized communication complexity, we can also state our sep-
aration in terms of communication complexity. Let R (") denote the randomized communication
complexity of computing m copies of f with an error of at most € on each of the m inputs. Similarly, let
D™ (f™) denote the corresponding distributional notion, where the error is measured when the inputs
are drawn according to (. Braverman [4] showed that

IC(f,e) = nlll_rgoR’;’(fm)/m and ICP(f,€) = lim maxD{™ (™) /m,

m—oo [
and so our separation of IC(DISJ,,, &) and ICP(DISJ,, ¢) also separates

max Dy (DISJ™)  and  R?(DISJ").
u
Finally, given a function f we characterize all measures p such that IC,(f,0) = 0. We also prove
a few results about external information complexity IC*" (which we do not define here). Given a
function f we characterize all measures y such that Iij“ (f,0) = 0. We also show that the upper bound
IC,(f,€) <ICu(f,0) — Q(h(g)) fails for external information complexity:

IC;"(XOR, &) > IC;;"(XOR,0) — 3¢,

where the distribution u is given by u(0,0) = u(1,1) =1/2.

1.1 Techniques
1.1.1 Stability for the buzzer protocol

At the heart of the lower bound IC°(AND, £) > Cpysy — O(h(€)) lies a stability result for almost-optimal
protocols for AND.

Braverman et al. [5] gave an optimal protocol for the AND function, which they call the buzzer
protocol. They also showed that this protocol is essentially the unigque optimal protocol for the AND
function. We prove a stability version of this result: any €-error protocol for AND whose information
cost is close to that of the buzzer protocol must be similar to the buzzer protocol.

There are many possible notions of similarity, and ours (for reasons that will become clear below)
focuses on the leaf distribution of the protocol, which is the distribution of the terminal point of the
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protocol. Our stability result roughly states that any £-error protocol for AND whose information cost is
close to that of the buzzer protocol must have a leaf distribution which shares some similarity with the
leaf distribution of the buzzer protocol.

We prove our stability result by strengthening the technique of local concavity constraints introduced
by Braverman et al. On the way, we also simplify the arguments of Braverman et al. by replacing the
discrete second derivatives used by Braverman et al. with their continuous counterparts.

1.1.2 The buzzer protocol as a random walk

One of our main insights is an alternative description of the buzzer protocol as a random walk.

As part of their analysis of the AND function, Braverman et al. [5] introduced a new perspective
on communication protocols, viewing a communication protocol as a random walk on the space of
distributions. Given an initial distribution over the inputs, they associate with each node in the protocol
tree the a posteriori distribution of the inputs, which is the distribution of the inputs given that the protocol
arrives at the node. Instead of walking down the protocol tree, we can think of the protocol as a random
walk on these a posteriori input distributions.

Such a random walk has two nice properties: firstly, it is a martingale. Intuitively, this means that
if the a posteriori distribution on the inputs is (l at some point in time, then the expected a posteriori
distribution after one more step and conditioned on all the history of the protocol is . Secondly, one can
define a potential function on these distributions such that the information complexity of the protocol is
the difference between the potential at the input distribution and the expected potential at the a posteriori
distribution where the protocol terminates.

Braverman et al. describe the buzzer protocol as a continuous time protocol which ends abruptly when
one of the players buzzes. We give an alternative description of the buzzer protocol, as a random walk on
the space of distributions. Consider the case in which the input distribution p is a product distribution
given by Pr[X = 1] = p and Pr[Y = 1] = ¢, where X,Y are the input bits of Alice and Bob, respectively;
we denote this distribution succinctly by (p,q). The buzzer protocol is the limit € — 0 of a random walk
which starts at (p,q), and at each step moves either vertically or horizontally depending on the current
distribution (a,b): if a > b it moves to (a,b+ €) or to (a,b — €), with probability 1/2 each, and if a < b
it moves to (a+ €,b) or to (a — €,b), with probability 1/2 each. In both cases we clip the protocol to
[0, 1]2. The random walk terminates when a = 0 or b = 0, in which case it outputs 0, and whena = b =1,
in which case it outputs 1.

Our description of the buzzer protocol has two main advantages over the original one. First, the
a posteriori distribution varies continuously in our protocol. In contrast, in the original description the
a posteriori distribution “collapses” when one of the players presses the buzzer. Second, our protocol is
the same for all distributions, whereas the original buzzer protocol has an additional symmetrization step
to handle asymmetric initial distributions. Both of these properties simplify our analysis.

1.1.3 Product parametrization

Our most important technical innovation is a way of analyzing non-product distributions as if they were
product distributions. Since product distributions are often much easier to analyze, we believe this idea
could have many further applications, which we hope to explore in future work.
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If the input of a protocol is distributed as a product distribution, all the a posteriori input distributions
are also product distributions, hence they can be characterized by the marginals corresponding to the
distributions on the inputs of Alice and Bob. Additionally, any bit sent by a player changes only the
marginal of the a posteriori distribution corresponding to its input while the marginal corresponding to
the input of the other player does not change. This is not the case for non-product input distributions and
particularly, a bit sent by a player can also change the other marginal.

We show how one can view a protocol with a non-product input distribution as a random walk over
the set of product distributions (each product distribution in this random walk can be extracted from the
corresponding a posteriori input distributions). This random walk retains the nice properties described
above and in Section 1.1.2: it is a martingale where any bit sent by a player changes only the marginal
of the a posteriori distribution corresponding to their input. Furthermore, the information complexity
of the protocol can be explained in terms of a potential difference between the potential on the initial
distribution of the random walk and the expected potential when it terminates.

1.1.4 Protocol completion

We prove the lower bounds on ICy, (f, €) and on IC’(AND, €) using the technique of protocol completion.
Given an g-error protocol for f, we complete it to a zero-error protocol for f in a natural way: when
the protocol terminates at a posterior distribution v (which is the distribution of the inputs given the
transcript of the protocol and the initial distribution i), we run a zero-error protocol for f which is
information-efficient for the distribution v. Using the buzzer protocol, we give a protocol for f whose
information cost is O(h(y/at)), where 1 — ot is the probability of the most probable output given v. Since
E[a] = €, this shows that we can complete the given €-error protocol to a zero-error protocol for f at a
cost of O(h(+/€)) in the information cost, implying the bound IC, (f, €) + O(h(v/€)) > IC4(f,0).

For the case f = AND, we are able to improve on this result, tightening the gap from O(h(\/€))
to O(h(g)), using the stability result for the buzzer protocol. The product parametrization allows us to
consider the posterior distribution v as a product distribution (a,b). If max(a,b) = (1) then the buzzer
protocol has information cost O(h(a)) rather than just O(h(y/a)) (recall that 1 — « is the probability of
the most probable output given v). Suppose now that we are given an g-error protocol 7 for AND. Our
goal is to prove that IC,, () > IC,(AND,0) — Cyh(€) for some Cy, > 0 (here IC, () is the information
cost of 7). We can complete 7 to a zero-error protocol m at a cost of O(h(1/€)). We can assume that
ICy(m) < IC,(AND,0) — Cyh(e) + O(h(/€)), and so m is an almost-optimal protocol for AND. Our
stability result shows that a random leaf (a,b) of 7 satisfies max(a,b) > ¢, with high probability, for
some ¢y > 0. It follows that the same holds for 7, and so the cost of completion is only O(h(g)).

1.1.5 Black-box modification

We prove the upper bounds on IC, (f,€) and (as a special case) on IC°(AND, €) using a simple black-box
argument, which modifies an optimal zero-error protocol to a slightly more information-efficient e-error
protocol. Given a zero-error protocol 7 for f, one way to create an €-error protocol for f is to run 7 with
probability 1 — &, and output some constant value with probability €. However, this only saves O(€) bits
of information. Our modification is different: we identify a player P and two inputs zg,z;, and run the
following protocol 7'
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e With probability € (sampled privately by P), if the input of P is z; then P changes its input to zp.
e The players run 7 on their possibly modified inputs.

This is also an g-error protocol, and for a suitable choice of the parameters, it turns out that it saves
Q(h(€)) bits of information compared to 7.

When the input distribution p has full support, it is easy to choose the parameters, by finding two
inputs (xo,Yo0), (x1,y1) which differ on a single coordinate such that f(xo,yo) # f(x1,y1). Such a choice
might not exist when u doesn’t have full support, and instead we rely on a rather delicate binary search
argument on the set of transcripts.

We can apply this argument to the AND function, showing that IC;, (AND, €) < Cpisy — Q(h(€)).
However, when using this result to obtain a protocol for set disjointness, we encounter a difficulty: in order
to obtain an g-error protocol for DISJ,, it seems at first that we need a protocol for AND having error
€/n. This would result in a saving of O(h(g/n)) rather than O(h(€)) per coordinate. A similar difficulty
was encountered by Molinaro et al. [26] in a similar context, and they overcame it using protocols that
abort. In our case there is a simpler solution: we consider €-error protocols for AND which only make
one-sided error, outputting 0 when the correct answer is 1 (the black-box argument can be modified to
produce such protocols). If we apply such a protocol coordinatewise to compute the intersection of X,Y,
then we always compute the intersection correctly when X, Y are disjoint, and we mistakenly compute
the intersection to be empty when X, Y are not disjoint with probability at most e X! < e. The resulting
protocol thus computes set disjointness correctly with probability at least 1 — € on every input.

1.1.6 Computing set disjointness with error

The lower bound IC°(AND, €) > Cpisy — O(h(€)) implies a similar lower bound on the information
complexity of set disjointness: IC(DISJ,,€)/n > Cpisy — O(h(€)). In contrast, we can save more than
h(€) in the distributional prior-free setting:

lim sup
n—oo

ICP(DISJ,,
(ne) SCDISJ—Q( h(s)). (1.8)

A minimax argument of Braverman [4] shows that this bound is tight. We prove this upper bound on
ICP(DISJ,, ¢) using a new protocol for set disjointness. Given a distribution i, we describe a protocol 7
which has error € with respect to (t, whose information cost satisfies

IC, () <n [CDISJ—Q(\/@)] +0(logn). (1.9)

Let p be the probability the input sets X, Y are not disjoint, when (X,Y) ~ u. The protocol proceeds as
follows:

e Using public randomness, Alice and Bob sample a permutation c on 1,...,n.

e Fori=1,...,n, Alice and Bob run a protocol for AND on Xy ;), ¥5(;) which has one-sided error
€/2p with respect to the conditional distribution of Xo(i)» Yo (i)» declaring X, Y to be not disjoint
(and halting the protocol) if the AND protocol answers Xq(;) = Y5(;) = |
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e Declare X,Y to be disjoint.

The protocol only makes an error when the inputs are not disjoint, and in that case it makes an error with
probability (£/2p)X"Y| < &/2p. Since the inputs are non-disjoint with probability p, the overall error
probability is €/2 < €. A tricky but standard argument shows that this protocol saves roughly Q(n/h(€))
bits of information.

2 Preliminaries

In this section we introduce some basic notation and facts, and review the necessary background for the
paper.

2.1 Notation and basic estimates

We typically denote random variables by capital letters (e. g., A, B, C,II). For the sake of brevity, we shall
write A ...A, to denote the random variable (Ay,...,A,) and not the product of the A;’s. We use [n] to
denote the set {1,...,n}, and supp u to denote the support of a measure U.

For a finite set Q, we denote by A(Q), the set of all discrete probability distributions on Q. For
u,v € A(Q), we denote their rotal variation distance with

u—v|:= Z | (x) 2.1)

xGQ

For every € € [0,1], h(e) = —eloge — (1 — €)log(1 — €) denotes the binary entropy, where here and
throughout the paper log(-) is in base 2, and 0log0 = 0.

2.2 Communication complexity

The notion of two-party communication complexity was introduced by Yao [31] in 1979. In this model
there are two players (with unlimited computational power), often called Alice and Bob, who wish to
collaboratively perform a task such as computing a given function f: X x Y — Z. Alice receives an
input x € X and Bob receives y € Y. Neither of them knows the other player’s input, and they wish to
communicate in accordance with an agreed-upon protocol 7 to compute f(x,y). The protocol 7 specifies
as a function of (only) the transmitted bits whether the communication is over, and if not, who sends the
next bit. Furthermore 7 specifies what the next bit must be as a function of the transmitted bits, and the
input of the player who sends the bit. We will assume that when the protocol terminates Alice and Bob
agree on a value as the output of the protocol. We denote this value by 7(x,y). The communication cost
of 7 is the total number of bits transmitted on the worst case input. The franscript of an execution of 7 is
a string IT consisting of a list of all the transmitted bits during the execution of the protocol. As protocols
are defined using protocol trees, transcripts are in one-to-one correspondence with the leaves of this tree.

In the randomized communication model, the players might have access to a shared random string
(public randomness), and their own private random strings (private randomness). These random strings
are independent, but they can have any desired distributions individually. In the randomized model the

THEORY OF COMPUTING, Volume 14 (6), 2018, pp. 1-73 10


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

TRADING INFORMATION COMPLEXITY FOR ERROR

transcript also includes the public random string in addition to the transmitted bits. Similar to the case of
deterministic protocols, the communication cost is the total number of bits transmitted on the worst case
input and random strings. The average communication cost of the protocol is the expected number of bits
transmitted on the worst case input.

For a function f: X x Y — Z and a parameter € > 0, we denote by R (f) the communication cost of
the best randomized protocol that computes the value of f(x,y) correctly with probability at least 1 — €
for every (x,y).

2.3 Information complexity

The setting is the same as in communication complexity, where Alice and Bob (having infinite computa-
tional power) wish to mutually compute a function f: X x Y — Z. To be able to measure information,
we also need to assume that there is a prior distribution g on X x Y.

For the purpose of communication complexity, once we allow public randomness, it makes no
difference whether we permit the players to have private random strings or not. This is because the
private random strings can be simulated by parts of the public random string. However, for information
complexity, it is crucial to permit private randomness, and once we allow private randomness, public
randomness becomes inessential. Indeed, one of the players can use her private randomness to generate
the public random string, and then transmit it to the other player. Although this might have very large
communication cost, it has no information cost, as it does not reveal any information about the players’
inputs.

Probably the most natural way to define the information cost of a protocol is to consider the amount
of information that is revealed about the inputs X and Y to an external observer who sees the transmitted
bits and the public randomness. This is called the external information cost and is formally defined as the
mutual information between XY and the transcript of the protocol (recall that the transcript also contains
the public random string). While this notion is interesting and useful, it turns out there is a different way
of defining the information cost that enjoys certain desirable properties that the external information cost
lack. This is called the internal information cost or just the information cost for short, and is equal to the
amount of information that Alice and Bob learn about each other’s inputs from the communication. Note
that Bob knows Y, the public randomness R, and his own private randomness Rp, and thus what he learns
about X from the communication can be measured by the conditional mutual information I(X;I1 | YRRp).
Similarly, what Alice learns about Y from the communication can be measured by /(Y;IT | XRR4) where
R4 is Alice’s private random string. It is not difficult to see [3] that conditioning on the public and
private randomness does not affect these quantities. In other words I(X;IT1 | YRRg) = I(X;I1|Y) and
I[(Y;I1| XRRs) = 1(Y;IT| X). We summarize these in the following definition.

Definition 2.1. The internal information cost and the external information cost of a protocol & with
respect to a distribution i on inputs from X x Y are defined as

IC, (%) = I(TLX | Y) +I(TLY | X), 2.2)

and
ICif“(n’) =I(ILXY), 2.3)

respectively, where IT = Ilyy is the transcript of the protocol when it is executed on XY ~ p.
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We will be interested in certain communication tasks. Let [f, €] denote the task of computing the
value of f(x,y) correctly with probability at least 1 — € for every (x,y). Thus a protocol 7 performs this
task if

Pr(z(x,y) # f(x,y)] <€, VY (xy)eXxY. (2.4)

Given another distribution v on X x Y, let [f, v, €] denote the task of computing the value of f(x,y)
correctly with probability at least 1 — € if the input (x,y) is sampled from the distribution v. A protocol 7
performs this task if

Pr [m(x,y) # f(x,y)] < €. (2.5)
(xy)~v
Note that a protocol 7 performs [f,0] if it computes f correctly on every input while performing [f,V, 0]
means computing f correctly on the inputs that belong to the support of v.

We will also need a one-sided version of the task [f, €]. Let [f, €,21 — 20| denote the task of computing
the value of f(x,y) correctly with probability at least 1 — € for every (x,y), allowing the protocol to err
only if it outputs zo instead of z;. Thus a protocol 7 performs this task if it performs the task [f, €], and
additionally

n(x,y) # f(x,y) = f(x,y) = z1 and 7(x,y) = z0. (2.6)

The information complexity of a communication task 7 with respect to a measure U is defined as

IC” (T) - b4 pglf{(:)rms TIC'u (ﬂ:) (27)
It is essential here that we use infimum rather than minimum as there are tasks for which there is no
protocol that achieves IC, (T') while there is a sequence of protocols whose information cost converges to
IC,(T). The external information complexity of a communication task 7 is defined similarly. We will
abbreviate IC, (f,€) =IC,([f,€]), IC4(f,v,€) =IC,([f,V,€]), etc. It is important to note that when
does not have full support, IC, (f, u,0) can be strictly smaller than IC, (f,0).

Remark 2.2 (A warning regarding notation). In the literature of information complexity it is common to
use “IC, (f,€)” to denote the distributional error case, i. e., what we denote by IC, (f, i, €). Unfortunately
this has become the source of some confusions in the past, as sometimes “IC,(f,€)” is used to denote
both of the distributional error and the point-wise error cases. To avoid ambiguity we distinguish the two
cases by using the different notations IC,, (f, u,€) and IC, (f,€).

Similar to the fact that the maximal distributional communication complexity over all measures equals
the public coin randomized communication complexity (see, e. g., [23, Section 3.4]), below we prove a
lemma that establishes a similar relation between IC,, (f, v,€) and IC, (f,€).

Lemma 2.3. IC,(f,&) = max,IC,(f,V,€) holds for all € > 0.

Note that the maximum exists due to continuity of IC,(f,Vv,€) with respect to v, a fact that is
discussed later in Section 2.4. (For € = 0 one can take any full-support v.)

Proof. We only need to show IC, (f,€) < max, IC,(f,Vv,€) as the other direction is obvious. The proof
is an application of von Neumann’s minimax theorem.
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Pick a small > 0, let
Cs ={m:IC,(m) <IC,(f,e)—9d}.

Although Cj is an infinite set, we can approximate it by a finite set by considering only the protocols with
bounded communication cost that use only a bounded number of unbiased random bits. This process
does not affect the validity of the proof, and hence the minimax theorem is still applicable.

Consider a two-player zero-sum game in which Alice chooses a protocol € Cs and Bob chooses an
input (x,y) € X x Y, and define the utility for Alice to be Pr[m(x,y) = f(x,y)]. Note that a mixed strategy
for Alice is still just a protocol, and a mixed strategy for Bob corresponds to a probability measure on
X x Y. By our definition of Cg and the minimax theorem, we have

minmax E Pr[z(x,y) = f(x,y)] =maxmin E Pr[r(x,y)=f(x,y)]=1—€—1() <1—¢, (2.8)

V.o T (xy)~v TV (xy)~v

where #(8) > 0 is a positive quantity. This means that there exists a measure v such that for all 7 € Cs,

E Pr[n(x,y) # f(x,y)] > €.

(xy)~v3
Letting 6 — 0 gives max, IC, (f,v,€) > IC,(f,€) as desired. O

Finally let us recall the two definitions of the prior-free notions of information complexity introduced
in [4]. The max-distributional information complexity of a function f: X x Y — Z is defined as

ICP(f,e) = mﬁlXICu (f,1,€). (2.9)

The information complexity of f with error € is defined as

IC(f,8) = infmaxICy (), (2.10)

where the infimum is over all protocols 7 that perform the task [f, €]. It is possible [4] to use a minimax
argument and the concavity of IC, (7) with respect to p to show that

IC(f,e) = infmaxIC, () = maxinfIC, (7)) = maxIC, (f,€) = maxIC,(f,v,¢), 2.11
(f.€) = infmaxICy(x) = maxinf Cu(7) = maxICu(f,€) = maxICu(f,v.e),  (2.11)

where the last equality follows from Lemma 2.3.

2.4 The continuity of information complexity

It is shown in [6, Lemma 4.4] that for every communication task 7', IC, (7') is uniformly continuous with
respect to (. More precisely, for every two measures () and p, with |u; — tp| < 6 (the distance is in
total variation distance), we have

|ICy,, (T) —1C,, (T)| < 210g(]X x Y|)S + 2h(25). (2.12)

The information complexity functions IC, (f,€) and IC,(f, v, €) are both continuous with respect
to €. The following simple lemma from [4] proves continuity for € € (0, 1]. The continuity at 0 is more
complicated and is proven in [5]. (See also Theorem 3.5 and Theorem 3.6 below.)
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Lemma 2.4. [4] For every f: X xY — Z, & > € > 0 and measures L,V on X XY, we have
IC,(f,v,&1)—IC,(f,v,&) < (1—&1/&)log|X xY|, (2.13)

and

IC,(f,&1) —ICu(f, &) < (1 —&1/&)log|X x Y|. (2.14)

Proof. Consider a protocol & with information cost /, and error & > (0. Here we can consider the
distributional error as in (2.13) or the point-wise error as in (2.14). Set § = 1 — € /&, and let T be the
protocol that with probability 1 — é runs 7, and with probability & Alice and Bob exchange their inputs
and compute f(x,y) correctly. The theorem follows as the new protocol has error at most (1 — 8)&; = €y,
and information cost at most 7 + & log |X x Y|. O

Note that IC, (f,1t,0) is not always continuous with respect to u. For example, let the matrices

— 3 3 — 1 — (3 3

represent distributions on {0,1}2. Here the entry at the i-th row and j-th column corresponds to the
measure of the point (i — 1, j— 1) € {0, 1}2. Now for the 2-bit AND function, we have IC;,(AND, y1,0) =
0, while IC,, (AND, ¢,0) =IC, (AND,0) as p has full support. Thus

lim IC,,, (AND, ¢, 0) = lim IC,,, (AND, 0) = IC,, (AND, 0), (2.16)
£—0 £—0

which is known to be bounded away from O.

Finally, note that Lemma 2.4 also implies the continuity of IC, (f, v, €) with respect to v when € > 0.
Indeed if |[v; — v»| < & < g, then a protocol that has distributional error € with respect to v,, will have
error at most € + 0 and at least € — & with respect to v;. Thus

ICu(f,V1,€+5) < ICy(f,Vz,S) < ICH(][,Vl,S—S), (217)

which establishes the desired continuity. A similar example to (2.15) shows that IC,(f,Vv,0) is not
necessarily continuous with respect to v.

2.5 Communication protocols as random walks on A(X x Y)

Recall that A(X x Y) denotes the set of probability distributions on X x Y. Consider a protocol 7 and
a prior distribution u on the set of inputs X x Y. Suppose that in the first round Alice sends a random
signal B to Bob. We can interpret this as a random update of the prior distribution u to a new distribution
Uo = W|p—o or u; = u|p— depending on the value of B. It is not difficult to see that i, (x,y) = pp(x)u(x,y)
for b =0, 1, where pp(x) = Pr[B =b | x]/Pr[B = b]. In other words, L, is obtained by multiplying the
rows of U by non-negative numbers. From the law of total expectation,

u:II[;Z[u\B]zPr[BzO]qurPr[B:l]ul. (2.18)
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Similarly if Bob is sending a message, then p,, is obtained by multiplying the columns of u by the
numbers pj(y) = Pr[B = b | y|/Pr[B = b]. That is i, (x,y) = t(x,y) ps(y)-

The opposite direction is also true: given a distribution p, distributions Ly, i1, and 0 < pg,p; < 1
such that

e potpi=1,

e Uy and y; are obtained from u by scaling its rows,

® U= polo+ pili,

one can define a random bit B that can be sent by Alice such that y, is g conditioned on B = b for
b€ {0,1}, and p, = Pr[B = b]. A similar statement holds for the case where o and p; are obtained from
U by scaling its columns and B is a signal that will be sent by Bob.

Therefore, we can think of a protocol as a random walk on A(X x Y) that starts at 1, and every time
that a player sends a message, it moves to a new distribution. Equation (2.18) implies that this random
walk is without drift.

Let IT denote the transcript of the protocol. Note that when the protocol terminates, the random walk
stops at ury ;= u|n. Since IT itself is a random variable, upy is a random variable that takes values in
A(X xY). Interestingly, both the internal and external information costs of the protocol depend only on
the distribution of ury (this is a distribution on the set A(X x Y), which itself is a set of distributions) [10].
It does not matter how different the steps of two protocols are, and as long as they both yield the same
distribution on A(X x Y), they have the same internal and external information cost. Consequently, one
can directly work with this random walk, instead of working with the actual protocols.

In order to study the relation between the information complexity and the distribution of uyy, define the
concealed information and external concealed information of a protocol 7 with respect to u, respectively,
as

Cly(m) =HX |IIY)+H(Y |IIX)=H(X |Y)+H(Y | X) —ICy,(7), (2.19)

and
CIZ”(JI) =H(XY |II)=H(XY) —ICZ”(E). (2.20)

With this definition it is easy to see that the information cost of a protocol 7 with transcript IT only
depends on the distribution of ur. Indeed

CIu(TL') :HXYNM (X | HY) —|—HXY~#(Y ’ HX) = IE’HXYN#H(X | Y) +IIE]:HXY~/JH(Y |X) (2.21)

Another nice property of concealed information is that if 7y and 7; are the two branches of the protocol ©
corresponding respectively to B = 0 and B = 1 where B is the first bit sent, then

Cly (1) = Pr[B = 0] Cl 5o () + Pr[B = 1] Cly y (m). (2.22)

Thus, the expected value of CI is preserved throughout the execution of the protocol. Similar results hold
for CIj" (7).
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3 Main results

In this section, we state and discuss our main results in full detail. Simpler proofs are presented in this
section, but the proofs of the more involved results are postponed to later sections.
We will use the following simple estimate:

1 1
x€[0,1/2] :>xlog; <h(x) < 2xlog;, (3.1)

which holds since in that range —xlogx > —(1 —x)log(1 —x).
Denote _
h(x) = h(min(x, 1/2)). (3.2)

It satisfies 2(x) > h(x) and x < h(x). It is easy to see that & is concave. Therefore, / is also concave as it
is piecewise differentiable with non increasing derivative. Additionally, 4(0) = h(0) = 0. We will next
show how to utilize these two properties of 4 and h: for any concave function g: R* — R for which
2(0) =0, and for any x > 0 and 0 < g < 1, it holds that

g(gx) > qg(x) + (1 —¢q)g(0) = gg(x). (3.3)

This implies the subadditivity of g: for all aj,a; > 0, g(a; +a2) < g(a;) +g(az), as

glai) > glar+az),

Tata

foralli=1,2.

3.1 Information complexity with point-wise error

Consider a communication problem f: X x Y — Z, and a distribution . How close can IC,(f, €) be to
IC,(f,0)? A simple argument shows that IC, (f,€) <ICy(f,0) —Q(¢).

Proposition 3.1. Let f: X xY — Z, and let u be a measure on X x Y. Denoting ¢ =1Cy(f,0), we have
IC,(f,€) < (1—-¢€)IC,(f,0) =ICy(f,0) —ce. 3.4

Proof. Let & be a zero-error protocol for f. Consider a protocol 7" in which Alice and Bob use their
public randomness to run with probability 1 — € the protocol 7, or to terminate with an arbitrary output
with probability €. Let IT and IT' be respectively the transcripts of 7 and 7’ on the random input (X,Y).
We have

I(X;TV|Y)=H(X|Y)-HX|II'Y)=H(X|Y)—eH(X |Y)—(1—e)H(X |IIY) = (1 —&)I(X;I1|Y).
(3.5)
The same holds for I(Y;IT' | X), and the statement follows. O

Our first main theorem shows that this trivial bound can be improved to

ICu(f,€) < 1C,(1,0) — Q(h(e)) .
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Theorem 3.2. Consider a function f: X xY — Z and a probability measure | on X XY such that
IC,(f,0) > 0. There exist positive constants T, &y, depending on f and | (and thus on |X|,[Y|,|Z|), such
that for every € < &,

IC,(f,€) <1C,(f,0) — Th(e). (3.6)

Moreover:

Non-constant case: Suppose that f(a) # f(b) for two points a,b in the support of I, and on the same
row or column. Then one can take T = p(a)*1(b)/32, and € depends only on min(u(a), 1 (b))
and | X x Y|.

AND case: Let xg,x; € X and yy,y1 €Y. Suppose that f(xoyo) = f(xoy1) = f(x1y0) = 20 and f(x1y1) =
21 # 20, and that xyyo,xoy1,X1Y0 € supp U. Then one can take

2
T= /'L()Z)ZO) min(f(xoy1), (x1y0)),

and &y depends only on |X x Y| and the minimum of 1 (xoyo), 1(xoy1), 1(xX1Y0)-
Proof. See Section 4.1.1. O

Remark 3.3. We prove Theorem 3.2 by taking a zero-error protocol for f, and turning it into an €-error
protocol that has an Q(A(€)) gain in the information cost over the original protocol. The high-level idea
is that one of the players checks her/his input and if it is equal to a certain value x;, then with probability
€ changes to a different value xy. This obviously creates an error of at most €. In the Non-constant case
of Theorem 3.2, the points a and b are used to determine xy and x;, and in the AND case, the same xy and
x1 as they are described in the statement of the theorem can be used. Note that this modification can only
create errors that erroneously output f(xo,y) instead of f(x;,y) for some values of y. This allows us to
obtain a one-sided error for many functions. We shall use this later in Corollary 3.9 to obtain an upper
bound on the information complexity of the AND function when only one-sided error is allowed.

Despite the simplicity of the idea described in the above remark, the proof is rather involved, and
uses some of our other results such as characterization of internal-trivial measures. The heart of the proof
is of course showing the existence of appropriate values of xy and x| that can lead to the desired gain of
Q(h(e)).

Let XOR denote the 2-bit XOR function. The next result shows that the analogue of Theorem 3.2
does not hold for the external information complexity.

Proposition 3.4. Let U be the distribution defined as

(12T 0
K=o 12

3.7

Then IC"(XOR, £) > IC4"(XOR, 0) — 3e.

Proof. See Section 4.1.3. O
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For the lower bound we prove the following result.

Theorem 3.5. Forall f, 1, €, we have

ICu(f,€) = ICyu(f,0) — 4[X||Y|A(Ve). (3.8)
Proof. See Section 4.1.2. O

Theorem 3.5 is obtained by taking an £-error protocol and completing it to a zero-error protocol.
Here Alice and Bob first run the protocol that performs [f, €], but when this protocol terminates, instead
of returning the output, they continue their interaction to verify that the value that they have obtained is
correct. We will be able to show that these additional interactions can be performed at a small information
cost, and thus the total information cost of the new protocol is not going to be much larger than that of
the original protocol. This method, that we call profocol completion, is used in the proofs of other results
such as Theorem 3.7 as well.

Finally let us remark that we do not know whether the bound in Theorem 3.5 is tight. In fact we are
not aware of any examples of f and u that refutes the possibility that there exists C(f, ) > 0 such that

IC.U(fvg) Z ICIJ (f,O) _C(fnu)h(e)

3.2 Information complexity with distributional error

In Section 3.1 we considered the amount of gain one can obtain by allowing point-wise error. Next we
turn to distributional error. How much can one gain in information cost by allowing a distributional error
of €7 Small modifications in the proofs of Theorem 3.2 and Theorem 3.5 imply the following bounds.

Theorem 3.6. Let u be a probability measure on X x Y, and let f: X xY — Z satisfy ICy(f,u,0) > 0.
We have

2
1Cu(f,14,0) — 4[X[[Y|A(v//0) <1C, (f,11,€) <ICu(F,11,0) — -h(ea/4) + 3elog|X x Y], (3.9)

where 00 = MiNyyequppp U(X,Y).
Proof. See Section 4.2. O

It is also possible to prove the upper bound of Theorem 3.6 using a different approach by “truncating”
a zero-error protocol. Unfortunately this approach requires some assumptions on the support of (.
Nevertheless we sketch this proof, as the idea seems to be new, and it might have other applications.

Let Ag C A(X x Y) be the set of all measures v such that IC, (f, v, €) = 0. Consider a protocol 7 that
performs [f, it,0]. First we simulate 7 with another protocol 7’ such that no signal of 7’ jumps from
outside of A to the interior of Ag. In other words if some partial transcript ¢ satisfies 1, & Ao, then when
the next signal B is sent, (p is either still outside of Ag or it is on the boundary dA. The simulation can
be done in a perfect manner so that if IT and IT' denote, respectively, the transcripts of 7 and 7/, then ppy
has the same distribution as pry. The new protocol 7’ might not necessarily have bounded communication,
but it will terminate with probability 1. We refer the reader to [15, Signal Simulation Lemma] and [5,
Claim 7.14] for more details on such simulations.
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We will truncate 7’ in the following manner to obtain a new protocol 7 that performs [f,u,€].
Whenever the corresponding random walk of 7’ reaches a distribution v that is on the boundary dAy, the
two players stop the random walk, and use ICy (f,v,€) = 0 to output a value that creates a distributional
error of at most € with respect to v at no information cost. Obviously the distributional error of the
protocol 7y is at most €. To analyze its information cost, denote the transcript of 7y by P, and note that P
is a partial transcript for . Let 7}, be the continuation of 77’ when one starts at this partial transcript. It is
not difficult to see that

IC, () = ICy(n') = ICy (o) +IE[IC;1P(”§)]-

Since 7’ performs [f, u,0], the tail protocol mp must perform [f, tp,0]. Hence in order to finish the
proof, it suffices to show that IC, (f,v,0) = Q(h(g)) for every v € dAy, as this would imply the desired
IC,(7) > 1Cy(my) +Q(h(€)). This can be proven with some work when u is of full support, however it
is not true for general measures. For example, consider the AND function, and let i be the distribution on
{0,1}? defined as u(0,0) = 1 —2¢ and u(1,0) = u(1,1) = €. Note that although u is on the boundary of
Ag, we have IC;, (AND, u,0) < 2¢. Indeed, since p1(0,1) = 0, Bob with probability 1 knows the correct
output by looking at his own input ¥, and so if he sends his bit to Alice, they will both know the correct
output. This will have information cost at most H(Y | X) =Pr[X =1]H(Y | X =1) = 2¢.

3.3 Information complexity of the AND function with error

Building upon the previous works of Ma and Ishwar [24, 25], Braverman et al. [5] developed a method
for proving the optimality of information complexity and applied it to determine the internal and external
information complexity of the two-bit AND function. They introduced a “continuous-time” protocol
for this task, and proved that it has optimal internal and external information cost for any underlying
distribution. Although this protocol is not a conventional communication protocol as it has access to a
continuous clock, it can be approximated by conventional communication protocols through dividing
the time into finitely many discrete units. Then in [5, Problem 1.1] they considered the case where error
is allowed, and conjectured a gain of IC(AND) — IC(AND, €) = ®(h(¢€)). In this section, we conduct
a thorough analysis of the information complexity of the AND function when error is permitted, and
among other results, prove the aforementioned conjecture.

Applying our general bounds from Section 3.1 and Section 3.2 (i. e., Theorems 3.2, 3.5, and 3.6) we
already obtain the following for positive functions C; () and Co ().

(i). For every distribution u satisfying IC,,(AND,0) > 0, we have
IC, (AND, 0) — C1(1t)h(v/€) < IC,(AND, €) < IC4(AND,0) — Co(u)h(e). ~ (3.10)
(ii). For every distribution u satisfying IC, (AND, u,0) > 0, we have

IC# (ANDnqu) -G (H)E(\/E) < ICu (AND,[.L, 8) < IC# (AND,/.L,O) - Cz(,[i)/’l(g) (31 1)

We show that under some conditions on the support of (1, the above lower bounds can be improved to
match the upper bounds.
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Theorem 3.7. The following hold:
(i). For every distribution W which is full support, except perhaps for (1,1), we have
IC, (AND, 0) —IC, (AND, €) < C(u)h(e), (3.12)
where C(W) is bounded whenever 11(0,0),1(0,1),u(1,0) are bounded away from 0.

(ii). For every distribution U of full support, we have

IC,(AND, ut,0) —IC, (AND, i, €) < C(u)h(e), (3.13)
where C(W) is a positive function.

Note that for every distribution u of full support, we have
IC,(AND, u,0) =IC4(AND,0) > 0,

and
IC,(AND, e/o) <IC,(AND, u,e) <IC,(AND,¢)

where o = miny, it (xy). Thus Theorem 3.7 (ii) follows from (i).

From a technical point of view, Theorem 3.7 is perhaps our most involved result in this article, and its
proof occupies the bulk of Section 6. The first idea that facilitates the proof substantially shows that it is
possible to parametrize the space of the distributions A(X x Y) so that the changes that occur in the prior
distribution by the players’ interactions can be captured by product measures. This idea, that is discussed
in details in Section 5, allows us to first prove the lower bound of Theorem 3.7 for the product measures,
and then add minor adjustments to adopt it for non-product distributions. The second component of the
proof is a stability result. Recall from Section 2.5 that the information cost of every protocol & depends
only on its “leaf distribution,” i. e., the distribution of ur, where I1 is the transcript of 7 or equivalently
Uy where ¢ is a random leaf of the protocol tree. Our stability result, Theorem 6.2, shows that the leaf
distribution of every almost optimal protocol 7 for [AND, 0] shares certain similarities with that of the
buzzer protocol. Note that since & does not make any errors, by the end of the protocol, either both players
know that the input is (1, 1), or one of them has revealed that her input is 0. Theorem 6.2 formalizes
the intuition that in this latter case, the other player must not have revealed that his input is very likely
to be 0. This is achieved through defining a potential function that depends only on the distribution of
i and proving that it is bounded by the so called information wastage IC, (7) —IC, (AND,0). With
these results in hand, in order to complete the lower bound of Theorem 3.7, we start with a protocol
performing [AND, €] with almost optimal information complexity. First we show that 7 can be completed
to a protocol that performs [AND, 0] at a small additional information cost, though possibly larger than the
desired O(h(€)). Then we apply the stability result to deduce certain properties for the leaf distribution
of . This will imply that one indeed needs only an additional cost of O(h(g)) to extend 7 to a protocol
that solves [AND, 0].

Braverman et al. [5] showed that IC(AND,0) = max IC,(AND,0) is attained on a distribution
having full support. This enables us to derive the following corollary on prior-free information complexity.
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Corollary 3.8. The following hold:
(i). C1h(g) <IC(AND,0)—IC(AND,¢) < Coh(¢);
(ii). Cih(g) <IC(AND,0)—ICP(AND, &) < Coh(e);
where C and C, are positive constants.
Proof. The measure u that maximizes IC, (AND, 0) has full support [5], and thus
IC(AND,0) =IC,(AND,0) = IC,(AND, u,0).
By Theorem 3.7 (ii),

IC(AND, &) > ICP(AND, ) > IC,(AND, u, &) > IC, (AND, ut,0) — Co/i(€) = IC(AND, 0) — Ch(e).

(3.14)

Moreover by a general upper bound that we prove later in Theorem 3.15, we have
ICP(AND, ¢) < IC(AND, ¢) < IC(AND,0) — C k(). (3.15)
Both items in the corollary follow. g

Since the difficult distributions for the set disjointness function are the ones in which the inputs
typically have small or no intersections at all, the distributions for the AND function that assign a very
small or 0 mass to the point (1, 1) are of particular importance. Let

IC5(AND,8,1 —0)= sup IC,(AND,e,1—0). (3.16)
pep(l,1)<6

The following corollary is used in Section 3.4 to analyze the information complexity of the set disjointness
problem.

Corollary 3.9. There exist positive constants C1,C, and C3 such that
(i). Cih(g) <IC°(AND,0) —IC°(AND, ) < Gyh(e);
(ii). Cih(e) <IC°(AND,0) —IC°(AND, &,1 — 0) < Cyh(¢);
(iii). for every €,8 >0,
IC(AND, g,1 — 0) < IC°(AND, 0) — C;h(g) + C3h(8). (3.17)
Proof. Assume that € < 1/2. Let u be the distribution maximizing IC, (AND, 0) under the constraint

w1 (1,1) = 0; This measure, which is described in [5], has full support except for 1(1,1) = 0. Thus by
Theorem 3.7 (i),

IC°(AND, ) > IC, (AND, &) > IC,, (AND, 0) — Co/i(g) = IC°(AND, 0) — Cah(e). (3.18)
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Consequently, since IC®(AND, ¢) < IC°(AND, e,1 — 0), both (i) and (ii) will follow if we prove
IC°(AND, &,1 — 0) < IC°(AND,0) — Cyh(g). To prove this, we would like to apply the AND case
of Theorem 3.2, however to be able to obtain a uniform upper bound on IC®(AND, &, 1 — 0), we need
to have a uniform lower bound on the probabilities 1£(0,0),1(0,1),u(1,0). Let & > 0 to be determined
later, and consider any distribution p with pu(1,1) =0 and pu(a) < o for some input a # (1,1). Pick
b€ {0,1}2\ {a,(1,1)}, and obtain the distribution &’ from p by transferring all the probability mass
onatob. Thatis u'(b) = pu(a)+ pu(b) and p'(a) = 0, and otherwise u and p’ are identical. Obviously
|t — '] < a. Now (2.12) implies

IC,(AND, ¢, 1 — 0) < IC, (AND, 0) < IC,(AND, 0) + 4c + 2h(2at) = 40t + 2h(20x) < 4h(2ax),
(3.19)

where we used the fact that IC,/(AND,0) = 0 as supp ' contains only two points. Setting o = 0.001
for example yields IC, (AND,0) < 4h(2c) < 0.1 < IC°(AND, 0) ~ 0.4827. It remains to prove the
statement for the distributions p with ©(0,0),1(0,1),1(1,0) > o. In this case Theorem 3.2 (see
Remark 3.3 regarding the one-sidedness) implies that exists a constant C; > 0 such that IC, (AND, &,1 —
0) < IC°(AND,0) — Cyh(€). This finishes the proof of (i) and (ii).

To prove (iii), consider an arbitrary distribution ¢ with pt(1,1) < 9, and let u’ be the distribution that
is obtained from p by moving the probability mass on (1, 1) to a different point so that u'(1,1) = 0 and
| —u'| < 6. Similar to (3.19), we obtain

IC,(AND,&,1 — 0) <IC,/(AND,¢,1 — 0) +4h(28) < IC°(AND, &,1 — 0) +4h(26),

and thus (iii) follows from (ii). L]

3.4 Set disjointness function with error

In this section we focus on the set disjointness function. Firstly it is not hard to obtain the following
result.

Corollary 3.10. There exists a constant C > 0 such that the following holds:
IC(DISJ,,, €) > n [IC°(AND, 0) — Ch(e)] . (3.20)

Proof sketch. By the argument that proves the additivity of information complexity (see, e.g., [7]),
one can prove that IC(DISJ,,, &) > nIC°(AND, €). Then apply Corollary 3.9. The essential idea is the
following. Consider a distribution & on {0, 1} with (1,1) =0, and let (a,b) € {0,1}? be an input for
the AND function. Let XY € {0,1}" x {0, 1}" be such that for some randomly selected J € {1,...,n} we
have (X;,Y;) = (a,b), and fori € {1,...,n} \ {J}, the pairs (X;,Y;) are i.i.d. random variables, each with
distribution u. Since u(1,1) =0, we have DISJ,(X,Y) = 1 — AND(a, b) with probability 1. Thus one
can take a protocol 7 for DISJ, and use it to solve AND(a, b) correctly for every (a,b). By sampling XY
in a clever way, using both public and private randomness, one can guarantee that the information cost of
the new protocol that solves AND(a, b) will be the information cost of 7 divided by n. O

As a result one also obtains that Re(DISJ,) > n[IC°(AND,0) — Q(h(€))]. It turns out that by using
techniques from [5] and [4], one can prove the following upper bound.
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Theorem 3.11. For the set disjointness function DIS], on inputs of length n, we have

R¢(DISI,,)
n

limsup < IC°(AND,0) — Ch(e), (3.21)

n—soo

for some constant C > 0.
Proof. See Section 7.1. U
We conjecture that in fact the exact constant is given by IC°(AND, &,1 — 0). In other words:
Conjecture 3.12. For the set disjointness function DIS], on inputs of length n, we have
R (DISI,) = nIC°(AND, g,1 — 0) +o(n). (3.22)

Braverman [4] proved that for all 0 < o < 1 and for all functions f,

£
ICP(f,e) > (1 — ) IC (f,a>. (3.23)
When f = DISJ,,, Corollary 3.10 gives

ICP(DISJ,, €)
n

Substituting & = y/€log(1/¢€) yields

ICP(DISI,, €)
n

> (1—a)(IC°(AND,0) — O(h(e/a))) > IC°(AND,0) — O(a +h(e/a)).  (3.24)

> ICY(AND,0) — ©(+/h(¢)). (3.25)

In Theorem 3.13 below, which is one of our main contributions, we show that this bound is sharp. The
proof relies on introducing a new protocol for set disjointness problem, and analyzing its information
cost.

Theorem 3.13. For the set disjointness function DIS], on inputs of length n, we have
ICP(DISJ,, €) < n <ICO(AND,O) — iy /h(s)) +C logn, (3.26)

for constants C;,C, > 0.

Proof. See Section 7.2. O

3.5 Prior-free information cost

Theorem 3.13 shows that for @ = /elog(1/€) = O(\/h(€)), and sufficiently large n, we have

ICP(DISI,, €)

= IC(DISJ,, IC(DISJ,, €), 27
—o(a) C(DISJ,,e/a) < IC(DISJ,, €) (3.27)
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and thus proves a separation between distributional and non-distributional prior-free information com-
plexity. As we discussed in the introduction this has the important implication that amortized randomized
communication complexity is not necessarily equal to the amortized distributional communication
complexity with respect to the hardest distribution. More precisely, there are examples for which
max, DA (f1) # RA(F").

Next we turn to proving general lower bounds and upper bounds for the prior-free information
complexity. Theorem 3.5 immediately implies a lower bound for non-distributional prior-free information
complexity.

Corollary 3.14 (corollary of Theorem 3.5). For every function f, we have
IC(f,€) > IC(£,0) —4X x Y|h(Ve). (3.28)

Since unless u satisfies certain conditions, Theorem 3.2 does not provide an upper bound on IC (£, €)
that is uniform on u, we cannot apply it directly to bound IC(f,€). However, we will get around this
problem by proving that the “difficult distributions” satisfy these conditions and hence we obtain the
desired upper bound.

Theorem 3.15. If f: X XY — Z is non-constant, then
IC(f,€) <IC(f,0) —C(f)h(e), (3.29)
where C(f) > 0.
Proof. See Section 4.3. O
The same upper bound and lower bound hold for IC?(f, ¢).

Theorem 3.16. If f: X XY — Z is non-constant, then

ICP(£,0) — Ci(f)h(VE) <ICP(f,€) <ICP(£,0) — Ca(f)h(e), (3.30)
where C(f),Ca(f) > 0.

Proof. Tt is shown in [4] that ICP(f,0) = IC(f,0), and thus the upper bound follows from Theorem 3.15
as ICP(f,&) <IC(f,¢).
To prove the lower bound, choose a measure y that maximizes IC, (f, it,0), and let

o= min [xy).

Applying Theorem 3.6, we get

ICD(fvg) Z ICu(fa.UaS) 2 IC#(f,[.L,O) —4’%”%%( V S/Ol) = ICD(f,O) _Cl(f)ﬁ(\ﬁ) (331)
O

THEORY OF COMPUTING, Volume 14 (6), 2018, pp. 1-73 24


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

TRADING INFORMATION COMPLEXITY FOR ERROR

3.6 A characterization of trivial measures

We start with a few definitions. Let f: X x Y — Z be an arbitrary function, and y a distribution on
X x Y. We say that u is external-trivial if ICfft( f,1,0) =0. We say that u is strongly external-trivial if
there exists a protocol = computing f correctly on all inputs satisfying ICff’(ﬂ) = 0. We say that u is
structurally external-trivial if f is constant on S4 X Sp, where S, is the support of the marginal of ¢t on
Alice’s input and Sp is the support of the marginal of ¢ on Bob’s input.

Similarly we say that u is internal-trivial if IC, (f, 1,0) = 0. We say that u is strongly internal-trivial
if there exists a protocol 7 computing f correctly on all inputs satisfying IC,, () = 0. We say that p is
structurally internal-trivial if the marginals of U can be partitioned as Sy = J; X; and Sg = |J; Y; so that
the support of u is contained in |J; X; X Y;, and f is constant on each X; x Y;.

Theorem 3.17 below shows that all our definitions of internal triviality are equivalent. In particular, if
IC,(f,0) = 0, then the infimum in the definition of IC, is achieved by a finite protocol.

Theorem 3.17. Ler f: X XY — Z be an arbitrary function, and | a distribution on X x Y. The
distribution W is internal-trivial iff it is strongly internal-trivial iff it is structurally internal-trivial.

Proof. See Section 4.4. O

In order to prove Theorem 3.17, we first obtain a characterization of measures that are not structurally
internal-trivial, by defining a graph G, on the support of every distribution gt on X x Y.

Definition 3.18. Let G be the graph whose vertex set is X x Y, and two vertices are connected if they
agree on one of their coordinates. That is, xy, xy’ are connected for every x € X and y # y' € Y, and xy,x’y
are connected for every x # x' € X and y € Y. In short, G is the Cartesian product of the complete graphs
Ky and Ky. Let G, be the subgraph of G induced by the support of ti. For every connected component C
of G, define

Cs={xeX:xyeCforsomeycY},
Cg={y€Y:xyeC forsomexe X}.

The following lemma shows that if u is not structurally internal-trivial, then there exists a connected
component C of G, such that f is not constant on C4 X Cp. We will use this fact later in Section 4.1.1 in
the proof of Theorem 3.2.

Lemma 3.19. Let f: X XY — Z be an arbitrary function, and | a distribution on X X Y. Then the
distribution W is structurally internal-trivial iff for every connected component C of Gy, the function f is
constant on Cy X Cg.

Proof. Suppose first that u is structurally internal-trivial. Thus there exist partitions S4 = |J; X; and
Sp = U; Y; such that the support of u is contained in |J; X; X Y; and f is constant on X; X Y; on each i.
Any connected component C of Gy, must lie in some X; x Y;, hence C4 x Cg € X; X Y; and f is constant
on C4 x Cg for every connected component C.

Conversely, suppose that for every connected component C of G, the function f is constant on
Ca x Cp. If C,C’ are two different connected components then CA,CA are disjoint: otherwise, if (say) xy €
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C and xy" € C’ then xy is connected to xy’ and so C = C’. Thus {C, : C a connected component of G, }
partitions the support of X. Similarly, {Cp : C a connected component of G, } partitions the support of Y.
These partitions serve as a witness that u is structurally internal-trivial. 0

Finally we note that the analogue of Theorem 3.17 holds for the external case as well.

Theorem 3.20. Let f: X XY — Z be an arbitrary function, and | a distribution on X x Y. The
distribution W is external-trivial iff it is strongly external-trivial iff it is structurally external-trivial.

Proof. See Section 4.4. O

4 Proofs for general functions

In this section we present the proofs of the main results on general functions presented in Section 3.

4.1 Information complexity with point-wise error
4.1.1 Proof of Theorem 3.2

We discuss some notation before the proof. Consider a protocol 7. For an input xy, let I1,, denote the
random variable corresponding to the transcript of 7 when it is executed on the input xy. Let IT denote
the random variable for transcripts of 7, whose distribution is given as

Pr[l1 =1] = EPr[ILy =] = Y Prlxy| Pr[II,, = 1], 4.1
Xy xy

where Pr[Il,, = t] = Pr[IT =t | XY = xy|. As usual we abbreviate Pr[xy] = Pr[XY = xy|, and Pr[x | y] =
Pr[X =x|Y =y], and so on.

The next lemma shows that under some conditions, if we modify a protocol 7 to a new protocol 7/
according to Figure 1, then the information cost will have a significant drop.

On input XY
e Alice privately samples a Bernoulli random variable B with parameter €.
e If X =x; and B = 1, Alice sets X’ = xq, otherwise she sets X’ = X.

e The players run 7 on X'Y.

Figure 1: The protocol 7’ is obtained from a protocol 7 using xq,x; € X.

Lemma 4.1. Let U be a distribution on X XY, and © be a protocol with input set X x Y. Suppose there
is a set L of transcripts of T that satisfies, for some C; € [0,1],
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(1) Pr[ll e £] > Cy;

and there are xyy,x1y, both in the support of I, and C, € (0,1],0 € [0, 1] with C; > 20, such that for
everyt € 0,

(2) Pr[XY =xoy | 1 =1] > Cy;
(3) PrlXY = x;y | IT=1] < 4.

Let K =log|X x Y|. Then for sufficiently small € > 0 (depending on 11,C,,8), the protocol Tt defined in
Figure 1 satisfies

S
IC,(7') <1C,(7) — Ci1Cah ( min { 1,C

- Pi[xly ] }) 13K +h(8/Cy). 4.2)

Pr{xoy]
Explicitly, the upper bound holds as long as

Prlx;y]
Prlxoy]

e+(1—€)6/Cr <1)2.

Intuitively, this condition says that & has a set of transcripts £ that happen with significant probability,
and every transcript in £ probabilistically differentiates between xpy and x;y. In other words, if we we see
a transcript in £, then we know that the input was much more likely to be xpy than to be x;y. One point to
note here is that we require the two points xpy and x;y to be in the same column. By symmetry, if there
are two points in the same row satisfying the same properties, then the claim of Lemma 4.1 also holds.

Proof. Consider the protocols 7 and 7’ as described in Figure 1. Note that [Tyy is the transcript of 7.
We shorthand IT" = ITyy. The information cost of 7’ is given by

IC,(n) = ICGIT | Y)+I(V:IT | X) =H(X | Y)+H(Y | X)—H(X |ITY)—H(Y | IIX), (4.3)

while
IC, (7)) = I(XIL| Y)+1(Y;TT | X) =H(X | Y)+H(Y | X)—H(X |IIY) —H(Y | TIX). (44
Hence
IC,(m) —ICu(7')=H(X |IT'Y)—H(X |IIY)+ H(Y |II'X) — H(Y | T1X). 4.5)
Note that

HY |II'X)>H(Y |T'XB) > (1—¢e)H(Y |II'X,(B=0))=(1—¢)H(Y |TIX) > H(Y | TIX) — €K.
(4.6)
Similarly, for every y € Y and every possible transcript 7, we have

H(X |IIY =ty) > H(X |TIY =1y) — €K. 4.7)
We will show that for Y =y and every transcript t € £,

Prx;]
Pr{xoy]

H(X |TTY =1y) > H(X | TIY = 1) +h <§min{1,C2 }) —h(8/Cy)—eK.  (4.8)
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Note that Condition (2) implies that for t € £,
Pr[ITY =ty] > Pr[IIXY = txoy] = Pr[XY = xoy | [I=¢]Pr[II=¢] > G Pr[I1 =1].

Hence
Prll€ £,Y =y] > GPrll € £L] > CCs.
This together with (4.7) and (4.8) would show that

4.9)

(4.10)

HX|Y) =Y Y PiITY = y]H(X [ITY =13) > Y Y (1 — &) PrIlY = ty|H(X | ITY =1y)

>z[:}§aPr [IIY =ty|H(X |IIY =1ty) o
t yeY
YPHle £,y =7 (h <§min{l 1) {xoﬁ }) —h(5/C2)> _2eK

> H(X |TIY) +C,Coh <2m1n{1 ) Prgéﬁ }) —2eK —1(8/C).

Applying (4.6) would immediately give the claimed bound.
Our aim, then, is to show (4.8). From now on we consider exclusively ¢ € L.

The idea is to consider the indicator variable C := Ix,,). Since C is a deterministic function of X,

we have
HX|ITY =ty)=H(XC|II'Y =ty) =H(X | C,(IT'Y =1y)) + H(C | TT'Y =1y).
We obtain by Conditions (2) and (3) that
PrXY = x5 |1 =1{] < PrXY =xy |1 =1{] < 5
PrlY =y |II=¢ ~ PrXY =xoy|1=1] ~ G
Hence using (4.12), the first term in (4.11) can be bounded as
H(X|C,(ITY =¢y)) > (1 —€)H(X | C,(BITY = 0ty))
>H(X|C,(IlY =1y)) — €K
=H(XC|IIY =ty) —H(C |IIY =1y) — €K
> H(X | TIY = 15) ~(8/C2)
Next, we bound the second term H(C | IT'Y =1ty) in (4.11):
Pri[C=0|IT'Y =1y] =Pr[X =x; | IT'Y = 1Y)

PrX =x |[IY =1y] =

_ Pr[ITXY = txy)]
Pr[IT'Y =ty
_ Pr[IT =1 | XY = x;3] Pr{x|J]
- Pr{ITY = £7]
_ . Prixy]
=(ePr|ll=1t| XY = 1—&)Pr[Ill=¢| XY = —
(€l =1 XY =gl (1= )Pl = | XY =13) 2

Pilioy]
Pr[IT'Y = 1y]

~ ePr{[IXY = rxo] Pren] 4 (1 — &) Pe[IIXY = tx17]
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We start by upper bounding (4.21):

ePr[IIXY = txoy] 2B 4+ (1 — &) Pr[IIXY = tx,
@< yllf[rgg( Yitxoy; | )
ePrTIXY = £x03] i) + (1 — &) Pr{[IXY = 1x,5]
Pr[IIXY = txpy)]
~ ePIXY =xoy | IT=1] P+ (1— ) PrXY =xy | TT=1]
PriXY =xoy | I1=1]
< :K(‘)ﬁ e+ (1-£)5/Cs.

Next, we lower bound (4.21). First, obtain an upper bound on its denominator:

Pr[ITY =ty] =

Y PrIVXY = 1xy] + Pr[ITXY = 1x;)
x;ﬁxl
_ e _ o aPr [MY]
= Y Pr[lIXY = txy] + e Pr[TIXY = rx0y]
X#X] Pr [)C()y]
. _ Prlxy]
<) PriIIXY =txy| + ePr|IIXY = txpy =
; | ] [ ]Pr[xoy}
Prle s
— PH{ITY = £5] + £ Pr[TIXY = rxoy] L)
Pr[xoy]
Pr [xly}

< 2max {Pr[HY =1y, Pr[IIXY = txoy]

where (4.27) follows from the calculations between (4.18) and (4.21). Hence,

Pr[x;y
@.21) > EPAXY ~ 5y
~ 2max{Pr[[IY = 3], Pr[[IXY = txoy] 5 ;‘3]}
€ . [Pr[lIXY = txy] Prx;y]
= —min = =R
2 Pr[ITY =1y| Prlxoy]

a;
—

£ . _, Prlx;y]
= — PriX = I1Y =¢ 1y
5 mm{ r] X0 | y] Prlvoy] }

— & Pr(XY = xoy | IT =] Pr[x;y] .
2 PrlY =y |II=1] Prlxoy]’ |
P
> Emin {Pr[XY = x5 | TT=1] rlx1y] 1} .
2 Prlxoy]
Prlxi¥
> € mmin G r[xlz],l .
2 Pr[xoy]
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(4.22)

(4.23)

(4.24)

(4.25)

(4.26)

4.27)

(4.28)

(4.29)

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)
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Combining (4.21), (4.25) and (4.36):

, Pr{x; Y] } , . Prixy) (1—¢)d
—mins 1,C — <PriC=0|ITY =¢y| < —&+ . 4.37)
1oy | <P =0y =i < e L
This together with (4.11) and (4.16) gives (4.8) as desired, as long as € > 0 is small enough such that the
upper bound in (4.37) is at most 1/2. O

Theorem 3.2 (restated). Consider a function f: X x Y — Z and a probability measure i on X X Y such
that IC,(f,0) > 0. There exist positive constants T, €&y, depending on f and |, such that for every € < &,

IC#(f,e) < ICu(f,O) —th(e). (4.38)
Moreover:

Non-constant case: Suppose that f(a) # f(b) for two points a,b in the support of |, and on the same
row or column. Then one can take T = y(a)*u(b)/32, and & depends only on min(u(a), (b))
and | X x Y.

AND case: Letxg,x; € X and yy,y; € Y. Suppose that f(xoyo) = f(xoy1) = f(x1y0) = z0 and f(x1y1) =
71 # 20, and that xpyg, xoy1,X1Yo € supp i. Then one can take

L (x0y0)?

= min((xoy1), 1 (x1)0)),

and &) depends only on |X x Y| and the minimum of 1 (xoyo), W (xoy1), L(x1Y0)-

Proof. In order to apply the assumption IC,(f,0) > 0, we will need to use our characterization of
internal-trivial measures. Consider the graph G, defined on X x Y as given in Definition 3.18. By
Theorem 3.17 and Lemma 3.19, the assumption IC,(f,0) > 0 implies the existence of a connected
component C of G such that f is not constant on C4 X Cg. Note that C C supp i, and C4 X Cp is the
corresponding rectangle given by C.

CaseI: f isnot constant on C.

As C is connected, there must be two adjacent points a,b € C such that f(a) # f(b). By our definition
of adjacency in Definition 3.18, without loss of generality we can assume that a, b are in the same column.
Now consider any protocol 7 that solves [f,0]. Let £ be the set of the transcripts that can occur when 7
runs with input a; formally,

Lo={t:Pr[Il, =1t] >0}. (4.39)

Clearly Pr[IT € L£y] > u(a). As f(a) # f(b) and & has no error, for every ¢t € L,
Pr[XY = b | TI=1] =0. (4.40)

Let
L={teLy:Pr[XY =a|ll=1]> u(a)/2}. 4.41)
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We claim
Pr[Il € £] > u(a)/2. (4.42)

Indeed, note

Y PrI=1]Pr[XY =a|l=1] = ZPr =1t|PrXY =a |T1=1t] = u(a). (4.43)

tely

Using the trivial bound Pr[XY =a | I1 =1] < 1, we have

=Y PrlI=¢]Pr[XY =a|O=:+ Y Prd=1]PrXY =a|ll=1
tel reLo\L
_ u(a)
<Y Prill=¢ Z Pr[IT=¢] <Pr[ll € L]+ (1—Pr[Il € £]),
tel teLo\L 2
0

which gives Pr[IT € £] > u(a)/(2— u(a)) > u(a)/2, as claimed. For small enough &, the set £ and the
points a, b satisfy the three conditions in Lemma 4.1 with C; = C, = p(a)/2 and 8 = 0, respectively
from (4.42), (4.41) and (4.40). We conclude that

2
IC,(f,€) <ICL(f,0)— “(j) h (I'Lib)e> +3eK whenever ZEZ;S <1/2, (4.44)
where K = log |X x Y|. Hence when € < 1/2, by (3.3) we have
2
IC,(f,€) <ICu(f,0)— Ma)léu(b)h(e) +3eK. (4.45)

We can thus find & > 0, depending only on p(a), (), K, such that for € < &,
2
b
1Cu(f.6) <1Cu(£,0)~ ML EP ey (@46
Case II: f is constant on C but not on C4 X Cp.

We first make a simple observation:

Property A: For any protocol 7 that performs [f,0], and for every transcript ¢ of 7, there exists at least
one point b € C (which can depend on 7) such that Pr[XY = b | II=1] = 0.

Indeed, otherwise f would be constant on C4 x Cp by the rectangle property of protocols (i. e.,
PriIT=1[x;y]PrIT =1 | xoy2] = Pr[IT =1 | x1y2] Pr[IT =1 | xoy1]

for all xi,x2,y1,y2).
Given a protocol 7 that performs [f,0] and a point a € C, let the set £(7,a) of transcripts be defined
as
L(m,a)={t :Pr[XY =a|T1=1] > u(a)/2}. (4.47)
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The same argument as in Case I shows that Pr[IT € £(7,a)] > pu(a)/2. For any other point b € C, define

L(m,a,b) = {t € L(m,a) : PrXY = b | [T =1] = 0}. (4.48)
Let k := |C|; necessarily k > 3. By Property A, we have
L(m,a) =] £(m,a,b). (4.49)
beC

This implies the existence of a point b € C with
Pr[IT € L(m,a,b)] > Pr[Il € L(7,a)|/k > u(a)/2k.

To sum up, we have shown that there exist two different points a,b € C C supp 4 such that the set of
transcripts £(7,a,b) satisfies the following properties:

(1) PrlI1 € £(x,a,b)] > p(a)/2k;
(2°) Pr[XY =a|Il1=1] > pu(a)/2 forevery t € L(m,a,b);
(3’) PriXY =b |1 =t] =0foreveryt € L(m,a,b).

Now consider a sequence of protocols 7, that all perform [f,0] and lim,, .. ICy (7,) = IC,(f,0). Fix
(arbitrarily) a point a € C. For every protocol m, we construct £(7,,a,bz, ) as above. Since there are only
k — 1 different values of b, by picking a subsequence of 7, if necessary, without loss of generality, we
may assume that for some point b € C, by, = b for all 7,. Hence for every 7, we have a set of transcripts
L(m,,a,b) such that properties (1), (2°) and (3”) are all satisfied.

If we compare these three conditions with the conditions in Lemma 4.1, we find that the only issue is
that we do not know whether a and b are in the same row or column (in terms of the graph G, whether a
and b are adjacent).

Case Ila: a,b are adjacent in G;. As we expand on below, we can guarantee that this case happens
in the AND case (see theorem statement) by choosing a = xgyy.

For small enough ¢, the set £(7,a,b) and the points a, b satisfy the three conditions in Lemma 4.1
with Cy = u(a)/2k, C; = u(a)/2 and 6 = 0, respectively from (1), (2°) and (3’). We conclude that

2
HELLI? h (l’tib)s> +3¢eK whenever MS <1/2, (4.50)

u(a)
where K = log|X x Y|. Repeating the calculations of Case I, we can find & > 0, depending only on
w(a),u(b),K, such that for € < g,

IC,(f,€) <ICu(f,0) -

2
b
ICu(f€) < 1Cu(1,0) - LB

Suppose now that we are in the AND case. Choosing a = xpyp, we see that Property A must hold
for some b € {xpy1,x1y0}, since a transcript having positive probability on both xpy; and x;yp also has
positive probability on x;y;, whereas f(xoy;) # f(x1y1) by assumption. Property (1”) thus holds with
k = 2, and we conclude that for € < &,

(4.51)

_ul@Pu),

ICu(f,g)SIC/J(fvo) 64

(¢). (4.52)
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Case IIb: a,b are not adjacent in G,. To handle this case, we run a binary search along a shortest
path connecting a and b in C.

Pick an arbitrary point ¢ € C in some shortest path connecting a and b. For every m,, sort the
transcripts in £(7,,a,b) according to

Pt :=PrXY =c|IL, =1

in increasing order, where I1,, is the random variable representing the transcript of 7,. Let m,, be the median
of the sequence p, . according to the conditional probability measure v,,(¢) :=Pr[Il, =1 |t € £L(m,,a,b)],
i.e.,

vo({t € L(7y,a,D) : pprc <my}), Vo({t € L(Tn,a,b) : ppsc > my}) > 1/2. (4.53)

Such a median always exists: if m,, is the smallest value such that v, ({t € £L(m,,a,b) : ppsc <my}) >1/2
then

V,({t € L(7y,a,b) : ppsc > my}) =1—v,({t € L(7y,a,D) : ppyc <myp})>1/2.

As trivially m, € [0, 1], the sequence m,, must have a convergent subsequence. Again by picking
a subsequence from m,, if necessary, we may assume that the sequence m,, itself is convergent, say
lim,,_,. m,, = m; moreover, if m > 0, by picking another subsequence we can assume that m,, > m/2 for
all n. The binary search algorithm is then given as:

e If m = 0, update the set of transcripts to

L(my,a,c) :={t € L(Mp,a,b) : puse < My}, (4.54)
and continue the algorithm with b replaced by c;
e If m > 0, update the set of transcripts to
L(my,c,b) :={t € L(Tp,a,b) : pusec > My}, (4.55)

and continue the algorithm with a replaced by c.

We argue that the three properties are roughly preserved. In the case m = 0, Property (2°) is kept, while
Properties (1°) and (3”) change to

Pr[I1, € L(my,a,c)] > u(a)/4k and PrXY =c|II, =1t] <my, YVt € L(m,,a,c), (4.56)
respectively. In the case m > 0, Property (3’) is preserved while Properties (1’) and (2’) change to

Pr(I1, € L(m,,c,b)] > u(a)/4k and  Pr[XY =c|IL,=t] >m/2, V1t € L(m,,c,b). (4.57)
In either case, we have seen that the new set of transcripts £(7,,a,b) together with the new two points a

and b satisfy Condition (1), (2) and (3) in Lemma 4.1 with proper constants (e. g., §, in Condition (3)
is at most m,, for protocol 7,, and m, — 0). After finitely many steps, the binary search algorithm has
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to stop and return two adjacent points a and b. Suppose that it stops after s steps; note that s < [logk].
Lemma 4.1 then gives the upper bound

p(a)

IC,(f,e) <IC,(m,) — CTanys

S _
Coh (Emin{l,CzR}> + 36K +1(8,/C») (4.58)
for some C,R,K > 0 (where C», R depend on u) and a sequence 9, tending to zero, assuming that
Re+(1—¢€)0,/C, <1/2and §,/C, < 1/2. (4.59)

By picking a subsequence, we can assume that §, < C,/4 for all n. Lemma 4.1 then applies for all

€ < 1/(4R). Taking the limit of the right-hand side of (4.58) as n — o, we obtain

IC,(f,€) < IC,(f,0) — ;i‘f;{cgh (gmin{l,CgR}> +3eK =1C,(f,0) — Q(h(€)).  (4.60)
O

4.1.2 Proof of Theorem 3.5

Theorem 3.5 (restated). For all f, L, €, we have

IC,(f,€) >1Cu(f,0) —4|X||Y[h(\¢). (4.61)

Proof of Theorem 3.5. Without loss of generality assume that  is a full-support distribution as otherwise
we can approximate it by a sequence of full-support distributions and appeal to the continuity of IC, (f,€)
with respect to v. Consider a protocol 7 that performs [f,€]. For every leaf ¢ of m, let z; and p
respectively denote the output of the leaf, and the distribution of the inputs conditioned on the leaf £. We
will complete it into a protocol 7" that performs [f,0], as follows.

On input (X,Y):
e Alice and Bob run the protocol 7 and reach a leaf ¢;

e For every (x,y) € Q= {(x,y) : f(x,y) # z¢}, Alice and Bob verify whether XY = xy, as
follows:

— If pe(x) < we(y), Alice reveals whether X = x to Bob, and if yes, Bob reveals whether
Y =y to Alice. If XY = xy, they terminate.

— If pue(x) > ue(y), Bob initiates the verification process.

Clearly, in the end, either both Alice and Bob already revealed their inputs to each other, or otherwise
they know XY ¢ Q, and hence z; is the correct output. Therefore 7’ performs the task [f,0].
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Next we analyze IC, (7). Let 7 ., denote the sub-protocol that starts with the distribution p, and
verifies whether XY = xy. In the case when Alice initiates the verification procedure, we have

He(x,y)
pe(x)

where by an abuse of notation we are denoting by t(x) the marginal of u; on x. We can obtain a similar
bound for the case where Bob initiates the process, and hence

ICy, (T xy) < h(1e(x)) + e (x)h ( ) < h(up(x)) + pe(x) < 2h(pe(x)), (4.62)

1Cy, () < 2min{(p (), 1o ()}
= 2 (e (x.9) + min{Pr(X # ¥ =], PrlX =x.¥ #)]})

< 2h(pu(x.)) + 2 (min{PriX #x.Y =], PriX =x.¥ # ]}

by the subadditivity of /. Using the monotonicity of / together with min{a,b} < v/ab, we obtain that

1Cu (%) < 2h(ae(x.y)) + 20 (ﬁr[x XY £)|PX £ Y = y1) (4.63)

holds for every leaf ¢ and (x,y) € Q. Let Il ., denote the transcript of 7y . Since 7y ,, is a deterministic
protocol, we have Hy, (IT; ,, | XY) =0, and thus

1Cu, (70 0y) = 1M s Y [ X) +1 (s X | Y) = Hy, (g ey [ X) 4+ Hy, (T [ V). (4.64)
Thus the sub-additivity of entropy implies that the information cost of running all the protocols 7 ,, (for

all x,y € Q) is bounded by the sum of their individual information cost. Let ¢ be a leaf of & sampled by
running 7 on a random input. By (4.63),

IC, (n') —1C, () <E Y ICu(my)= ), Ié[»zlzﬁéf(x’y)lcm(@’xy) (4.65)
xy€eQy (x,y)EX XY
< Z ZIZE 1zg#f()€,y)ﬁ(.u€(xay)) + (4.66)
(x,y)EX XY

Y 21% L, 2 renh <\/Pr[X =x,Y #y] I;r[X #x,Y = y]) (4.67)

(x.y)€XxY He
< Z 2h (IZE lz[;éf(x,y),uf(xvy)> + (4.68)
(x,y)EX XY

(x,y)€XxY

where we used the concavity of £ in the last step.
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For the first summand, we have that for every (x,y),

]E Ly pay) e (X, ) ZPr [XY = xy, 7 reaches £]1,, () (4.70)
= ZPr mreaches £ | XY = xy|u(xy) 1,20y 4.71)
l
= u(xy) ;Pr[nx,y reaches /] Lot fry) = W (xy) Pr[m(x,y) # f(x,y)] 4.72)
< pu(xy)e <e, (4.73)

where we used that by definition /(xy) = Pr[XY = xy | & reaches /], and the fact that the protocol &
performs the task [f, €].

Now consider the second summand in (4.69). Since Ly is obtained by scaling rows and columns of u,
for every x’ # x,y’ # y, we have (recall that we assumed u is of full support)

Pry[X =x,Y =y|Pry[X =x,Y =y]  Pry[X =x,Y =y|Pry [X =xY =]

= 4.74
PryX =xY =y|Pry[X =x,Y =y] Pry[X=xY =y|Pr,[X =x,Y =) ( )
hence
Pr[X—xY;éy]Pr[Y v, X # x] ZPr =xY=y]| | Y Prix=x,Y =y
My y#y e /#xw
= ) PrX=xY=y|Pr[X=xY =)
vy H
Pr,[X =x,Y =y|Pr [X =x.Y =V
_ X =V =Py X=XV =V 50y oy bex =y =y
vty PrulX =xY =)|Pry[X =x'.Y =] u u
Pry, (X =x,Y = Pr [X=xY =y
_ Py [X=xY =y] T [X =, y]Pr[X:x’,Y:y]Pr[X:x,Y:y’}.
Pr”[X:_x’Y:y] NN PI'”[X:X/,Y :y’] u u
Define [ ]
Pry,  X=xY=y
1 wlX =2, 4.75
ay A f(xy) PI'M[X:)C,Y:y] ( )
and , ,
Pry[X =Y =
b= ¥ o b =y =i =y =) “76)
Aty Pry[X =xY =y] u u
Then
Lot p(x) Ef[X =x,Y #)] E{[Y =y, X #x] =arby. (4.77)

Now for ay, by (4.73) we have
7]:%11596]"()(’},)[.1(()6,)7) = Pr[ﬂ’-(xay) # f(xay)] < €, (478)
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and for by, by the fact E/Pry, [X =x',Y =] =Pry[X =x',Y =)'] we have

E/Pr, [X =xY =y
Ebj= ) Pri| /x, /y]Pr[X:x’,Y:y]Pr[X:x,Y:yl]
AL P = e =y :
= ) PrX=xY=)Pr[X=1xY=)]
x’;éx,y’;éy” u
=Pr[X =x,Y #y|Pr]Y =y, X #x] < 1.
u 1

Hence we can bound the second summand in (4.69) using the Cauchy-Schwarz inequality

< < . .
E/agh; < \/I;;aﬂg;be <\e (4.79)

Using (4.69), (4.73), (4.79), and the monotonicity of &, we have

ICy(£,0) —ICu () <ICu(n') —ICu (1) < 2|X x Yla(e) +2/X x Y[A(VE) <4 X x Y[h(VE). O
4.1.3 Proof of Proposition 3.4

Proposition 3.4 (restated). Let u be the distribution defined as

(12T 0
=0 T12|

(4.80)

Then IC(XOR, &) > IC5(XOR, 0) — 3e.

Proof of Proposition 3.4. The distribution u is supported on the inputs (0,0), (1,1), on which the output
is 0. It is easy to check (and follows from the analysis below) that ICI‘fo’ (XOR,0) = 1, since at the end of
any protocol that performs [XOR, 0], we know whether the input is (0,0) or (1,1).

Consider a protocol 7 having at most € error on every input, where € < 1/3. Let £, be the set of
transcripts on which the output is z; Every transcript is either in £¢ or £;.

For each transcript ¢ achievable from the initial distribution, the distribution of XY |7 is of the form

p 0
O|1—p

for some p = p(r). Bayes’ law shows that

Pr[00 | ¢] Pr]z]
Pr[00]

Pr[11 | #]Pr[t]

Pr[r | 00] = Pr(i1]

= 2p(t)Prlt], Prft]11]= =2(1-p(t)Prlt].  (4.81)

For each transcript ¢, the rectangle property says Pr[t | 00| Pr[z | 11] = Pr[s | 10] Pr[¢ | 01]. Hence

Pr(t | 01] + Pr]
2

1100 /e O Prr [10] = +/Pefr [00]Prr [ 11 = 2+/p () (1= p()) Pele]. (4.82)
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The protocol 7 has distributional error at most €, and so

=Y P <e, and Pr[lo]= ) Prff]>1—e. (4.83)
tely tely

On the other hand, since & has point-wise error at most €, we have

1 Pr[t | O1]+Prt | 10] &
Pr[t - 4.84
IEZ»C() )) [ ] 2 IEZ»C() 2 S 2 ( )
Finally,
I(XY:II) =H(XY)—H(XY |IT) = 1 =) _Prt]h(p(1)). (4.85)

Let T be a random transcript conditioned on belonging to £, and consider the random variable
P := p(T). On the one hand,

1—I(XY;II) ZPr ) < Pr[Lo] E[h(P)] +Pr[L1] < E[A(P)] + €. (4.86)

On the other hand, by (4.84)

S S
ElVPI =P < 551 S 57 —g) S© (4.87)

as we assumed € < 1/3. Thus it suffices to verify that E[4(P)] < 2¢ for any random variable P that takes
values in [0, 1] and satisfies E[/P(1 — P)] < €. Indeed this would imply

1 —I(XY:IT) <E[h(P)] + & < 3¢, (4.88)

alternatively, IC;"(XOR, &) > 1 — 3¢ for all & < 1/3, which in turn shows that IC}(XOR,0) = 1.
Apply the change of variable Q = /P(1 — P), so that the assumption simplifies to E[Q] < &; note
that 0 < Q < 1/2,and P = (1 ++/1—40?)/2. Since h(P) = h(1 — P), we conclude that

E[n(P)] = E[9(Q)), where 9(Q) = h (” V;“‘Q> . 4.89)

It is routine to check that the function ¢ is monotonically increasing and strictly convex. Since ¢ is
continuous and the domain of Q is restricted to [0, 1/2], the maximum of E[¢ (Q)] under the constraint
E[Q] < € is achieved.® Since ¢ is increasing, the maximum value of E[¢(Q)] is achieved when E[Q] = €.
Since ¢ is strictly convex, the maximum value of E[¢(Q)] is achieved on a measure supported on the
endpoints 0, 1/2. Thus this measure must be Pr[Q = 1/2] = 2¢ and Pr|Q = 0] = 1 —2¢. So

E[h(P)] = E[¢(Q)] < (1 —2€)¢(0) +2e9(1/2) = 2¢. (4.90)
O

3This follows from Prokhorov’s theorem, which implies that the set of probability measures over [0, 1/2] is compact with
respect to the weak-* topology. The same result also follows from the Riesz representation theorem [28].
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4.2 Information complexity with distributional error

Theorem 3.6 (restated). Let u be a probability measure on X x Y, and let f: X xY — Z satisfy
IC,(f,1,0) > 0. We have

2
ICu(f,‘U,O) —4|:X:||H‘E( V 8/&) < IC,u(fnu'vg) < IC#(f,/.L,O) - %h(sa/4)+3810g|x X H\, (491)

where o = minyycquppu 1 (X, ).

Proof of Theorem 3.6. Lower bound: The proof is almost identical to the proof of Theorem 3.5, however
now we start from a distribution u that possibly does not have full support. Consider a protocol 7 that
performs [f, i, €], and define z; and L, as in the proof of Theorem 3.5. Now the new protocol 7’ that
performs [f, i, 0], is defined similar to the one in the proof of Theorem 3.5 with the only difference that
the verification is only performed on the set

Q)= {(x,y) : f(x,y) # z¢} Nsupp . (4.92)

Obviously 7’ solves [f,t,0]. Note that 7 has point-wise error at most €/ on every point in supp 4.
Thus the same analysis of Theorem 3.5 shows

1C,,(f, 1t,0) — IC, (1) < IC, (') —IC, (1) < 4|X x Y[h(\/€/ ). (4.93)

Upper bound: For every z € Z, let X, denote the set of all x € X such that for some xy € supp ,
we have f(x,y) = z. Similarly let Y, denote the set of all y € Y such that for some xy € supp u, we have
f(x,y) = z. The assumption IC, (f, u,0) > 0 implies the existence of distinct z1,z> € Z such that either
X, NX,, #0or Y, NY,, # 0, otherwise, Alice and Bob can exchange the unique values of z determined
by their inputs, and since with probability 1, these two values coincide, they can perform [f, it,0] with
zero information cost. Hence without loss of generality assume there exists xgy,x;y € supp 4 such that
f(x0,y) # f(x1,y) and u(xoy) > p(x1y). We will apply Lemma 4.1. Consider a protocol & with transcript
IT that performs [f, i, 0], and define the set of transcripts

= {1 | Prlxgy | 1] > Prlxo] 2},

and note that _
Pr[xoy]
2 b

Pr[xoy] = ZPr[xoy | t]Pr[IT=¢] <Pr[Il € L] +Pr[Il & L]

which implies

Pr[xoy]
2

Note that the protocol 7’ defined in Figure 1 performs [f, i, €]. Furthermore we can set C; = C, = o¢/2

and 0 = 0, to obtain

Pr[ITe £] >

Y
S

o’ /ea
ICu(w) < 1Cu(m) ~ - h (T) +3elog|X x V),

fore <1/2. As
2

—%h(ea/4) +3elog|X x Y| >0

for € > 1/2, this finishes the proof forall 0 < & < 1. O
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4.3 Non-distributional prior-free information cost

In this section we prove Theorem 3.15, that is

IC(f,€) <IC(f,0) — Q(h(g)). (4.94)

First we present some lemmas, and the proof of Theorem 3.15 will appear at the end of this section.
While Theorem 3.2 does not give a uniform bound on the parameters C, & for every distribution p, it
does for distributions in which there exist two elements with different outputs, that are in the same row or
column and whose probabilities are Q(1). We will show that for any non-constant function, the worst
distribution is of this form; this might be of independent interest.
We start with the following simple lemma.

Lemma 4.2. Let f: X xY — Z. Suppose that supp it C |J; X; X Y;, where the X; are disjoint and the Y;
are disjoint. Then

IC,(f,0) ZN (i X Yi) IC .y (Flxixy,)- (4.95)

Proof. The upper bound is easy to see: the players exchange which block they are in, and assuming that
they are in the same block, they run an almost optimal protocol for that block. If they are not in the same
block, then they exchange inputs, but this happens with probability zero.

In the other direction, let J be the block in which Alice’s input lies. Since the value of J is determined
by the value of X, for a protocol & with transcript I, we have

I(Y;I1| X) =1(Y;I1| XJ) ZPr (YT X,J =) =) w(X; xY)I(Y:IT| X, J = j). (4.96)
j

With probability 1, J is also the block in which Bob’s input lies, and so

1€, (8) = TG X YDUCGTL|Vd = J) + ST X = ]2 TG X U)ol ()
! (4.97)
]

We can therefore restrict our attention (for now) to distributions based on a single block. The crucial
observation is the following.

Lemma 4.3. Let f: X xY — Z, and let U be a distribution such that f is constant on its support, each
atom in the support has probability at least &, and the marginals of the support are X,Y. If f is not
constant then there is a distribution v such that ICy(f,0) > IC,(f,0) +C(c), where C(a) > 0 depends
only on o.,|X|, Y.

Proof. Let (xo,y0) be any point not in the support of u such that f(xgyo) is different from the constant
value of f on suppu. Since the marginals of the support are X,Y and every atom in the support has
probability at least o, we see that Pr[X = xo],Pr[Y = yo] > a.
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Let v = €6y, + (1 — €)u, where € is a parameter to be determined later, and J,,,, denotes the Dirac
measure concentrated on the point (xo,yo). Note that X'Y’ ~ v can be sampled in the following manner.
First we pick XY ~ u and an independent Bernoulli random variable B with Pr[B = 1] = €. Then

s XY ifB=0,
XY = (4.98)
xoyo ifB=1.

Let 7 be a protocol that performs the task [f,0], and let IT,, denote the transcript of this protocol when it
is run on the input xy. Note that with probability 1, the value of B is determined by the value of X'Y’, and
thus

I(X'; Ty | YY) =1(X'B; Ty | Y') = 1(B;Mxryr | Y') +1(X';Txry | Y'B)
I(B;yy | Y')+ (1 —&)I(X;Txy | Y).

Moreover, since f(xo,o) is different from the constant value of f on the support of i, the value of B is
determined by IIxsys. Thus I(B;I1xy | Y') =H(B|Y'), and

I(X": My | Y) =H(B|Y')+ (1 —&)I(X:Ilyy | ). (4.99)
To lower-bound H (B | Y'), note that
Pr[B=1,Y' =y €

PrB=1|Y =y = = > €, 4.100
B == Ty ] T e Py il (100
and on the other hand,
€
Pr[B=1|Y' = < 4.101
I‘[ | yO]f(l_S)a_’_ga ( )

which for € < /o /2 will be at most 1 — €. Since Pr[Y’ = yo] = (1 — &) Pr[Y = yo] + € > &, we conclude
that H(B | Y') > ah(ge). We deduce that

I(X' Ty | Y') > ah(e)+ (1 —e)[(X;Txy | Y) > I(X;Txy | Y) + ah(e) —elog|X x Y|. (4.102)
The gain is
1 1
I(X'; Ty | YY) = 1(X;Tgy | Y) > aelogg —elog|X xY| = (aloge —log |X x %H) g, (4.103)
and so when & < g := |X x Y|~%/%, the gain is at least £log|X x Y|. Taking &€ = min(g,/at/2), we
obtain a constant C(a) > 0, depending on |X x Y|, such that
I(X/;HX/Y/ | Y’) > I(X;HXY | Y) —I—C((X), (4104)

and similarly
1Yy | X') 2 1(X: Mgy | Y) +C(a).

This shows that
ICy(f,0) >ICy(f,0) +2C(cx). (4.105)
O
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We obtain the following important consequence.

Lemma 4.4. Let f: X xY — Z be a non-constant function. There exist constants c,0 > 0, depending
only on the function f such that if for all p, 1C,(f,0) > IC(f,0) — & then there exist points P,Q, on the
same row or column, such that (L(P),u(Q) > c and f(P) # f(Q).

Proof. Call a distribution v on X x Y optimal if IC(f,0) = IC,(f,0). Braverman et al. [6] showed that
IC,(f,0) is continuous in v, and this implies that optimal distributions exist, and moreover the set of
optimal distributions is closed. It is also convex, due to the concavity of IC, (f,0) (see [5]).

For a distribution v, let B(v) be the maximal value 8 such that there exist two points P, Q, on the
same row or column, such that v(P),v(Q) > B and f(P) # f(Q). Note that B(Vv) is continuous in v.

Suppose that B(v) = 0. For z € Z, let X, be the set of rows on which some point P € supp Vv satisfies
f(P) =z, and define Y, analogously. We claim that the sets X, for z € Z are disjoint, similarly Y,
are disjoint. Indeed, if x € X;, N X,,, then the row x contains two points P, Q in the support such that
f(P) # f(Q), and so B(v) > 0. Next we show that suppv C |, X; x Y,. Indeed if P € X, x Y, is in the
support of v, and f(P) # zj, then there exists some point Q on the same row as P which is in the support
and satisfies f(Q) = z;, showing that B(v) > 0; a similar conclusion is reached if f(P) # z,.

We will show that v is not optimal. Since f is non-constant, IC(f,0) > 0, hence we can assume that
IC,(f,0) > 0. From the characterization of trivial measures (Theorem 3.17) there exists a block X, x Y,
on which f is not constant. Lemma 4.3 shows that we can modify the component of v on that block
so0 as to increase the information complexity, and Lemma 4.2 shows that this increases the information
complexity over the entire domain. This implies V is not optimal, as required.

For p >0, let Op = {v : IC,(f,0) > IC(f,0) — p}. Continuity of ICy(f,0) shows that O, is closed.
We define b(p) = inf{B(v) : v € Op }; since B is continuous and O, is closed, the infimum is achieved.
In view of the preceding paragraph, b(0) > 0. Continuity of f(v) and IC,(f,0) shows that b(p) is
continuous as well, and so 5(6) > 0 for some § > 0. The proof is complete by taking ¢ = b(6). O

We can now apply Theorem 3.2 to deduce that IC(f, &) <IC(f,0) — Q(h(€)).

Theorem 3.15 (restated). If f: X x Y — Z is non-constant then

where C(f) > 0.

Proof. Let ¢, 0 be the parameters from Lemma 4.4. For a distribution u, either IC, (f,0) <IC(f,0) -6
or Theorem 3.2 shows that

IC(f,€) <ICu(f,0) — (c*/32)h(e) < IC(f,0) — (c*/32)h(e)

for all € < &) where & depends only on ¢ and |X x Y|. Choose € sufficiently small such that (c* /32)k(€) <
0 and € < g; we conclude in both cases that IC,,(f,€) <IC(f,0) —C(f)h(e). O
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4.4 A characterization of trivial measures

First we present the proof of the external case, i. e., Theorem 3.20, as it is simpler.

Theorem 3.20 (restated). Let f: X xY — Z be an arbitrary function, and u a distribution on X x Y.
The distribution U is external-trivial iff it is strongly external-trivial iff it is structurally external-trivial.

Proof of Theorem 3.20. If U is external-trivial then yu is structurally external-trivial. Suppose that
U is external-trivial but not structurally external-trivial. We will reach a contradiction.

We start by showing that if u is external-trivial then f has to be constant on the support of u. Indeed,
suppose that the protocol & computes f correctly, and denote by I the transcript of 7. The data processing
inequality shows that

I(TLXY) > I(IL f(XY)) = H(F(XY)) — H(F(XY) | TT) = H(F(XY)). (4.107)

This shows that 1 can only be external-trivial if H(f(XY)) = 0, that is, if f is constant on the support of
u. From now, we assume that this is indeed the case.

Let ab be an arbitrary point in the support of u, and let ¢ = f(ab). Since u is not structurally
external-trivial, there must be some input xgyp € S4 x Sp for which f(xpyg) # c. Note that xpyg is not in
the support of . Since xg € Sy, xgy1 is in the support of i for some y; € Sp. Similarly, x;yg is in the
support of i for some x| € Sy4.

Since U is external-trivial, there is a sequence 7, of protocols computing f correctly on every input
such that I(XY;I1,) — 0, where XY ~ u. We think of 7, also as a distribution over transcripts 7. Since
f(XY) = c with probability 1, if m,(r) > 0 then the transcript ¢ indicates that the output is c. Let p, be
the joint distribution of X ,Y,¢. Recall that

D(pa(x,y1) || (x,3) 7)) = I(XYT1,,),

hence D(pu(x,,1) || 1(x,) (1)) = 0.
For two distributions ¢ and v on a finite space, Pinsker’s inequality states that

1
D | v)> 3~ VIR

This implies that ||p,(x,y,7) — w(x,y)m,(¢)|[1 — 0. On the other hand, for every transcript ¢ appearing

with positive probability, either p,(xo,y1,7) = 0 or p,(x1,y0,¢) = 0: otherwise p,(xo,y0,¢) > 0 (due to
the rectangular property of protocols), contradicting the correctness of 7, (since f(xoyo) # ¢). Therefore

|1 (x0, 1) (£) = pa(x0, y1, )| + [ (x1,50) T (£) = pu(x1,y0,8)| = 7, (1) min (g (x0,y1), L (x1,50))-
(4.108)

Summing over all transcripts having positive probability, we deduce that

1P (2, y,0) = (2, 9) T (1) |1 > Y 70 (1) min (g (x0, y1), 1 (x1,y0)) = min(g (xo,y1), f(x1,50)), (4.109)

contradicting our assumption that

| n(x,y,1) — p(x,y) 1, (1) |1 — 0.
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If u is structurally external-trivial then u is strongly external-trivial. Consider the following
protocol. Alice tells Bob whether her input is in S4. Bob tells Alice whether his input is in Sp. If the input
is in S4 X Sp, then the output is known. Otherwise, the players reveal their inputs (but this happens with
probability zero). It’s not difficult to check that this protocol has zero external information cost.

If u is strongly external-trivial then u is external-trivial. This is obvious. O

We comment that our proof gives an explicit lower bound on ICiL’” (f,0) whenever u is not external-
trivial.

Next we present the proof of Theorem 3.17, showing that all our definitions of internal triviality are
equivalent. As before, we can get an explicit lower bound on IC, (f,0) whenever p is not internal-trivial.

Theorem 3.17 (restated). Let f: X xY — Z be an arbitrary function, and u a distribution on X x Y.

The distribution U is internal-trivial iff it is strongly internal-trivial iff it is structurally internal-trivial.

Proof of Theorem 3.17. If u is internal-trivial then u is structurally internal-trivial. Suppose that
U is internal-trivial but not structurally internal-trivial. We will reach a contradiction.

Since u is internal-trivial, there is a sequence of protocols 7, such that /(X;IT, | Y)+1(Y;I1, | X) — 0.
In particular,

I(X;IL, | Y),I(Y;IT, | X) — 0.
Moreover, for every x € S4 and for every y € Sp,
I(X;IL, | Y =y),1(Y;I1, | X =x) — 0.

Let p,(x,y,t) be the joint probability of the input and of the transcript of 7, being ¢. We also think
of m, as a distribution over transcripts. As in the proof of Theorem 3.20, using Pinsker’s inequality we
deduce that for all y € Sp,

1Pn(xs2 [ y) = (x| Y) (2 [ )1 = O,

and so for all y € Sp,
By =Y |pu(x,y,t) — 1 (x,y) T (t | y)| — 0. (4.110)
X,

Similarly, for all x € S4 we have

Ay ::Z|pn(x,y,t)—u(x,y)7rn(t|x)]—>0. (4.111)
Vi

According to Lemma 3.19, there exists a connected component C of G, such that f is not constant on
Cy x Cg. Suppose first that there is an edge (P, Q) on which f is not constant. Without loss of generality,
assume P = (a,yo) and Q = (a,y;). Thus

Y Ipa(a,yo,t) — pi(a,y0)ma(t | @) + | pu(a,y1,1) — wla,y1) ma(t [ )] = 0. (4.112)
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On the other hand, for each transcript ¢ either p,(a,yo,t) = 0 or p,(a,yi,t) =0, since f(ayo) # f(ay;).
Thus

Y 1Pala,yo,1) = 1(a,y0)Ta(t | @)| + |pala,y1,1) — pla,yi)m(t | a)| >

) m(r | a)min(u(a,yo), t(a,y1)) = min(p(a, o), w(a,y1)),

t

contradicting the assumption that the left-hand side tends to zero.

Suppose next that f is constant across all edges (and so on the entire connected component), say
f(x,y) =cforall (x,y) € C. Since f is not monochromatic on C4 x Cg, there must exist a point P € C4 X
Cp such that f(P) # c. There must be points Py, Pg € supp 1 with the same row and column (respectively)
as P. Since Py, Pg are in the same connected component, there is some path Py = Qp,Q1,...,0n = Ps
connecting them: for every i < m, Q;,Q;1 are either in the same row or in the same column. We
can assume that m < M := |X|+|Y|. No transcript can have positive probability for both Qy and
O, since otherwise it would have positive probability for P as well, and this cannot happen since
f(Qo) = f(Qm) = c while f(P) #c.

Let # be any transcript satisfying p,(Qo,t) > 0. Since p,(Q,,,t) = 0, there must be an index i such
that

Pu(t ] Qi) = pu(t | Qix1) = pult | Qo)/m > pu(t | Qo) /M.

Assume without loss of generality that Q; = (a,yo) and Qi1 = (a,y;). The contribution of 7 to A, is

1@, y0) Tt | @) = pala, yo,1)| + (@, y1) (2 | @) = pula,y1,0) | =
p(a,y0)|ma(t [ @) = pu(t [ @, y0)| + p(a,y1)|7a(2 | @) = pa(t [ a,y1)] =

min(u(aaylow)au(a7yl))pn(t ‘ QO) > min(ﬂ(a,y10w)7ﬂ<a7yl))

pn(Q07[)a

using the triangle inequality in the form |@ —y|+ |y — B| > |a — B|.
Denoting by & the minimum of u(x,y) over the support of y, we conclude that y', A, + Y, By is at
least

2
Y > pu001) = 1(00)>

> 4.113)
- M M

contradicting our assumption that
Y Ac+) B, —0.
x y

If p is structurally internal-trivial then u is strongly internal-trivial. Consider the following
protocol. Alice tells Bob which block X; her input belongs to. Bob tells Alice which block Y; his input
belongs to. If the input is in X; X Y;, then the output is known. Otherwise, the players reveal their inputs
(but this happens with probability zero). It’s not difficult to check that this protocol has zero internal
information cost.

If u is strongly internal-trivial then p is internal-trivial. This is obvious. O

THEORY OF COMPUTING, Volume 14 (6), 2018, pp. 1-73 45


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

YUVAL DAGAN, YUVAL FILMUS, HAMED HATAMI AND YAQIAO LI

S Parametrization of all distributions as product distributions

In Section 2.5 we discussed how a communication protocol can be interpreted as a random walk on the set
of distributions on X x Y. Every time a player sends a signal, we update the underlying distribution based
on the information provided by the sent signal. These updates are by scaling either the X marginal or the
Y marginal of the distribution. This restricted way in which the underling distribution can be updated will
allow us to parametrize the set of all reachable distributions from a specific distribution i in such a way
that the changes are captured by product measures. First note that each reachable distribution i’ can be
identified by the constants that multiplied [ to obtain [’
To formalize this intuition, we have the following definition.

Definition 5.1. For two distributions u,v € A(X,Y), define

\%
) 5.1
(V) G-D

HLoOV:=

where (L -V is the usual point-wise product of the two measures.

Clearly, u ©v € A(X,Y) unless (u,v) =0, in which case the product is undefined. For our purposes,
we will consider decompositions of the form g = v ® i, where u is a product measure. The statement
“U is a distribution obtained from Vv by scaling its rows and columns” is equivalent to “there exists a
product measure u such that f = v ® u.” Note that if u is the uniform distribution, then v = u © v for
all distributions v.

Let u be the prior distribution on X X Y in a communication protocol. We fix a decomposition
I = v ®u, where u is a product distribution. For every distribution fi’ reachable from [ there is a
product distribution ' such that I’ = v ® u’, for the same distribution v. This follows from the fact
that I’ is obtained from fI by scaling its rows and columns; therefore if we scale the rows and columns
of u by the same constants and then normalize it, we obtain the desired u’. In such a decomposition
" =vQOu, uis called the real distribution, v the reference distribution and L the pretend distribution.

We would like to work with product distributions since they are simpler, and easier to analyze, as we
will demonstrate in Section 6. Therefore, we define a pretend random walk, which is a random walk on
pretend distributions, as opposed to the normal random walk presented in Section 2.5, which we call the
real random walk to distinguish it from the pretend one. It starts from a product measure u = (u*, u?),
where u* and p? are the X and Y marginals of 1. At each step we either move by scaling the A(X)
marginal or the A(Y) marginal. The transition in A(X) is performed by moving with probability Ay to
(o, ?) and with probability A; to (uy, u?), where 0 < A9, A1 < 1, g+ A; = 1 and

Y Appp =
b=0,1

A step in the A(Y) direction is performed similarly.

Every pretend random walk corresponds to a real random walk performed by some protocol. Given
such a pretend random walk, and a reference distribution v, if we replace every distribution ( encountered
in the random walk by v ® u, and scale the transition probabilities, we obtain a real random walk
performed by some protocol. Here v can be any distribution such that v ® u is defined for every u
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encountered in the protocol (e. g., if supp v includes the support of the initial distribution). The inverse
transformation is also possible.

To formalize this idea, consider a pretend random walk step, from u to g and p; with transition
probabilities Ay and A1, respectively. Fix a reference distribution v. Then

v-u V- (v, up) -
voOu= = A = (VO = (Ve (5.2)
R= T T e ORI = b A Om)
for the values < >
V, W
= Ap. 53
" e

A calculation shows

=Y (Vo) , Vi Zomoa o) _ (vopt) _ (5.4)
b v (Vo) (v, (v, 1)
Furthermore, if the pretend random walk step is performed in the A(X) direction, then v ® w, is obtained
by scaling the rows of u, and if in the A(Y) direction, then by scaling the columns. Therefore, there
exists a real random walk step where we move from v ® L to v ® g and v ® p; with probabilities A9 and
A respectively. The conversion in the opposite direction, from the real world to the pretend world, is
possible due to essentially the same calculations.

Let my and 7; be the two branches of the protocol 7 corresponding to the value of the first bit that
was sent. Let [ be an input distribution that moves either to i or to ff; with probabilities Ao and Ay,
respectively. Recall the notion of concealed information we discussed in Section 2.5, the following
equation regarding the concealed information,

Clg(m) =Y A4, Clg, (m) (5.5)
b=0,1
translates to ( )
V, Up
CI )= Ay Clyop, (). (5.6)
v@u( ) w5 <V,[,L> \% u/( )
Multiplying by (v, u) we get
Clyou(T)(v, 1) = Y Ap(v.1tp) Clyop, (). 5.7)
b=0,1

This motivates the following definition.

Definition 5.2. Let v be a fixed reference distribution. Define the scaled information of a protocol ©
with respect to a product distribution u as

SIM,, (%) := (v, 1) Clyep (7). (5.8)
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Equation (5.8) allows us to write
SIMy, (1) = Ao SIM,, (7o) + A1 SIM,, (717). 5.9)

Recall that CI is the expected amount of entropy that the players have concealed from each other by
the end of the protocol. To formally state this, let it be a distribution over the inputs, £ some protocol and
IT the random variable representing the transcript of the protocol. Let iy be the random variable that
represents the distribution over the inputs given the transcript I, as defined in Section 2.5. Then

Clg(m) =E [Hg, (X |Y)+Hg, (Y| X)]. (5.10)

We will translate (5.10) to a formula involving the pretend random walk. Let £ = v ® u, and denote
by ur the pretend distribution where the pretend random walk ends if its associated protocol has the
transcript I1. Or, in a more formal way, uyy is the distribution such that v © ug = fiy;. Equation (5.8)
implies

SMy () = E(v, ) [Hivep)n (X [ ¥) +Hyopa (Y [ X)], (5.11)

where the probability for each transcript I1 is according to the pretend random walk rather than the real
one.

One should ask: What is the probability of a transcript ¢ in the pretend random walk, given its
probability A in the real world? The answer turns out to be very simple. Let it°, ..., 1" be the real
distributions encountered in the real random walk, where 1 is the input distribution and ¥ = I, is the
last distribution encountered. For all 1 <i <k, let A be the transition probability from '~ ! to 11’ in the
real random walk, so that A = A1--- Ak, Let u’ be the pretend distribution associated with i’ such that
' = v u' for all i . Then, the transition probability from u’~! to u' in the pretend world equals

i1\
Al = W}Li, (5.12)

using the conversion in (5.3). Multiplying all together, we get that the probability of 7 in the pretend

world is
T TV s ()
A=TTA = Ll y STl 513
[T =110 = e (5.13)

This equation also shows how one can derive (5.11) from (5.10) by multiplying the equation by (v, u°).

6 The analysis of the AND function

This section is mainly devoted to proving the only remaining case of Theorem 3.7, i. e., the lower bound
on IC, (AND, ¢). This is presented below separately as Theorem 6.5. Our general strategy for this proof
was sketched in Section 3.3 following Theorem 3.7.
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Preliminaries and notations. The section relies strongly on the parametrization of distributions as
product distributions, as presented in Section 5. A real distribution is usually denoted as , and it
is usually decomposed as it = v © u, where v is a symmetric reference distribution and u a pretend
distribution. Pretend distributions are always product ones. We will use the shorthand notation 4 = (p,q)
for the product distribution in which p = u(1,0) +u(1,1) and ¢ = u(0,1) + (1, 1). The distribution 1
will usually be assumed to be of full support, which in turn forces v and u to be so too.

We are usually going to be working in a pretend world, dealing with the pretend distributions, and
keeping the reference distributions in the background. Furthermore, reference distributions are usually
kept fixed. We regard protocols as pretend random walks, as presented in Section 5.

Suppose that we run a protocol 7 starting at a distribution f = v ® i. As we explained in Section 5,
for each transcript ¢ of the protocol, there is a product distribution , such that v ® y; is the distribution of
the players’ inputs conditioned on the protocol terminating at the leaf z. Let IT be the random transcript
of the pretend random walk associated with an execution of 7 on input distribution tt. Therefore, for any
transcript 7, Pr[IT = ¢] is the probability for the transcript # in the pretend random walk, which might be
different than the corresponding probability in the real random walk. Throughout this section our view of
the protocol is only by the pretend random walk, therefore all random variables that correspond to IT are
assumed to be distributed according to the pretend random walk. Since urj, the pretend distribution on
the random transcript IT, is a product distribution, it can be written as y = (p,q), where p, q are random
variables. We call (p,q) the leaf distribution of m. We define a crucial random variable, ¢ = max(p, q).

If 7 is a zero-error protocol, then the leaf distribution is supported on product distributions of the
form (p,0), (0,g) or (1,1), since in order to know the AND of the two players’ inputs we need to know
that one of the players has input 0, or that both inputs are 1.

Since we are concerned with almost-optimal protocol, we would like to quantify optimality. Given a
protocol 7, define its wastage with respect to a distribution & by

6.1 Stability results

Braverman et al. [5], studying the complexity of the AND function, suggested a continuous protocol
whose information complexity equals ICz(AND,0), called the buzzer protocol. This protocol is defined
differently for any input distribution ff. Here we denote this protocol by 7*. The buzzer protocol is not a
conventional communication protocol as it has access to a continuous clock, however, it can be viewed as
a limit of a sequence of genuine protocols. The information complexity of the protocols in that sequence
converge to that of the buzzer protocol, and their leaf distribution converges in distribution.

We start by presenting the leaf distribution of the buzzer protocol. We assume that the input reference
distribution is symmetric; its importance will become apparent later on.

Table 1: The leaf distribution of the buzzer protocol starting from (p,q), where p > g.

N (¢,0), (0,¢)
Distribution py (p,0) (p<t<l) (1,1)
The probability to reach that distribution | 1—¢q/p pq/C>de Pq
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As it can be seen in Table 1, this is a mix of discrete probabilities and a continuous density. To verify
that the above formulas are correct, we can convert the leaf distribution of the buzzer protocol as it is
calculated in [5] for the real random walk to its corresponding leaf distribution in the pretend random
walk. The formulas that are discussed in Section 5 can be used to calculate the appropriate scaling of the
probabilities as we convert the real random walk to the pretend one.

There is also a second and more intuitive way to obtain these formulas. This is done by considering a
sequence of protocols that converges to the buzzer protocol. We describe the protocols in that sequence
by their pretend random walk. The initial distribution in the pretend world of a protocol in that sequence
is (p,q), where p,q € {0,1/n,2/n,...,1}. In each step, the pretend random walk moves to one of two
adjacent grid points, each with probability half. If we are currently in a distribution (a/n,b/n) where
a > b, then the step moves to one of (a/n,(b+1)/n) and (a/n,(b—1)/n). Otherwise, the protocol
moves to one of ((a+1)/n,b/n) and ((a—1)/n,b/n).

Therefore, starting at the point (a/n,b/n) where a > b, the random walk moves in the y axis, until
it ends up either at (a/n,0) or at (a/n,(a+ 1)/n). Since this walk is balanced, the probabilities to get
to these points are 1 —b/(a+1) and b/(a+ 1), respectively. Then, from that point the random walk
moves in the x axis, until it either gets to the point (0,(a+1)/n) or to ((a+1)/n,(a+1)/n), with
probabilities 1/(a+ 1) and a/(a+ 1) respectively. Then again, it ends up either at ((a+ 1)/n,0) or at
((a+1)/n,(a+2)/n), then at (0,(a+2)/n) or ((a+2)/n,(a+2)/n) and continues this way, until it
either gets to the point (1, 1), or to a point of the form (0,i/n) or (i/n,0). Calculating the leaf distribution
of each pretend random walk in that sequence, and taking the limit as n — oo, results in a leaf distribution,
which equals that of the buzzer protocol, as will be explained below.

The buzzer protocol can also be defined similarly as a sequence of converging protocols, where
for each protocol in the sequence, the real-world analogue of moving in the y direction is performed
whenever Pr[X = 1] > Pr[Y = 1], while the analogue of moving in the x direction is performed otherwise.
In order for our limit protocol to behave identical to the buzzer protocol, we would like the region
Pr[X = 1] > Pr[Y = 1] to correspond to the region p > ¢. This is done by using a symmetric reference
distribution.

Next, we would like to show a stability result, proving that every protocol performing the task
[AND, 0] with nearly optimal information complexity is similar to the buzzer protocol. We measure
similarity in terms of the leaf distribution (p,q), and define the following potential function:

Definition 6.1. Given a protocol 7 for [AND, 0], a constant 0 < ¢ < 1, and a pretend distribution y, let
P (1) =E[((c—0)+)], (6.2)
where (-); = max{-,0}, and £/ = max(p,q). Denote &, = P, (7*), where 7* is the buzzer protocol.

The following theorem shows that the value of the potential function is small for nearly optimal
protocols.

Theorem 6.2. Let [1 be a full support distribution, and Tt = v © U be its decomposition, where V is
a symmetric reference distribution and | = (p,q) is the product pretend distribution. Assume that
¢ <max{p,q}. Let m be a protocol performing [AND,0]. Then

@, (1) = O(IC;(7) — ICx(AND,0)) = O(IWy(7)). (6.3)
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The constant in the O(-) is uniform whenever v(0,0),v(0,1),v(1,0), p,q are bounded away from 0 and
1.

In order to prove this theorem, we measure how each performed step contributes both to the wastage
and to the potential function. To measure the wastage, we work with SIM instead of IC, as it is a more
natural measure for this task.

Lemma 6.3. Let [T be a full support distribution, and T = v ® U be its decomposition, where V is a
symmetric reference distribution and | is the pretend distribution. Let 0 < ¢ < 1, and let T be the protocol
which behaves as follows:

1. One step of a pretend random walk is performed, which corresponds to one bit that is sent in the
protocol.

2. The pretend random walk that corresponds to the buzzer protocol is simulated from that point:
assuming that after the first bit was sent the pretend distribution is (p,q), let 71'(* 0.a) be the buzzer
protocol for the input distribution v ® (p,q). Then, the pretend random walk that corresponds to

”(*p,q) is simulated (the value of (p,q) is different for the case that the first bit equals 1, and when it

equals 0).

Then

The constant in the O(-) is uniform whenever v(0,0),v(0,1),v(1,0),c are bounded away from 0 and 1.

The potential function of Definition 6.1 is defined in that manner so that Lemma 6.3 holds. Let us
elaborate on this: assume that a protocol 7 is defined as in this lemma, with a pretend input distribution of
(p,q). Assume that the first step moves from (p,q) either to (p+ ) or to (p — &) with equal probability.
Then

SIM(, ) () — SIM(,, ; (AND, 0)

= %SIM(pM,q) (AND,0) + % SIM(,,_s 4 (AND,0) — SIM(,, ,, (AND, 0)
~ 522;:2 SIM,, 4 (AND, 0).

Thus, this difference has the same order of magnitude as 2. We would like the change in the potential
function to have the same order. Looking at the function x, it holds that

Lar P+ ra—op 2= ©5)
—(x —(x—0)"—x"=—. .

2 2 2

If a protocol & moves according to the direction of the buzzer protocol, then 7 is the same as 7* and
both differences are zero. Therefore, assume that p > ¢, and & moves in the x direction, whereas the

buzzer protocol would have moved in the y direction. Roughly speaking, the leaf distribution of 7 is
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obtained from the leaf distribution of 7* by splitting some of the mass around ¢ = p between £ ~ p — 0
and { ~ p+ 8. Thus, ®. () — P, , approximately has the order of magnitude of
1 s

Se—p—8)+gle—ptd)—(c—p)=

5 (6.6)

We chose (c — p)?2 instead of (¢ — p)? since Lemma 6.8 requires the buzzer protocol to have a value of
zero. Indeed, by choosing ¢ carefully we can achieve this.
We will prove Lemma 6.3 using the following criterion.

Lemma 6.4. Let v be a symmetric reference distribution, and C > 0 a constant. Define
F(p,q) = CSIM, ;)(AND,0) +® (, -

If for every q, F(p,q) is concave as a function of p, and for every p, F(p,q) is concave as a function of q,
then Lemma 6.3 holds, and the constant in the O(-) can be taken to be equal to C.

Proof. Let 1 be the protocol defined in Lemma 6.3, and let u be its pretend input distribution. Assume
that the pretend random walk of 7 first moves from u either to g or to iy, with probabilities Ay and
A1. We assume this step is on the x-direction, thus, the first step is from (p,q) to (po,q) or (p1,q). The
analysis for the case that this step is in the y-direction is similar. Let 0 < ¢ < 1. Then

SIM(, . (m) = ¥ 4, SIM,,,, ,)(AND, 0),
b

P4

and
D (pg) = Xb‘,lbq)cv(pb,q)'

From concavity,

CSIM;,)(AND, 0) + P ) = F(p;q) 2 Zb:’le(pb’Q)

= Z Ap(C SIM(,,,.4) (AND,0) + cbc,(pb,q))
b

= CSIM(p’q)(ﬂ')+q3c7(p’q)(7r). OJ

Thus, our focus would be proving that these concavity conditions hold for some value C. We proceed
by calculating P, ;). assuming without loss of generality that p > g. One can see that whenever p > ¢,
with probability 1 the leaf distribution of the buzzer protocol satisfies £ > p > ¢, and thus the potential
function evaluates to 0. Consider the case p < c. Using the leaf distribution, we obtain the formula

@eipg = (1=a/p)e—pP+2 [ Hlie—epar 67)
=p
Thus, the general definition is as follows:
0 if max{p,q} > c,
P (pg) = (1=aq/p)(c—p)*+2 [, H(c—0)?dl ifg<p<c, (6.8)

(1=p/a)(c—q)*+2 [i_,H(c—0)dl ifp<q<c.
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In order to apply Lemma 6.4, we start by showing that the function @ (, ;) is differentiable for all
p (in the direction of p) given a fixed value of ¢, and for all ¢ given a fixed value of p. This is done
by calculating the two one-sided derivatives in the points suspected of non-differentiability: p = ¢ and
max{p,q} = c. To state it into more detail, for any fixed ¢, we calculate both

aq’c,(m) — lim P (phq) — Pe(pag) (6.9)
ap . h=0* h ’ '
and
9P, (p.q) De(phg) — Peg
o)y —eletha) — Zelpd) 6.10
dp _ hoo- h ’ (6.10)

and verify that both values are equal in all suspected points. We do the same switching the roles of p
and ¢ (though it is not required as this potential function is symmetric, since we assume the reference
distribution to be symmetric). Additionally, we calculate its second derivatives whenever they are defined.
If max{p,q} > c, then they are trivially zero. For g < p < ¢, we get:

9@, (r,9)
DY) o 11
9 (1—q/p) (6.11)
and
82<I>C_(p_q)

Actually, there is a reason why this second derivative with respect to ¢ is zero. For any 0 < 6 <
min{p — q,q}, consider a protocol 7 that first moves to (p,q — &) or to (p,q+ 8), each with probability
1/2, and then simulates the buzzer protocol. It has the same leaf distribution as the buzzer protocol (in the
pretend world). Both the buzzer protocol and 7 either get to the point (p,0) or to the point (p, p), with
probabilities 1 — g/ p and g/ p, respectively. From that point on, both continue the same way, resulting in
the same leaf distribution. This validates the equality

1 1
P (p.g) = Eq)ca(mw) + 5P, (pg-9) (6.13)

2
for all ¢ and 0 sufficiently small, which implies linearity in the region ¢ € [0, p] (given a fixed p).
Similar calculations will now be performed with regard to

SIM,, ,(AND, 0).

Denote x = v(0,0),y = v(1,0) = v(0,1),z = v(1,1). It is possible to extract the value of this function
from the equations in [5], using the conversion from SIM to CI (5.8) and from CI to IC (2.19). Neverthe-
less, we calculate it using the formula (5.11), which is an expectation over a value obtained in the leafs of
the protocol. Let p > ¢, and let IT correspond to the buzzer protocol, which starts at distribution (p,q).
Then,
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SIM,, 4 (AND, 0) = E[(V., trr) (Hyy (X | ¥) + Hy (¥ | X))

E
11

N (1_> )x+py)h<(1—lzi+py>+
A

2o () @
1—-p)x
=— [q(l —ply+(1-p)1 —Q)xlog(l(_p)xlpy
<pqu+(p+q 2pq)y > logdw} :
Calculating the second derivative, we get for p > g,
9?SIM,, ,)(AND, 0) _ ~2(1-q/p); Xy (6.14)

dp? 2(1=p)p*((1 = p)x+py)’

and
9*SIM,, ,)(AND, 0)

dq? N
The reason that the second derivative is zero is the same as explained for the potential function. For
proving differentiability (on each direction separately), the only suspected point is p = g. Comparing the
two one-sided derivatives implies the result.

Now we are almost ready to apply Lemma 6.4. Define
2(1—p)p*((1—p)x+py)

C = max ) (6.16)
0<p<1 Xy

(6.15)

and F(p,q) = CSIMy(7*) + P, . For any fixed g,

JIF (p,q)
ap

is continuous, piecewise differentiable, and its derivative,

d dF(p.q)
dp dp

is non-positive wherever it is defined. Thus,

JIF (p,q)
ap

is non-increasing, and F(p,q) is concave as a function of p. The same holds when switching the roles of
p and g, thus the conditions in Lemma 6.4 are satisfied, which concludes the proof of Lemma 6.3. Finally,
we are able to prove Theorem 6.2.
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Proof of Theorem 6.2. Let T be the protocol tree of 7. This is a directed binary tree with two children
for each internal node. Each node corresponds to a state of the protocol when some communication has
taken place, and its children are the two consecutive states, chosen according to the bit sent by the player
owning the node.

We can construct T using a sequence of trees, 11,7, ...,T, = T. The tree 71 contains only the root of
T, and for all i, T; is obtained from 7;_; by adding the children of a leaf of 7;_; which is not a leaf of T'.

Given a tree T;, construct a protocol 7;, that whenever it reaches a state represented by node v which
is not a leaf of T;, the protocol behaves as 7 for the next bit sent, and if the state is represented by a leaf of
T;, then the buzzer protocol is simulated from that point on. Let D be the constant in the O(-) guaranteed
from Lemma 6.3. The lemma implies that for all i,

e (1) = Pep (Mi-1) < D(SIMy (1) — SIMy (7;)).
Summing over i, we get a telescopic summation that results in
D,y () = De (M) — Pe (1) < D(SIM (1) — SIM () ) = D(SIM, (AND, 0) — SIMy, (7). (6.17)

We used the fact that
¢C7IJ'(7T1) == ¢C~,IJ' == O,

which hold since we assumed that ¢ < max{p, ¢}, and the leaf distribution of the buzzer protocol has
zero mass on ¢ < max{p, q}, therefore its potential cost is zero. This finishes the proof as

SIM,, (AND, 0) — SIM,, (%) = (v, 1) (CIz(AND, 0) — Clr(7)) = (v, ) IWg (1) < Wg(m).  (6.18)
O

6.2 Lower bound on the information complexity of IC, (AND, ¢)

In this section, we prove Theorem 3.7 by showing that every distribution i which is of full support,

except perhaps for 11(1, 1), satisfies ICz(AND, £) > IC;(AND,0) — O(h(¢)). Recall that Theorem 3.7 (ii)
follows from Part (i) and we have already established the upper bound of Theorem 3.7 (i) in Theorem 3.2.
Hence it remains to prove the following theorem.

Theorem 6.5 (The remaining case of Theorem 3.7). Let U be a full-support distribution, except perhaps
Sfor(1,1). Forall € >0,

ICz(AND, £) > IC;(AND, 0) — Oz (h(€)). (6.19)
The hidden constant can be fixed if 1(0,0),1(0,1),1(1,0) are bounded away from 0.

The proof uses the idea of protocol completion: given a protocol © performing [AND, €], we can
create a protocol 7y, which we call the zero-error completion of m. Such a protocol 7y takes the following
steps:

e First Alice and Bob simulate 7 until it terminates.

o Afterwards they run a protocol that solves the AND function with zero error.
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The cost of completion is the amount of information revealed in the second step, and it is equal to
ICz(my) — ICz(x). We have shown in the proof of Theorem 3.5 that for general functions, this cost is
bounded by O(h(+/€)), but here we would like to prove a stronger bound of O(h(¢)) for protocols that
are almost optimal for the AND function. This obviously would yield the desired lower bound, and prove

Theorem 6.5. This completion cost can be arbitrarily close to
II[%[ICgH(AND,O)].

In order to bound this quantity, we first bound the information complexity of the AND function.

Lemma 6.6. Consider a reference distribution v with v(0,0) =x,v(1,0) =v(0,1) =y, v(1,1) =z, such
that x,y,z > 0. Let L = (p,q) be a pretend distribution. Let t = v O U, and 1(1,1) =8. Let 0 < C < 1
be an arbitrary constant.

Firstly ICz(AND,0) < 2h(1 — §). Secondly

O(h(8/z))  ifmax(p,q) =C,
O(h(\/8/z)) ifp,qa<C.

The hidden constants can be fixed if x,y,C are bounded away from both 0 and 1.

IC;(AND,0) < { (6.20)

Proof. First we prove that IC;(AND, 0) < 2A(1 — §). Assume that § > 1/2, as otherwise the inequality
trivially follows. The information complexity is achieved by a protocol where both Alice and Bob send
their inputs. The cost of that protocol is at most H(XY) < H(X)+ H(Y) < 2h(9d).
For proving the other bounds, assume that § < 1/2, since otherwise the lemma trivially follows. If
p,q > 1/2, then
5:M >v(1,1) =z,
(v, 1)

(v,u) = (1=p)(1 =g)x+[p(1—q) + (1 = p)gly + pgz < (x + 2y +2) pg = pq. (6.21)

In this case, the lemma follows.

Assume that either p < 1/2 or ¢ < 1/2. Without loss of generality, p < g. We will analyze the
protocol in which Alice first sends her input to Bob, and if X = 1 then Bob sends his input to Alice. This
protocol has a cost of

HX|Y)+PrX=1HY | X =1) <H(X)+Pr[X = 1] < h(Pr[X = 1]) + Pr[X = 1]. (6.22)
The obtained bound is monotonic in Pr[X = 1], a fact that we will use.
Now . 5
PrIX — 1] = pA—alytpe pb+2) 50+ 6.23)
(v,u) (v,u) 2q
Thus, if g > C, then the cost of completion is at most
— (6 0 0 h(S if Y2 <1
h< (y+Z)>+ bte) O+ ( /2) e <t (6.24)
zC zC Cz *52h(8/z) otherwise,
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using the bound A(cx) < 2ch(x) for all ¢ > 1, from (3.3).
If ¢ < C, Pr[X = 1] is maximized at ¢ = p. Assume indeed that p = g. We will bound its value from
below. The equation

vz 9z
(vu) (v,
implies
o
b4
Now since
(Vi) > v(0,0)1£(0,0) = (1 - p)(1 —g)x > (1-C)x, (6.26)
we have
PriX = 1] < Sb+2) _ \/gy“. (6.27)
2q 2 (1-C)vx
The proof concludes applying similar calculations as in (6.24). O

Next, we use this bound to show that if the probability that max{p, q} does not exceed some constant
is very small, then one can get an improvement over h(+/€) for the completion cost.

Lemma 6.7. Let v be a symmetric reference distribution with v(0,0) =x, v(0,1) = v(1,0) =y and
v(1,1) =z > 0. Let u = (p,q) be a pretend distribution, and let Tt = v O U = V.
Let 1t be a protocol performing [AND, €]. Let 0 < C < 1 be an arbitrary constant,

k = Pr[max{p,q} <CJ.

The protocol T can be completed to a zero-error protocol using an additional information cost of

0(1(%(\/8/1()4—(1 - K)E(ﬁ)), (6.28)

where the cost is according to the distribution [, and the hidden constant in O(-) can be fixed if x,y, p,q,C
are all bounded away from both 0 and 1.

Proof. First, note that
pq < pq

Vi) — x(1=p)(1-q)
Let y be the random variable denoting the completion cost as a function of I1. Let 1,_, be the indicator
of whether 7 outputs b given the transcript I1, for » = 0, 1. The total completion cost is

1,1 = < =0(2). (6.29)

Ely]= Y E[wl,). (6.30)
»=0,1

We start by bounding E[y1,-;]. Let d be the random variable which equals fry(1,1).

E[(1—8)1,-1] =Pr[(X,Y) # (1,1),7 outputs 1] < &. (6.31)
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From Lemma 6.6, the completion cost ¥ is at most 2A(1 — &). From the concavity of 7,
Eyloi] = EO(A(1 — 8))1om1 = EO(((1 — 8)1,1)) < OG(E[(1 - 8)1,-1])) < O(i(e)). (632)

This can be bounded as desired since in both cases of k¥ > 1/2 and k¥ < 1/2, we have

hi(e) :0<KE(\/8/K)—|-(1 —K‘)E(ﬁ)). (6.33)
Next we bound E[y1,-¢].
E[61,-0] = Pr[(X,Y) = (1,1), 7 outputs 0] < ez(1,1) < €0(z). (6.34)

Let S be the event that max{p,q} < C. Then,
E[61,=0 | S] < €0(z)/Pr[S] = €0(z)/x. (6.35)
E[61,-0 | S] <€0(z)/(1 —x). (6.36)

From Lemma 6.6, the completion cost is of order of (\ /0/ z) when S happens, and (8 /z) other-
wise.

E[y1o—0] = Pr[S|E[y1y=0 | S] +Pr[S|E[y 1,0 | S] (6.37)

:0(1( [ ( 51,0/ |S} +(1— K)E[R(81,—0/2) \E]) (6.38)

go(x ( E[51,_ Oys]/z)+ K)E(E[mozom/z)) (6.39)

< 0(xh(\/0@)/k) +(1-Kh(0(e) /(1 - ) ) (6.40)
§0<Kh(\/s:/7)+(1—x)h(lf’<>>, 6.41)

where (6.39) follows from the concavity of 4(-/z) and h(+/-/z), and (6.41) follows from (3.3). O

Consider an almost optimal protocol 7y so that IC;(7y) — ICz(AND, 0) is small. Our stability result,
Theorem 6.2, translates this to a bound on the potential function introduced in Definition 6.1. The next
lemma uses this to show that for such a protocol 7y, one can obtain a strong bound on the value of k in
Lemma 6.7.

Lemma 6.8. Let & be full-support distribution and let & = v ® U be its decomposition, where V is a
symmetric reference distribution, and [L is the pretend distribution. Let c = max {Pru =1],Pry[Y =1] }
Let T be an arbitrary protocol, and my be the completion of T to a protocol performing [AND,0]. Then

Pr|max{p,q} < 2 = O, u.v(ICx()) — IC(AND, 0)). (6.42)

The hidden constant can be fixed if p,q,11(0,0),1(0,1),1(1,0) are all bounded away from both 0 and 1,
where tL = (p,q).
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Proof. Let £, , be the distribution of ¢ that corresponds to the buzzer protocol when it is invoked from a
pretend distribution parametrized by (p,q).
We start by showing that forany 0 < p,g < 1,

Pr[l, 4 <2max{p,q}| > % (6.43)

Assume without loss of generality that p > ¢g. Using the leaf distribution from Section 6.1,

Prlp < ¢ <2p] = / pqde+<1—Z>>i. (6.44)

This implies

Pritn < 3] =Prtm <2]]

> Pr [max{p q} < } t[lpq < 2max{p,q}]
> 2 pr[max(p.a < 5.

Markov’s inequality and Theorem 6.2 imply

c 02 ey .
Pr[tn < 5] =P [( ) > 4} < Ell ; /gfﬁ] _ q’cg/(f‘)) 0(IC;1 (1) — IC(AND, 0)).
(6.45)

O]

Now we are ready to prove Theorem 6.5, and thus complete the proof of Theorem 3.7.

Proof of Theorem 6.5. We first prove the theorem for the full-support distributions. Consider such a
distribution t. Let 7 be a protocol performing [AND, €]. We can assume that

IC;(m) < ICz(AND,0),

and let
C = max {I;r[ =1],P [ ]} /4, k = Pr[max{p,q} < C].

Lemma 6.7 constructs a zero-error protocol my whose wastage w is at most

—O(Kh(\/§>+(l—1<)h<lf’<>). (6.46)

Lemma 6.8 states that kK = O(w), and so

c—osi(fE) cawi(2)) 6
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If /(1 —x) < 1/2, then (3.3) shows that

K=0 <Kh <\/§> +h(£)). (6.48)

Otherwise, k > 1 —2¢& > 1/2 (assuming € < 1/4), and so
K = O(h(Ve) + (1 —k)) = O(h(Ve) +¢), (6.49)

which contradicts k¥ > 1/2 for small enough &.
Denoting the hidden constant in (6.48) by M, we get

1—Mh( &) ) k< mne). (6.50)
(1-n([)) x <aoe

We will show that for small €, this forces k < 2Mh(€). Indeed, suppose that k > 2Mh(€), which implies

that k¥ > 2Melog(1/¢€). Then
€ 1

J— < e —
K 2Mlog(1/g)’
and so for small enough €, Mh(y/€/Kk) < 1/2. This shows that

(1 _Mh <\/§>> K> g > Mh(e), (6.52)

contradicting the inequality above. We conclude that for small € we have k = O(h(¢)).
Applying Lemma 6.7 again, we see that

ICg(my) — ICx(7) < KO (h (ﬁ)) +0(h(g)) < O(x) + O(h(g)) = O(h(¢)). (6.53)
Since IC;(m9) > IC;(AND, 0), we conclude that ICy(7) > IC; —O(h()).

Next consider a distribution if with fr(1,1) = 0, that assigns a strictly positive probability for every
other input. There is a series of full support distributions, [, l,,... that converge to [, and assume
without loss of generality that for every input a € {0,1}? and for every n € N, i,,(a) > (a)/2. From
the continuity of information complexity with respect to the tasks [AND, 0] and [AND, g],

(6.51)

’}grolo Ian (AND,0) = ICﬁ(AND, 0), (6.54)
and

lim ICy (AND,0) = ICﬁ(AND, 0). (6.55)

n—oo "

Assume that 1£(0,0),1(0,1),1(1,0) are bounded from below. It is possible to decompose [ into v ®
(p,q), where v is symmetric and p,q, v(0,0),v(0, 1) and v(1,0) are bounded. This is done by considering
a decomposition where p = 1/2 and ¢ is chosen such that v is symmetric. Therefore, there is a constant
C > 0 such that

IC,, (AND, €) > IC, (AND, €) — Ch(e). (6.56)

Thus,
IC,(AND, ¢) > IC, (AND, €) — Ch(¢). (6.57)
O
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7 The set disjointness function with error

In this section we present the proofs of the results concerning the set disjointness function. It will be
convenient to switch the roles of 0 and 1 in the range of the function, and redefine DISJ,, as

DISJ, (X,Y) = VL (X;\Y)),

i.e., DISJ,(X,Y) = 0 if the inputs are disjoint and it is equal to 1 otherwise. Obviously, this will not
affect the correctness of our results.

7.1 Proof of Theorem 3.11

Theorem 3.11 (restated). For the set disjointness function DISJ,, on inputs of length n, we have

Re(DISI,)

lim sup < IC°(AND,0) — Ch(e), (7.1)

n—soo
for some constant C > 0.
We will prove the following lemma, from which Theorem 3.11 follows using Corollary 3.8.

Lemma 7.1.
R¢(DISJ,)

lim sup <IC’(AND,g,1 —0). (7.2)

n—yoo

Intuitively, an upper bound like Lemma 7.1 is essentially a compression result. Besides, as DISJ,
has a self-reducible structure (see [6]), one can make use of this fact together with the Braverman—
Rao [7] compression. A difficulty is that what we want to solve is [DISJ,,, €], that is, the error allowed
is non-distributional, while the error unavoidably introduced in the compression phase is distributional.
Fortunately, this can be salvaged by a minimax argument introduced in Section 6.2 of [4].

In order to use self-reducibility and compression, one first needs to have a control on the information
cost of solving [DISJ,, €].

Lemma 7.2.

) IC(DISJ,,e,1 —0)
limsup
n—soo n

where 1C(DISJ,,, &,1 — 0) := max,, IC, (DISJ,,, &, 1 — 0).

<IC°(AND,¢,1 — 0), (7.3)

The proof is a direct adaptation of the proof of Lemma 8.5 in [5].

Proof. Let Qq denote the set of all measures u on {0,1}? with u(1,1) = 0. Let 7 be a protocol that
computes [AND, €, 1 — 0] and satisfies

max ICy, (7) < IC°(AND, &,1 — 0) + 8
HEQ

for some small § > 0. Consider the following protocol 7 that computes DISJ,, with error.
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e Alice and Bob exchange (with replacement using public randomness) n%/3 random coordinates.

Denote this set of random coordinates by J. If for some j € J, x; = 1 and y; = 1, then they
output 1 and terminate.

e For each coordinate outside J, Alice and Bob run the protocol 7 and output 1 if 7 outputs 1 on
some coordinate. Otherwise they output 0.

The intuition of the protocol is as follows: fix some u. If with high probability for many of the
coordinates i, x; = y; = 1, then with high probability only the first step of the protocol is performed and

ICy () S n?/3.

Otherwise, with high probability, for most coordinates #, (x;,y;) # (1,1). Hence, for most coordinates i,
the information complexity of evaluating 7 (x;,y;) is not much higher than its information complexity on
some distribution which gives zero mass to x =y = 1, which is not much higher than IC°(AND, &,1 — 0).
As 7 has one-sided 1 — O error, obviously 7 has only one-sided 1 — O error too, and this error happens
with probability at most €4 < &, where d is the number of coordinates outside J which satisfy x i=yj=1
(if xj = y; = 1 for some coordinate in J, there is no error). In particular, T computes [DISJ,,€,1 — 0].
A direct inspection shows that the remaining proof of Lemma 8.5 in [5] depends only on the protocol
but not on the specific problem, hence the proof works for our problem too, and the lemma can be proved
similarly. O

Next we prove an amortized upper bound for DISJ,,.

Lemma 7.3. For every €,8 > 0, there exists a constant C > 0 that depends on n, €, 0, such that as long
as N > C(n,€,0), we have

R¢(DISJ,
Re (DIST) < (14 8)IC(DISI,,e,1 — 0). (7.4)

We will use the following claim [4, Claim 6.11]. Note that we state it slightly different from its
original form in order to adapt to our purpose.

We introduce some notation that will be used in the statement of the following claim and the proof
of Lemma 7.3: let & be a protocol getting its inputs from X x Y. For every nonzero integer k € N, let
ik denote the protocol that gets inputs from X* x Y* and executes 7 on each pair (x;,y;) (i = 1,2,...,k)
independently. Define IC(7) := max, IC, () where the maximum is over all distributions p € A(X x Y).

Claim 7.4 ([4]). Let ® be a protocol getting its inputs from X x Y. For any numbers 01,8 > 0, there
exists M € N such that for any integer m > M, there exists a protocol &, that gets inputs from xm x ym’
and:

. . 3 3 . .
o For each input in X x Y™, the total variation distance between the output of &, and the output
3.
of " is at most 0.
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e The worst-case communication complexity of T, is at most m> IC(7)(1 + &).

Proof of Lemma 7.3. Denote I :=1C(DISJ,,€,1 — 0). By the continuity of information complexity with
respect to € (Lemma 2.4, which holds for one-sided error with the same proof), there exists some & > 0
such that

IC(DISI,,e —&,1 —0) <I(148)"/%.

Let 7 be a protocol for the task [DISJ,,e —&,1 — 0], such that IC(x) < I(1+ §)'/2. Applying
Claim 7.4 to w with 8 = § and &, = (1+ 5)1/4 — 1, we obtain a number M such that for any m > M
there is a protocol 7,3 with communication complexity at most

m*IC(m) (14 8)/* < m’1(1+ 8)3/*

and for each input (x,y) the total variation distance between the outputs of 7,,; and o™ is at most é.

Let 7,3 be the protocol for DISJ,,,,.» where the parties split their input into m> blocks of n bits, simulate
7,5 and output “disjoint” if 7,3 outputs “disjoint” for all m> sub-problems. Similarly, define 7 with
respect to 7™ . Note that the communication complexity of 7,,3 is the same as the communication
complexity of 7,3, which is bounded by m>I(1+ §)3/4.

We will show that 7,5 has a worst-case error of at most &: for any input (x,y) € {0,1}""", let
T,,n3 (x,y) be the random variable denoting the transcript of 7,,,; conditioned on the input being (x,y) and
similarly define I, (x,y) and IT"" (x,y) with respect to 7, and 7, respectively. Let ¢: {0, 1}’"3 —
{0, 1} be the function such that 7,,,; outputs ¢(v) whenever the simulated 7,5 outputs v. The probability
of 1,3 to err on input (x,y) equals

Pr[T,,3 (x,y) # DISJ, .z (x, )] (7.5)
=Pr[M,(x,y) € {v € {0,1}"": 9(v) £ DISI, o (v,0) }] (7.6)
<Pr [H’”3 (x,y) € {v € {0,1}: @(v) £ DISJ, 5 (x, ) }] +E 71.7)
<e (7.8)

where (7.7) follows from the fact that given any (x,y), the transcripts of 7,3 and 7™ have a total variation
distance of at most &, and (7.8) follows from the fact that 7" simulates m3 copies of DISJ,, each with a
one-sided error of € — &. This implies that for all m > M,

R:(DISJ
’3<73f1m3) <I(1+ 5)3/4. (7.9)
m
To complete the proof, by
N1/3 1 3
lim g =1,
N—seo

there exists C’ > 0 such that for all N > C’ one has

1/3 3
WrE+1)° < (148)"%.
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Set C(n, &, 8) := max(M?,C"). Then for any N > C(n,¢,§),

Re(DIST,y) <R8 <DISJ'Z[N”13> (N3]

N1/313 (N3 113
: <I(1 63/4[7<11 P T < (146
T ATk G <108 a4 8y <114 6)
(7.10)
as desired. O
Now we prove the upper bound.
Proof of Lemma 7.1. Fix € > 0. By Lemma 7.2, there exists T (€) depending on € such that
IC(DISJ,,&,1 — 0) < nIC°(AND, g,1 — 0) +o(n) (7.11)

whenever n > T'(€). For every such sufficiently large n, choose 0 = 1/n. Lemma 7.3 states that

Re(DIST,w)

1
<1+ - )IC(DISJ,,e,1—=0 7.12
e (PGSR (.12)

whenever N > C(n, €) for some constant C(n, €). Since IC(DISJ,,€,1 — 0) <n,

R:(DISJ,n)
nN

for N > C(n,€). It follows that

1
<IC°(AND,g,1 = 0) + - +0(1) (7.13)
n

R (DISJ
S(MM) <ICY(AND,¢,1 — 0) +o(1) (7.14)
where 0(1) — 0 as M — oo, completing the proof. O

7.2 A protocol for Set-Disjointness
Theorem 3.13 (restated). For the set disjointness function DISJ,, on inputs of length n, we have
ICP(DISI,,€) < n (ICO(AND,O) i /h(s)) +Clogn, (7.15)

for constants C;,C, > 0.

Proof. We already established the lower bound in (3.25), it remains to prove the upper bound.

Let p be an input distribution for DISJ,, and let p = Pr,[DISJ,(X,Y) = 1]. We can assume that
p > € as otherwise IC, (DISJ,, u,€) = 0, and the upper bound trivially holds. Below we introduce a
protocol 7 in Figure 2 that solves [DISJ,, i, €] and has the desired information cost. In fact, our protocol
is stronger in the sense that it has only one-sided error: the protocol 7 always outputs O correctly if the
correct output is 0, and on the other hand, if there are # > 1 coordinates satisfying X; = Y; = 1, then 7 will
erroneously output O with probability at most (€¢/2p)" < €/2p. Thus the distributional error of 7 is at
most p-€/(2p) < €, and 7 indeed solves [DISJ,, u,e,1 — 0].
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On input (X,Y):

e Alice and Bob, using public randomness, jointly sample a permutation ¢ on the set {1,2,...,n}
uniformly at random; and they run the following sub-protocol 7°:

e Fori=1,2,... nrepeat:

— Alice and Bob run a protocol 77 that is (almost) optimal for IC,,(AND, €/2p,1 — 0) on
input (X (;), Ys(i))» where v; is the distribution of (X;), Y5 (;)) conditioned on the event
that the protocol has not yet terminated;

— if the protocol ° outputs 1, then terminate and output 1;

o [f the “for-loop” ends without outputting 1, output O and terminate.

Figure 2: The protocol 7 that solves [DISJ,, i, €,1 — 0].

We now analyze the information cost. We start by analyzing the information cost of the sub-protocol
7. Let IT° be the transcript of 7%, and write

o __ (o3 (e
n° =117 .. .11,
where I denotes the transcript of the protocol 7 fori = 1,...,n. As usual let
o __ (o) (e
e, =117 .. . 117,

be the partial transcript. Let f; denote the distribution of X(;)Ys(;), and v; denote the distribution of
Xo(i)Ys(i) conditioned on I1Z;. Corollary 3.9 (iii) gives a bound on the information exchanged in each
round: there exist constants Cy,C, > 0 such that for any distribution v,

IC, (AND, &/2p,1 — 0) < IC°(AND, 0) + C1h(v(1,1)) — C2h(g/ p). (7.16)

Note that (IT7 | XYTIZ;) has the same distribution as (II7 | X, ;) Ys(;)I12;), and thus

n
I(v:I07 | X T2 = Y [H(7 | X, 1,) — H(ITY | XY, T12))]
o

-

Il
_

I(Y;11° | X) =

[H(TP | Xo(), 02;) — HIT | X5y Yo(i), T12;)]

IN
™=

Il
_

I
=

1Yo TI7 | X3y, T1Z,).

—_

Thus, denoting by 7° the number of AND protocols executed before the termination of ¢, the above
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inequality implies (note that v; is a random variable, and 7° depends on V;)

M:

IN
=
_5

1C, (n°) (7)< Y PHT® > |E[IC,, (xF) | 7° >

Il
—_
Il
—_

Pr[T° > i]E [IC°(AND,0) + Cia(vi(1,1)) — Coh(g/p) | TC > i

IN

Il
—

< (IC°(AND,0) — Goh(g/p)) E[T°] +Cy iPr[T" >i|E [h(vi(1,1)) | T° >].
i=1

We want to bound the second term. Note since p > &€,

. . e _1
Pr[T":z]T"Zz,X(,(i):Yc,(i):l]:Pr[ir( ()Y )_1|T >lX() YG(:):l]Zl_EZE
(7.17)
Hence, applying (3.3) twice and using the concavity of &, we get
Pr(T° > E [h(vi(1,1)) | T° >i] <Pr[T° > i h(E[vi(1,1) | T° > i)
=Pr[T° > ] E(Pr[xc(i) =Y =1]T° >1])
< h(Pr[Xg) = =1 ] T" > | Pr[T° >i])
= h(Pr[T° > iaXc;(i) =1])
< 2PI‘[TG =1 ’ T° > i,XG(Z) = YG(,) = 1]
h(Pr[T > i, X5 = Yo( = 1])
<2h(Pr[T° =i, X5y = Yo = 1])
<2h(Pr[T° =i, n(X,Y) =1])
Using concavity of / again,
1 & _ _
=Y h(Pr[T° =i, m(X,Y) =1]) <h(Pr[n(X,Y) = 1]/n) = h(p/n). (7.18)
niz
Therefore .
Y Pe[T9 >4|E [h(vi(1,1)) | T° > i] < 2nh(p/n). (7.19)
i=1
That is, we have shown
IC,(7°) < (IC°(AND, 0) — Coh(e/p)) E[T°] +2C nh(p/n). (7.20)
Taking the expectation with respect to ¢, we obtain
IC,(m) = IE:‘,IC“(%G) = (ICO(AND,O) Czh(s/p)) [TG] +2C1nh(p/n). (7.21)

Hence it remains to bound E[7T°] where the expectation is over ¢ and the input XY
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Let x,y be such that DISJ(x,y) = 1, and let j be an index such that AND(x;,y;) = 1. Then

(T |XY =] = Y Prlo(i) = JIEIT° | XY =xy.0() = J
— LY E[TT | XY =xy.0() = ]

:

—_

3

:\r—*

E[T° | XY =xy,0(i) = j,n° (X,Y) =b|Pr[n’ (X,Y) =b | XY =xy,0(i) = J]
0,1

I¥
_
I

IA
™=
P~

:,o

l
_

S(X,Y)=1|XY =xy,0(i) = j]+nPr[n;’(X,Y):oyXY:xy,o(i):j])

+7

— (- e)n+1 en§n~|—1 £
2p’ 2 2p 2 4p

2p

—

IN

S|— S|
M:
A

\

SN

+

T

This allows us the next bound:
@Y[TG] =Pr[DISJ(X,Y) = 1]E[T | DISJ(X,Y) = 1]+ Pr[DISJ(X,Y) = O] E[T | DISJ(X,Y) = 0]
o,
(7.22)
n+1 €

2
Sp( > +4pn> +(1=pn< ?pn%—gn—i—(l—p)n: (1—p/3+¢€/4)n. (7.23)

Combine (7.21) and (7.23) we get

IC,(7) < n(1—p/3+¢/4) (IC°(AND,0) — C>h(g/p)) + C12nh(p/n)
= n(ICo(AND,0) — Csh(g/p) + p) + Canh(p/n),

for constants C3,C4 > 0.

It remains to optimize over p. We start by minimizing p + (&/p). Up to a constant multiple, the
minimum is attained at the point satisfying p = h(€/p). A simple calculation shows that p =~ /h(€), and
so p+h(e/p) = Q(y/h(€)). Thus

IC,(7) < n[IC°(AND, 0) — Q(+/h(€))] + O(nh(p/n)). (7.24)

The value of the error term O(nh(p/n)) is at most O(nh(1/n)) = O(nlog(n)/n) = O(logn), and the
theorem follows. U

8 Open problems and concluding remarks

e In Conjecture 3.12 we speculated that the exact asymptotics of R¢ (DISJ,) is given by the informa-
tion complexity of the AND function when only one-sided error is allowed:

Re(DISI,) = nIC°(AND, &,1 — 0) £ o(n). 8.1)
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The set disjointness function has a “self-reducible” structure in the sense that it is possible to
solve an instance of the corresponding communication problem by dividing the input into blocks
and solving the same problem on each block separately. This structure allows us to relate the
communication complexity of the problem to its amortized communication complexity, and thus to
its information complexity via the fundamental result of Braverman and Rao [7]. Applying such
ideas we showed (the lower bound is obvious)

IC(DISJ,;, €) < Re(DIS),) < mIC(DISI 2, €,1 — 0) +o(n), (8.2)

for an appropriate choice of m = m(n) that tends to infinity as n — oco. In Theorem 3.11 we
combined this with our analysis of the information complexity of the set disjointness to prove
R (DISJ,) = n[IC°(AND,0) — ®(h(g))]. More precisely we showed

nIC°(AND, ) < IC(DIS],,&) < IC(DIS,,&,1 — 0) < nIC°(AND, &,1 — 0)+o(n), (8.3)

and combined it with our results regarding the information complexity of the AND function. We
believe that the upper bound is the truth; that is

IC(DIS],, &) > nIC°(AND, &,1 — 0) — o(n), (8.4)
which would imply Conjecture 3.12.

The example of the AND function shows that the Q(h(€)) gain in the information cost, appearing
in our upper bounds in Theorems 3.2, 3.6, 3.15 and 3.16 is tight. However we do not know
whether the O(h(1/€)) gain appearing in the lower bounds in Theorems 3.5 and 3.6, Corollary 3.14
and Theorem 3.16 is sharp. In fact we are not aware of any example that exhibits a gain that
is not ®(h(g)). Is it true that for every function f: X x Y — Z, and measure y on X x Y with
IC,(f,0) > 0, we have IC,(f,€) = ICy(f,0) — ©(h(€))? One can ask a similar question for

ICu(f,1,€), IC(f,€), and ICP(f, ).
Recall the inner product function 1P, : {0,1}" x {0,1}"* — {0,1} is defined as

n
IP,: (x,y) — iny,- mod 2. (8.5)

i=1
Let v denote the uniform distribution on {0, 1}" x {0, 1}". In [6, Theorem 1.3], Braverman et al.
exploited the self-reducibility property of IP, and showed that for any & > 0 there exists € > 0

such that [Co(IP
lim inf ICy (1P, v,€)

n—soo n

>1-20. (8.6)

This in particular implies
. IC,(IP,,v,0)
lim ————=

n—yoo n
In the same paper they also showed IC, (IP,,v,¢) < (1 —2¢)(n+1) for any 0 < € < 1/2, alterna-
tively,

=1.

lim sup
n—soo

IC, (IP
M <1-2e. (8.7)
n
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In [6, Problem 1.4] they asked whether this upper bound is tight, possibly with the coefficient 2 be
replaced by some other constant @? Formally, does there exist a constant o > 2 such that

IC, (1P, v, €
lim inf JCv{IPn:V€) >1—ae—o(e)? (8.8)
n—oo n
A positive answer would imply that, by allowing g-error for IP,,, comparing to O-error protocols one
can save roughly n®(¢g) information as n — . Note that our bound IC, (f,v,€) <IC,(f,Vv,0) —

Q(h(g)) in Theorem 3.6 does not refute (8.8) as the constant in Q(+) equals to o(n) when f = IP,.

The focus of this paper has been on the internal information complexity since this notion has
nice properties such as the direct sum property (see the introduction for references) comparing to
external information complexity. However, it would still be interesting to study external information
complexity. Considering that external information complexity is typically simpler than internal
information complexity, we believe that the analogues of many of our results, specially those about
the AND function, can be proven for this case as well. We defer this to future research.
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