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Abstract

We consider the k-layer pointer jumping problem in
the one-way multi-party number-on-the-forehead com-
munication model. Sufficiently strong lower bounds for
the problem would have major consequences in circuit
complexity.

We take an information complexity approach to this
problem and obtain three lower bounds that improve
upon earlier work. For myopic protocols (where play-
ers may see only one layer ahead but arbitrarily far be-
hind), we greatly improve a lower bound due to Grone-
meier (2006). Our new lower bound is Q(n/k), where
n is the number of vertices per layer. For conservative
protocols (where players may see arbitrarily far ahead
but not behind, instead seeing only the vertex reached by
following the pointers up to their layer), we extend an
Q(n/k?) lower bound due to Damm, Jukna and Sgall
(1998) so that it applies for all k.

The above two bounds apply even to the Boolean ver-
sion of pointer jumping. Our third lower bound is for
the non-Boolean case and for k < log* n. We obtain an
Q(n log(k_l) n) bound for myopic protocols. Damm et
al. had obtained a similar bound for deterministic con-
servative protocols. All our lower bounds apply directly
to randomised protocols.

1. Introduction

Communication complexity has been a central tech-
nique in proving a number of lower bounds, even in
models of computation that do not involve communi-
cation. In particular, it has some well known connec-
tions to circuit complexity: proving sufficiently strong
lower bounds for certain specific communication prob-
lems would place them outside certain restricted, but
well-studied, classes of circuits. For example, the cel-

ebrated super-logarithmic lower bound on the depth of
a monotone circuit for undirected connectivity, due to
Karchmer and Wigderson [14], was proven via a lower
bound on a related communication problem.

Our focus here is on the pointer jumping (also called
pointer chasing) problem and its multi-party commu-
nication complexity in the so-called number-on-the-
forehead (NOF) model, introduced by Chandra, Furst
and Lipton [7]. Due to known connections between this
model and circuits [22, 11, 4], a strong enough commu-
nication lower bound for pointer jumping would place
the problem outside the complexity class ACC°. We say
more about this connection in Section 1.2. In this work
we introduce an approach to proving such communica-
tion lower bounds via information complexity, a concept
formally introduced by Chakrabarti et al. [6] and refined
by Bar-Yossef et al. [3]. Our approach results in lower
bounds for pointer jumping in certain restricted one-way
NOF communication models. Our lower bounds are at
least as high as (in fact, much higher than) would be
required to prove non-membership in ACC; proving
similar bounds in a less restricted communication model
would imply that pointer jumping is not in ACC.

1.1. The Problem and Our Results

The term “pointer jumping” has been used to refer to
any of a family of related problems, all of which involve
following pointers (i.e., directed edges) out of a starting
vertex in a given input graph. The variant called multi-
layer pointer jumping with k layers, denoted MPJy, is
defined on a fixed underlying graph G} whose vertex
set consists of k + 1 layers of vertices: layer O has a
single vertex vg and layers 1 through & have n vertices
each, and every vertex in layer i has a directed edge to
every vertex in layer i + 1. The input is a subgraph of G}/
in which every vertex (except those in layer k) has out-
degree 1. The desired output is the name of the unique



vertex in layer k reachable from vy, i.e., the final ver-
tex reached by “jumping along pointers” starting at v.
The output is therefore [logn] bits long.! We can also
consider a Boolean version, denoted MPJy, by shrinking
layer k so that it consists of 2 vertices. We give a more
formal definition later.

A couple of other variants of pointer jumping that
have been studied before are tree pointer jumping (TPIy),
where the underlying graph G} is replaced by a com-
plete n-ary tree of height k + 1, and bipartite pointer
Jjumping (BPJi), where GJ is replaced by a bipartite
graph with directed edges in both directions and one is
required to follow k edges (pointers) from a designated
start vertex.

In the number-on-the-forehead (NOF) model of com-
munication, there are k players who share an input
(X1,...,x¢) € A X -+ x < as follows: Player i sees
every x; where j # i. We think of x; as being written
on Player i’s forehead. The goal is to exchange mes-
sages according to a protocol so as to jointly compute
a function f : & x --- x o — . For the pur-
poses of proving lower bounds against ACC? circuits,
it suffices to consider simultaneous message protocols,
where all players simultaneously send their messages to
a referee (who is not one of the k players) who sees no
input and computes the desired output as function of the
messages he receives. In this paper, as in some earlier
work [16, 19, 9], we consider the more general one-way
blackboard communication model, where players com-
municate one after another, in the fixed order 1, 2, . . ., k,
by writing their messages on a blackboard visible to all.
Player k’s message is the desired output.

It is natural to consider k-player NOF protocols for
MPJ; where the input on Player i’s forehead describes
the ith layer of edges in the input graph (i.e., edges from
vertices in layer i — 1 to vertices in layer 7). Note that it is
important that the players speak in the order 1,2, ...,k
in order for the problem to be nontrivial: any other order
of speaking leads to an easy protocol with only O (log n)
communication.

Unfortunately, we are unable to prove our results
in the unrestricted one-way model. Instead, we work
with two different restrictions of the model. Our first
lower bound applies to myopic protocols: those in which
Player i only sees x1,...,x;—1 and x;4;. This model
was recently introduced by Gronemeier [10] who proved
a lower bound of Q(n'=9/¥logn) for MPJ; in this
model, for e-error protocols.> Note that this bound be-

1Throughout this paper we use “log” to denote logarithm to the
base 2.
2Gronemeier defines myopic protocols using information theoretic

comes trivial for k = O(logn) players. We prove the
following, much stronger, lower bound.

Theorem 1. A randomised myopic protocol for MPJ
must communicate Q(n/ k) bits.

Our second lower bound applies to conservative pro-

tocols: those in which Player i only sees x; 1, ..., Xk
and the function g, ; : & X 41 X - - X & — X given
by gxi(zi,....z) = f(x1, ..., Xi—1,%,...,2k). For

pointer jumping, this amounts to saying that Player i
sees all layers i + 1,...,k of edges (i.e., the lay-
ers following the one on her forehead), but not layers
1,...,i — 1; however, she does see the result of fol-
lowing i — 1 pointers starting from vg. This model was
introduced by Damm, Jukna and Sgall [9] who proved
a lower bound of Q(n/k?) for MPJ; for deterministic
protocols involving up to k = o ((n /logn)!/ 3) players
(their argument also applies to MPJ; and can be extended
to randomised protocols using some careful estimation).
Here, we obtain the same lower bound without an extra
restriction on k, and via different techniques.

Theorem 2. A randomised conservative protocol for
MPJ;, must communicate Q(n/k>) bits.

Although these models are quite restrictive, we note
that the only known nontrivial upper bound for pointer
jumping, due to Damm et al. [9], is via a protocol that is
both myopic and conservative (but see Section 1.2, be-
low). Their improvement over a trivial upper bound is
for MPJ; only: they give a (conservative and myopic)
protocol for it with communication O (nlog®~" n) for
k < log*n and O(n) for k > log*n.> The triv-
ial upper bound would have been O(nlogn). This
shows that both restricted models do allow nontrivial
protocols. They also give a matching Q(n log(k_]) n)
lower bound for deterministic conservative protocols;
their proof does not generalise to randomised protocols.
Here, we give a matching lower bound for randomised
myopic protocols.

Theorem 3. A randomised myopic protocol for MPIy,
involving k< log*n players, must communicate
Q(nlog® =V n) bits.

terminology. In fact, the notion he defines should be described as “pro-
tocol that is myopic for a particular input distribution.” In his work,
he only applies his definition with the uniform distribution on inputs,
in which case his information theoretic definition reduces to our struc-
tural one. Indeed, protocols myopic for arbitrary input distributions
can communicate essentially nothing, for one could always consider
distributions that perfectly correlate the inputs on the players’ fore-
heads.

3We use log(k) n to denote the kth iterated logarithm of n. More
precisely, log(l) n = logn, and log(k) n = log (log(k_l) n) fork > 1.
We use log* n to denote the smallest integer r such that log(’ In <.



Our techniques in fact allow us to combine and ex-
tend Theorems 1 and 2 by relaxing the restrictions on the
communication model somewhat. Rather than constrain
every player in the same way, we can consider protocols
where some players are myopic and others conservative.
We define specific players to be myopic or conserva-
tive in the natural way; e.g., Player i is myopic if she
only sees inputs xi,...,x;—1 and x;4+1. Let us define
a (km, kc)-split protocol to be a one-way NOF protocol
with (k, + k) players such that players 1 through ky,
are myopic and the rest are conservative.

Theorem 4. Let k = k,,, + k. where 0 < k,, < k. A
randomised (ky,, k.)-split protocol for MPJ must com-
municate € (min{n/km, n/kf}) bits.

1.2. Related Work: Motivation and Prior Results

The complexity class ACCY is defined to be the class
of all Boolean functions computable using circuits with
constant depth and polynomial size that consist of (un-
bounded fan-in) AND, OR, NOT, and MOD,, gates, for
arbitrary values of m. This is about the smallest well-
studied class for which we do not know an explicit non-
member. Finding an explicit function not in ACCY is
a major open problem in complexity theory. The func-
tion MPJ is often considered a good candidate, partly
because it is complete for LOGSPACE, which contains
ACC?, and partly because it seems amenable to a com-
munication complexity approach that we now describe.

A series of papers by Yao [22], Hastad and Gold-
mann [11], and Beigel and Tarui [4] showed that Acc’
is included in SYM™, the class of depth-2 circuits with
polylogarithmic fan-in AND gates at the input level
and a single quasi-polynomial fan-in symmetric gate
at the output level. This in turn means that for ev-
ery function f : {0,1}" — {0, 1} in ACC? and ev-
ery possible way of splitting its input bits into k =
poly(log n) parts, the corresponding multi-player com-
munication problem f(xp, ..., x;) has a simultaneous
message (hence, one-way) NOF protocol that communi-
cates poly(logn) bits. Therefore, removing the restric-
tions (myopia/conservativeness) on the communication
model in either of our Theorems 1 or 2 would imply
MPI; ¢ ACCY. This is our primary motivation.

We have already mentioned the work of Damm et
al. [9] and Gronemeier [10] on lower bounds for MPJy.
One other significant lower bound in the area is due
to Wigderson (unpublished, but see Babai, Hayes and
Kimmel [2] for an exposition), building on the work of
Nisan and Wigderson [16]: it shows that an unrestricted
deterministic one-way NOF protocol for MPJ3 requires

Q(4/n) bits of communication. Improving this bound
is a key open question, as is proving any unrestricted
Q(n?) bound for MPJ4. We hope that this work provides
new insights and spurs progress on these problems.

An important potential obstacle in proving more such
unrestricted lower bounds was identified by Pudlik,
Ro6dl and Sgall [19]. They showed, via an ingenious
non-constructive probabilistic argument, that a special
case of MPJ3, where the middle layer is a permuta-
tion, has a one-way NOF protocol with communica-
tion O ((nloglogn)/logn). The protocol is neither my-
opic nor conservative. This result should be viewed as
cautioning against a hasty conjecture of an Q(n) lower
bound for MPJ3. However, such a lower bound is not
yet ruled out, because the protocol does not work for a
general instance of MPJ3.

There is also a long line of work on the two-party
complexity of the aforementioned variants BPJ; and
BPJ, starting with Papadimitriou and Sipser [17] and
continuing with Nisan and Wigderson [16], Ponzio,
Radhakrishnan and Venkatesh [18], Klauck, Nayak, Ta-
Shma and Zuckerman [15] and Jain, Radhakrishnan and
Sen [12]. We refer the reader to the latter paper for more
details and history. There is some work on the variant
TPJ; by Klauck et al. [15]. Some of these papers also
consider quantum communication settings.

1.3. Organisation of the Paper

The rest of the paper is organised as follows. In
Section 2, we outline the basic plan that all our proofs
follow. We then introduce our terminology and nota-
tion formally. In Section 3 we introduce some infor-
mation theoretic tools used in the proofs. We then use
these tools to perform certain “protocol manipulations”
in Section 4, culminating in a couple of round elimina-
tion lemmas that form the heart of the argument. Sec-
tion 5 uses the round elimination lemmas to prove The-
orems 1, 2 and 3. Finally, in Section 7 we comment on
some open problems and give a brief sketch of how our
techniques can be extended to prove Theorem 4.

2. Preliminaries
2.1. Plan of the Proofs

Our proof formalises the following intuitive argu-
ment. Suppose there is a k-player one-way NOF pro-
tocol P for MPJ; in which each player communicates at
most an bits, for some “small” quantity a. Let us run P
on a random input and consider the information revealed



by Player 1°s message about the second layer of pointers
(i.e., the input on Player 2’s forehead). This layer con-
sists of n pointers. Since Player 1 sends at most an bits,
there exists ani € {1, 2, ..., n} such that she reveals at
most a bits of information about the ith pointer.

Now, consider instances of MPJ; in which the pointer
from v always points to the ith vertex in layer 1; note
that such instances are effectively instances of MPJ;_1.
We thus have a k-player protocol for MPJ;_1, with the
inputs written on the foreheads of Players 2 through
k. In and of itself, such a protocol is silly: the first
player can simply compute the final answer and reveal
it. However, our protocol has the additional property
that Player 1 reveals only a < 1 bits about the input
on Player 2’s forehead. Using an appropriate tool from
information theory, we can argue that it does not make
much difference if we alter Player 1’s behaviour so she
sends zero information about that input. More precisely,
the protocol’s error probability increases by O (y/a). At
this point, Player 2 can emulate Player 1, so we may
eliminate Player 1 from the game altogether. We now
have a (k — 1)-player protocol Q for MPJ;_| with error
probability slightly larger than that of P.

Iterating this construction k — 2 times, we eventu-
ally arrive at a 2-player protocol for MPJ;, which is sim-
ply a restatement of the INDEX problem. At this point,
we can apply standard two-party one-way communica-
tion lower bounds for INDEX. Note that in order for
the error to have only increased by a constant, we need
a = O(1/k?), limiting us to an Q(n/k?) lower bound.
A more careful analysis gives a higher Q(n/k) bound
for myopic protocols.

When seeking a super-linear lower bound for MPJy,
the above outline runs into trouble because o > 1, which
means that O (4/&) additional error is intolerable. There-
fore, we need a different information theoretic tool. The
details appear below, but for readers familiar with the
work of Chakrabarti and Regev [5], we mention that the
tool we need has the flavour of combining a “message
compression lemma” and a “message switching lemma”
from that work. The compression lemma is in turn in-
spired by the work of Jain, Radhakrishnan and Sen [13].

Some earlier lower bounds on pointer jumping in
traditional two-player settings (i.e., for BPJ;, BPJ; and
TPJ;) were proven using similar information theoretic
ideas [15, 12] in a quantum communication setting.
However, extra complications are introduced when deal-
ing with MPJ; and the NOF model, which makes new
technical ideas necessary in our work.

2.2. Terminology and Notation

For the rest of the paper, “protocols” shall be assumed
to be public coin randomised protocols in the one-way
NOF model, unless explicitly qualified otherwise. The
more common Alice-and-Bob protocols with messages
exchanged between two players shall be called “tradi-
tional protocols.”

We shall assume that each message in a protocol
has a predetermined length independent of the actual
input; this makes no asymptotic difference in commu-
nication cost. Let P be a k-player protocol in which
Player i’s message has length ;. We say that the sig-
nature of P is (£1,{2,...,{x) or, equivalently, that P
isan (€1, ..., {x)-protocol. We define cost(P) := €| +
--- + . We denote the error probability of P (over its
internal coin tosses) on its worst case input by err(P).
For deterministic as well as randomised protocols, we
define the distributional error of P with respect to input
distribution D by err(P, D).

For random variables X, Y and Z, we use H(X) to
denote the entropy of X (in bits), I(X : Y) to denote the
mutual information between X and Y, and H(X | Z)
and I(X : Y | Z) to denote conditional entropy and
conditional mutual information, respectively. We use a
number of basic results from information theory. For
more on the subject we refer the reader to the textbook
by Cover and Thomas [8].

In addition to the restrictions of myopia and conser-
vativeness, defined above, we will need to consider the
following unusual restriction.

Definition 1 (Quasi-private coin protocols). A protocol
involving k > 2 players is said to be quasi-private coin if
the random coin of Player 1 is private. Players 2 through
k may continue to share a public coin.

Definition 2 (Information cost). Let P be a protocol for
aproblem ¢ : 7| X --- X @, — 9B and D a distribution
on @ X - - - X @. The information cost of P with respect
to D, denoted icost(P, D) is defined to be the following
conditional mutual information:

icost(P,D) = I(X2: M| X3,...,Xp)

where (X1, ..
produced by Player 1 when she sees (X3, ..

., Xx) ~ D and M is the random message
., Xk).

Notice that the information cost deals only with the
first message of the protocol and only captures the infor-
mation revealed by this message about the input unavail-
able to Player 2. We have the following simple lemma
relating the information cost of a protocol to a part of its
actual communication cost.



Lemma 5. Let P be an ({1, (2, ..., {)-protocol and
D be any distribution on the input to P. Then
icost(P, D) < {;.

Proof. Using the notation in Definition 2 we have

icost(P,D) = IM:X;|X3,...,Xr)
< HWM|X3,...,Xk)
< HM) < M| = ¢,. O

Definition 3 (Pointer jumping). For a positive inte-
ger n, let [n] = {1,2,...,n}. For k > 2, we
define MPJ; : [n] x ([n]["])k_1 — [n] recursively,
as follows. MPI,(i, f) := f(i) and, for k > 2,
MPIk(is f2, f35 -5 i) = MPY—1(f2(0), f3, .-, o)
Here, i € [n]and f, f>, ..., fx € [n]").

We define MPJy : [n] x ([n]™) % x {0, 1} — {0, 1}
similarly, except that we start with MPJ, (i, x) = x; for
i € [n]and x € {0, 1}".

The crucial fact about pointer jumping that we exploit
is that an instance of MPJ;_; can be “embedded” in an
instance of MPJ;. This is made precise in the following
lemma, whose trivial proof we omit.

Lemma 6._ For f € (n1™ and i,a € [n], define the
function f¢ e [n]™ as follows:

iag:y _ a, lf‘]:l,
70 = [f(j), otherwise.

Then, for any k > 3,i € [n] and g € [n]™ we have

MPlx—1(a, f3,..., fx) = MPIk(i, g%, f3,..., fx)- A
similar statement holds for MPJ;_1 and MPJj. O

3. Information Theoretic Tools

We now present two key information theoretic tools
that we shall use in our proofs. It may be helpful to keep
in mind the following context while reading this section.
We have two random variables — to be thought of as
“input” and “response” — and a function that assigns a
real-valued score to each input-response pair. We would
like to alter the response in some way so as to simplify it
without changing the expected score much. In Lemma 8
below, the input splits into two independent portions (A
and B) and the response (C) carries a negligible amount
of information about one of the portions (A); we show
that the response can be made functionally independent
of that portion. In Lemma 9 below, the response (B)
carries a small amount of information about the input
(A); we show that the response can be restricted to lie in
a correspondingly small set.

The latter lemma is similar to (and stronger than) a
lemma of Chakrabarti and Regev [5] that was used to
compress the first message of a traditional protocol. We
use it here for a very similar purpose. Lemma 8 is in the
spirit of the Average Encoding Theorem of Klauck et
al. [15] and we use it here to eliminate “uninformative”
messages. It explicates and generalises similar ideas in
Sen [20] and Chakrabarti and Regev [5].

We recall the following well known theorem from in-
formation theory (see, e.g, Lemma 12.6.1 of Cover and
Thomas [8]).

Fact 7 (Pinsker’s inequality). Let P and Q be two prob-
ability distributions on the same domain. Then the
Kullback-Leibler divergence Dy (P|| Q) and the L dis-
tance |P — Q|| are related by

! 2
DkL(PIIQ) = S1allP — Qlly-

Lemma 8. Let A, B and C be random variables with
ranges of , BB and € respectively. Suppose A and B are
independent. Then, for every function f : o x BXE —
[0, 11, there exists a function g : 58 — € such that

E4 Blf(A, B,g(B))] < Ea,.clf(A, B, C)l+

In2

Proof. Let I1 be the joint distribution of (A, B, C)
and let IT,/, I1z¢, etc. be its marginals. Define the
distribution IT" on &« x % x € by Il'(a,b,c) =
g (a) 1% (b, c). By independence of A and B, we
have

Dk (T||IT) = I(A:BC) = I(A:C|B). (1)
Observe that

Z Z Hope (b, c) Z . (a)f(a,b,c) )

bePB ceC aedf
= > > > W.b,c)f(ab,c)
acd bePB ceC
1
< EA,B,C[f(AaBaC)]+§||H_H/||l (3)

IA

In2
Ennclf(A. 801+ - D () )

In2
= Easclf(A.B.O]+ \/“7 1(A:C|B)S)

where (3) holds because f takes values in [0, 1], (4) fol-
lows from Pinsker’s inequality and (5) follows from (1).
Now, define g : B — € by

g(b) := argmin Z I (a)f(a,b,c).
c€C e



Then, the sum (2) is at least

> D My@)fla,b,g®) D Mgy (b, o)

beBacsd ce?
= > > My@Tgkb)f(a,b, gb)
aee be B

= Easlf(A, B,g(B))]
which completes the proof. O

Lemma 9. Let A and B be random variables with
ranges </ and 9B respectively. Then, for every function
f o x B — [0,1] and every A > 41(A : B), there
exists By C B and a function g : o — By such that
|%o| < 2* and Ealf(A, g(A))] < Ea[f(A, B)] +
SVIMATB)/Z + (1 +loge)/A

Proof. This lemma is an analogue of Lemma 3.5 of
Chakrabarti and Regev [5], but with tighter parameters.
The proof is fairly technical. We give a complete self-
contained proof in Section 6. [

4. Protocol Manipulations
4.1. Removing Player 1’s Message

We now prove a result (Lemma 11) that lets us re-
move Player 1’s message in a protocol with a “slight”
additive increase in error probability. The increase is in
fact slight only when the information cost is low, to be-
gin with. We use the result in our round elimination lem-
mas, below. The result requires the protocol to be quasi-
private coin, so we begin with a preliminary lemma that
addresses this requirement.

Lemma 10 (Quasi-privatisation lemma). Let P be a my-
opic NOF protocol in which Player 2 is deterministic.
Then there exists a quasi-private coin myopic protocol
Q, with the same signature and information cost as P,
that behaves identically to P on all inputs.

Proof. If P involves just two players, there is nothing
to prove. If it involves k > 3 players, we construct Q
as follows. Let x; be the input on Player 2’s forehead,
R be the public random string used by all players in P
to construct their messages, and u ' (x2, R) be the func-
tion computed by Player 1 to generate her first message
in P. In Q, Player 1 still sends x” (x2, R) but generates
the random value R privately. Player 2 behaves the same
as in P. Let D[x, m] denote the conditional distribution
of (R | u¥(x, R) = m). Players 3 through k, upon see-
ing the Player 1’s message m 1, use a new public coin to

generate a value R’ distributed according to D[x;, m]
and then behave just as in P, using R’ to provide the
randomness in their messages. It is easy to see that Q
has all the desired properties. O

Lemma 11. Suppose k > 3. Let P be a quasi-private
coin ({1, ..., Lr)-protocol for a function ¢ : <) X - -+ x
oy — B, and let D be a distribution on &) X - - - X 9.

(1) If D is a product distribution, there exists a deter-
ministic (0,€1 + €2, {3, ..., {)-protocol Q for ¢
such that err(Q, D) < err(P, D) + /icost(P, D).

(2) If P is myopic, there exists a deterministic my-
opic (0, €2, L3, ..., Lr)-protocol Q for ¢ such that
err(Q, D) < err(P, D) + /icost(P, D).

(3) If P is myopic, then for every . > 4 - icost(P, D)
there exists a deterministic myopic protocol Q for
¢ with signature (0,25, €3, ...,Ly) such that

err(Q, D) < err(P, D) + 3/icost(P, D)/A + 3/A.

Proof. We give the full details of the argument for Part
(1). The other two parts use much the same argument,
so we merely point out the key differences.

Part (1). Let Ry denote the random string used by
Player 1 to generate her first message and let R, denote
the random string shared by Players 2 through k. Let &”
be the error indicator function for P, defined as follows:
eP(x1, ..., xx,m, r2) = 0 or 1 according as P produces
a correct or an incorrect answer on input (xg, ..., Xg),
when R, = r, and Player 1 sends the message m. Let

uP (x2, ..., xx,r1) be the function that Player 1 com-
putes to produce her message. Then err(P, D) equals
E[€P(X1,~~.,Xk,uP(X2,-~~,Xk,Rl),Rz)], (6)
where (Xi{,...,Xx) ~ D and (Ry, Rp) is dis-
tributed uniformly. Let .# be the domain of
Player 1’s message. Define f ah X - X
S x M — [0,1]1 by f(x2,...,x,m) =

Ex, g,[e¥ (X1, x2, ..., xk,m, R2)]. Set A := X5, B :=
(X3,...,Xp), and C := uf(Xa,..., Xi, R1). Note
that A and B are independent because D is a product
distribution. Now, invoking Lemma 8 (and discarding
the constant (In 2)/2 for simplicity) shows that there ex-
ists a function g : @3 X - -+ X @, — ./ such that

EA,B[f(As Ba g(B))]

< Elf(X2,..., X, O1+VI(X2: C | X3, ..., Xk)

= err(P, D) + icost(P, D),

where the final equality follows from (6), the definition
of f and the definition of icost.



Consider a protocol P’ that is identical to P except
that Player 1 sends the message g(x3, ..., xg). Since the
function ¥ has been parametrized by Player 1’s mes-
sage, we can use it to express the error probability of P’
as well:

ere(P,D) = E[e" (X1, Xeog(Xa, .o X0, Ro) |

= EA,B[f(AsBa g(B))]

But note that Player 1’s message in P’ is a (determinis-
tic) function of the inputs on the foreheads of Players 3
through k alone. Therefore, Player 2 has all the infor-
mation necessary to generate this message. Therefore,
there is a protocol P” that behaves the same as P’ on
all inputs, but where Player 1 sends O bits and Player 2
sends {1 + {2 bits: the concatenation of Player 1’s and
Player 2’s messages in P’. Finally, since we only care
about distributional error under D, we can fix the ran-
dom coins of P” to get a deterministic protocol Q that
has the desired properties.

Part (2). We proceed almost exactly as in Part (1). The
key difference is that Player 1 produces her message by
computing a function u P (x, r1), SO when we construct
P’ as above, we end up with Player 1’s message in P’
being a constant. Therefore, there is no need for this
message in P’ at all and we can get the desired protocol
Q by simply eliminating it and then fixing the resulting
protocol’s random coins.

Note that we did not require D to be a product distri-
bution. This is because the condition that A and B are
independent was satisfied vacuously.

Part (3). We proceed as in Part (2). Since P is myopic,
Player 1’s message is given by a function x* (x, 1) and
we have

ere(P,D) = E[e" (X1, X " (X, R, Ro) |

= Exor [f(Xou" (X2, RD)] |

where f(x,m) := E[e” (X1, x2, X3, ..., Xx, m, Ry)],
with the expectation taken over (X1, X3, ..., Xk, R2).
Let .# be the domain of Player 1’s message. Setting
A =X, and B := ,uP(Xz, R1) and invoking Lemma 9
(and weakening the constants slightly), we see that there
exists .#y C ./ and a function g : o5 — .4 such that
|.#| < 2* and

Ealf(A,g(A)] < er(P, D) +31/i"°“<+9) N %

Consider a protocol P’ that is identical to P except
that Player 1 sends the message g(x2). As in Part (1),

we have err(P’, D) = E4[f(A, g(A))]. Also, P’ is
myopic. In particular, every player except Player 2 can
compute Player 1’s message in P’. Therefore, P’ be-
haves identically to a protocol P” constructed as fol-
lows. In P”, Player 1 sends 0 bits. Player 2 sends her re-
sponse to each of the |.#| messages that Player 1 could
have sent in P’. Note that this requires |.#p| - €2 < 2*¢>
bits. Players 3 through k determine Player 1’s would-be
message in P’ and pick out the appropriate response to
it from Player 2’s long message and continue the rest of
the protocol exactly as in P’.

Clearly, the signature of P” is (0,24, (3, ..., (k).
Fixing the random coins of P” gives us a deterministic
protocol Q with all the desired properties. [

4.2. Round Elimination for Pointer Jumping

Here we prove our two central lemmas, showing
how to eliminate the first message — and hence the
first player — of certain NOF protocols for MPJ; and
MPJ, and thereby obtain NOF protocols for MPJ;_ and
MPJ,_1, respectively.

Definition 4. We use U/* to denote the uniform distribu-
tion on inputs to MPJ.

Lemma 12 (Round elimination, Boolean case). Sup-
pose MPJy has a deterministic (€1, {2, ..., {x)-protocol
P with err(P,Uk) < ¢, for some k > 3.

(1) If P is conservative, then MPJx_1 has a determin-
istic conservative ({1 + €2, €3, ..., {k)-protocol Q

with err(Q, U1 < & + /T /n.

(2) If P is myopic, then MPJy_1 has a deter-
ministic myopic (€2,4€3, ..., {x)-protocol Q with

err(Q, U < e 4+ VT /n.

Proof. For each j € [n], we construct a randomised
protocol Pj for MPI;_1, using k players: the input
(a, f3,..., fxr) to MPJg_; is written on the foreheads
of Players 2 through k and Player 1’s forehead is left
blank. The players use a public coin to generate a
uniform random layer of pointers G € [n]"!. They
then behave as they would have in protocol P on in-
put (j, G/, f3,..., fr). In other words, if Player 1
would have sent the message 1 ” (f>, ..., fy) in P, then
she sends u*(G7, f3,..., fi) in P;. From Lemma 6,
it follows that that P; is correct whenever P is, on the
constructed input (j, G/, f3, ..., f). Thus,

1 n
— E err(Pj,Z/{k_]) = err(P,L{k) <e. (D
n

j=1



The information cost of P can be decomposed into the
sum of the information costs of the P;s as follows.

icost(P, Z/{k)
= I(F:ul (P, ..

n

> D UFRG): 4" (Fa.. s Fi) | Fay., Fr) (8)
j=1

HF) | Fa, ..., Fr)

n

= DA u"(GI F5, ... F) | F5....F)
j=1
n

= Zicost(Pj,Z/lk_l), 9)

j=1

where (8) holds because the n random variables
F>(1),..., Fo(n) are independent given F3,..., Fg.
Combining (7) and (9), and using the concavity of the
square root function, we get

% > (err(Pj, Uty + Jicost(P;, uk—l))

j=1
icost(P, UK) £
ety |2 < et -,
n n

where the final inequality follows from Lemma 5.
Therefore, there exists a j such that err(P;, U*~1) +

Jicost(Pj, U1y < & + /C1/n. We now prove the

two parts of the lemma separately.

Part (1).  Consider the protocol P;. If P is conser-
vative, then for any i > 3, the message of Player i in
P; can only depend on fi11,..., fy and on the value
fi_io---0 f3 0 F(j) where F, = G/, Although
F> is randomly chosen, F>(j) = G/*(j) = a, which
means that Player i is in fact deterministic. Player 2 is
trivially deterministic, irrespective of whether or not P
is conservative. Thus, Player 1 is the only player to use
randomness in P;. In particular, P; is a quasi-private
coin protocol. By Part (1) of Lemma 11, there exists
a deterministic (0, €1 + €2, €3, ..., {x)-protocol P’ for
MPIJ;_1 such that err(P/, U*~") < & + /1 /n. In this
protocol, Player 1 neither has an input on her forehead
nor does she communicate any bits, so we effectively
have a (k — 1)-player (€| + {2, (3, ..., {x)-protocol O
with the desired properties.

Part (2). If P is myopic, then so is P;. More-
over, Player 2 is deterministic in P;. Invoking the
quasi-privatisation lemma (Lemma 10), we can replace
P; with an equivalent quasi-private coin protocol PJf.

Applying Part (2) of Lemma 11 to PJ’. and removing
Player 1 as before gives us the desired deterministic
(€2, ..., Lx)-protocol Q. ]

Notice that the above lemma does not provide an in-
teresting result when €1 > n. But we must deal with
€1 > n we are working with the non-Boolean problem,
MPJg, and wish to prove a communication lower bound
higher than n. To this end, we introduce another round
elimination lemma, below. The fact that MPJj is a non-
Boolean problem does not play a significant role in its
proof. However, for our application later, we need to
work with randomised protocols in this lemma, rather
than with deterministic protocols and distributional er-
ror.

Lemma 13 (Round elimination, non-Boolean case).
Suppose MPJ; has a myopic (L1, €2, . .., Lx)-protocol P,
for some k > 3. Then, for 1 > 4€1/n, MPIx_1 has a my-
opic protocol Q with signature (2’152, 3, ..., C) and

with err(Q) < err(P) 4+ 3/¢1/(nd) + 3/4.

Proof. We use much the same argument as in Part (2)
of Lemma 12 but without fixing a specific input distri-
bution like 2/*. Let D*~! be an arbitrary input distri-
bution for MPJg_. By Yao’s minimax principle [21], it
suffices to demonstrate a deterministic protocol Q' with
signature (2405, €3, ..., €) and with err(Q’, DF=1) <
err(P) 4+ 3/C1/(nZ) + 3/ 4. Let D* denote the distribu-
tion of the random input (J, G’*4, F3, ..., F}), where
J is drawn uniformly from [n], each of G(1), ..., G(n)
is drawn independently from the first marginal of D!
and (A, F3, ..., Fy) ~ D*~!. By Yao’s minimax prin-
ciple again (the easy half, this time) there is a determin-
istic protocol P’ for MPJ; with the same signature as P
and with err(P’, D¥) < err(P).

For each j € [n], we now design a protocol P; for
MPJx_; just as before, the only difference being that
the random layer of pointers G is drawn from the first
marginal of D¥~!. Arguing as in the derivation of (7)
and (9), we now have

Ly jer(P;, D) < em(P),  and
Z;f:licost(Pj,Dk_l) < icost(P, DF).

We now combine these two inequalities appropriately to
conclude that there exists a j such that

Jicost(Pj, Dk=1) 3
err(Pj,Dk_l)-I-?) ]COS(%‘FZ
1 3

< P 3,/ — +—=.

< err(P) + ‘/n/1+,1



Applying the quasi-privatisation lemma (Lemma 10)
followed by Part (3) of Lemma 11 to P;, and remov-
ing Player 1 as before, we obtain the desired protocol

0. O
5. The Lower Bounds

Let X be a finite alphabet. We shall let £-INDEX
denote the following traditional (i.e., not NOF) commu-
nication problem. There are two players: Alice, who
holds a string x = x{x3...x, € X" and Bob, who
holds an index i € [n]. Alice must send Bob a (pos-
sibly randomised) message, after which Bob must de-
termine x;. More precisely, the error of the protocol
is defined to be the probability that Bob’s output dif-
fers from x;. The following lower bound is an easily
proven generalisation of the well known lower bound for
{0, 1}-INDEX [1]. The function H is the binary entropy
function: H(a) = —aloga — (1 — ) log(l — a).

Fact 14. Let U denote the uniform distribution on inputs
to L-INDEX. Any traditional protocol for £ -INDEX with
error at most € on U must communicate at least (1 —

H(e))nlog|X| bits.

Theorem 15 (Precise restatement of Theorem 2). Let P

be a conservative protocol for MPJy, such that err(P) <
%. Then cost(P) = Q(n/k?).

Proof. We first note that a 2-player NOF protocol for
MPJ, is simply a traditional protocol for {0, 1}-INDEX.
Now, suppose MPJ; has an %-error randomised conser-
vative ({1, ..., {x)-protocol P for some k > 3. By the
easy half of Yao’s minimax principle, MPJ; has a de-
terministic conservative (£1, ..., {x)-protocol P’ with
err(P', U*) < %. Applying Part (1) of Lemma 12 to
P’ repeatedly (i.e., k — 2 times), we see that MPJ; has a
deterministic protocol Q with cost(Q) < €1+ --- + €k
and

err(Q, U%)
1 [ [+ ¢ b1+l
< -+ _l+ 1 2+..._|_ T k2
6 n n n
1 [+ ... ¢
< Lgp /Ut the
6 n

Suppose cost(P) < n/(36k?). Then {1 + --- + £ <
n/(36k?), so err(Q, U?) < é % = % By Fact 14, we

<z+
have cost(Q) > (1 —H (%)) n > n/13, a contradic-
tion. O

Theorem 16 (Precise restatement of Theorem 1). Let P
be a myopic protocol for MPJy with err(P) < % Then
cost(P) = Q(n/k).

Proof. Proceeding as above, suppose MPJ; has an é—
error randomised myopic ({1, ..., {x)-protocol P for
some k > 3. Applying Yao’s minimax principle, fol-
lowed by k — 2 applications of Part (2) of Lemma 12, we
get a deterministic protocol Q for MPJ; with cost(Q) <

€k—1 + € and
1 4 Cr—
4y k2
n n
+ /k(€1+"1"+5k)’

where the final inequality is obtained by applying
Cauchy-Schwarz. As before, we can obtain a contra-
diction if we assume that cost(P) < n/(36k). O

err(Q, Uz)

IA

ANl — I

Theorem 17 (Precise restatement of Theorem 3). Every
%-error myopic protocol for MPI; with k < log* n must
communicate Q(n log(k_l) n) bits.

Proof. Let Ay denote the statement “MPJ; has a myopic
protocol with error at most é in which each player com-
municates at most (1 log* =" 1) /400 bits”. Fact 14, ap-
plied to [n]-INDEX, implies that Aj is false. To complete
the proof, we show that Ay = Ay_ for each k > 3.
Assume Ay, for some k > 3, and let P be the proto-
col whose existence is guaranteed by A;. By padding
the messages of the players if necessary, we can as-

sume that the signature of P is (£,¢,...,{) with £ =
(n1og*=D 1)/400. Set 2 = 399¢/n. By Lemma 13,
there exists a <2i€,€,...,€)—protocol QO for MPIx_
with

1
< —.
-3

err(Q) < 1+3» d + 3
6 \ n(399¢/n) = 399¢/n

Consider a random variable X,, ~ B(m, %), where
B(m, p) denotes the binomial distribution with param-
eters m and p. Let ¢ be the smallest integer satisfying
Pr[X. > ¢/2] < %. Then, if we repeat a %-error protocol
for some communication problem c times in parallel and
report the majority output, we obtain a %—error protocol
for the same problem. This continues to be true even if
the problem is non-Boolean: there may not exist a ma-
jority output, but we can simply output something arbi-

trary in such cases. The upshot is that Q can be repeated



¢ times in parallel to obtain a %-error (2%5 ,cl,...,cl)-
protocol Q’. Now,

2(39910g(k_1) n)/400 | .,y log(k—l) n

et =
400
cn (log(k_z) n)399/400 log(k_l) n
- 400
n log(k_z) n
- 400 ’

for sufficiently large n. Therefore, the existence of Q’
implies Ax_1. O

6. Proof of Lemma 9

Theorem 18 (Restatement of Lemma 9). Ler A and B
be random variables with ranges </ and 9B respectively.
Then, for every function f : o/ x B — [0, 1] and every
A > 41(A : B), there exists By C P and a function g :
o — By such that | Bo| < 2* and B4l f (A, g(A))] <
Eas[f(A, B)]+ 3VI(A: B)/Z + (1 +loge) /.

Proof. Let 1 denote the (marginal) distribution of B
and II, the distribution of B conditioned on A = a.
For each a € o7, we introduce a fraction p, € (0, 1),
whose precise value we set later. Define the sets S, and
T, as follows:

Sa
T,

{beP: pJly(b) < I1(b)}
(beB: plu(b) > TI(b)}.

Define 9, := I1,(T,). It will help to think of J, as being
very small. Consider the function 4 : [0, 1] x &/ — A
defined by the algorithm in Figure 1.

Let IT/, denote the distribution of A (R, a), where R
denotes a uniform random real in [0, 1] independent of
A and B. Define o, to be the probability that the al-
gorithm stops (i.e., returns some value) in a particular
iteration. Then

oa = D T(b) min{paIla(b)/TI(B), 1}
beAB
= pala(Sa) + II(Ty,)
pa(l —dq) + II(T,) ; (10)
- .| pally(b)
e = >d —aa)kl'[(b)mmip—, 1]
; TI(b)

min{pa I, (b), TI(5))

Oa

10

Therefore,
T, — T, [l
alla (b I
> p—()—Ha(b)’+Z ()—Ha(b)’
beS, a ber, ' "¢
TI(T,
< (p—“—1)+( (“)+Ha(Ta))
Oq Oq
a — Ca H Ta
_ Pa=oO + II( )+5a
Oa
Paba
= + 4, 11
pa(l =00 + TI(1) * (b
a
< Oa , 12
S (12)

where (11) follows from (10).

Let n(r, a) denote the number of iterations of the in-
finite loop performed by the above algorithm before it
returns a value. Notice that n(R, @) is a geometric ran-
dom variable with expectation 1/0,. Let h'(r, a) be a
function that uses a slightly modified version of the al-
gorithm, where the infinite loop is replaced by a loop
that makes at most 2* iterations. If no value is returned
within those many iterations, the modified algorithm re-
turns some arbitrary fixed element of Z. Let I1// denote
the distribution of 4’ (R, a). Then we have

IA

%IIH;’ — Ml Pr[h'(R, a) # h(R, a)]
Pr(n(R, a) > 2]
Eg[logn(R, a)l/A

log Eg[n(R, a)l/A
(=logag)/2

—log pa — log(1 — d,)
= p)

13)

IN A IA

.(14)

where (13) follows from Markov’s inequality and (14)
follows from (10). Combining (12) and (14) using the
triangle inequality, we get

2(—log pg —log(1 — d,))

1T — Mgl < 7
5 (15)
2
-i-1 —5, + 0q
Consider the two-point distributions P =
(T4 (Sa), Na(Ty)) and Q = (I1(Sa), [1(74)). By

monotonicity of the Kullback-Leibler divergence, we



Algorithm A(r, a):
Inputs: r € [0, 1],a € <.

Repeat forever:

Note: Designed to be invoked with an r chosen at random, uniformly.

Using r as a source of random bits, generate b € % according to II.
Using r again, return b with probability min{p,I1,(b)/I1(b), 1}.

Figure 1. Algorithm used in the proof of Theorem 18

have
Dk (I, [ IT)
> DxL(PlQ)
= T14(S,)log lf]“((;“)) + 14 (7,) log ?[“(%)
> (1 =06,)log(l —6,) + d, log L

a

> —dyloge —d,logp,,

where the penultimate inequality follows from the defi-
nitions of S,, T,, and J,,. For p, < 1/e this implies

5 < Dl

< — . (16)
—log p, —loge

We would like to have IT/ close to II. Considering
inequality (15), we notice that the first term on the right
hand side is a decreasing function of p,, whereas the
second and third terms are increasing functions of J,,
which is in turn upper bounded by an increasing function
of pg, according to (16). Therefore, to minimise ||I1, —
IT/|l1, we should choose p, neither too large nor too
small. The asymptotically optimal choice turns out to
be given by

| A

Plugging this into (16), we get &, < +/I(A : B)/. The
condition on A implies J, < 1/2, which in turn gives
0a/(1 = 6,) + 4 <35, <3/I(A: B)/A. We also have
—log(1l —d,) < —log(l — %) = 1. Using these bounds
in (15), we get

2D (T ]IIT) ~ 2(1 4 loge)
I, — 1’ < +
IMa =l < === P
I(A: B)
3 .
+ y)

Let us define p, := Pr[A = a]. Then we have

11

> weer PaDxL(II,||IT) = I(A : B). Therefore

I(A: B 2(1 + loge
> palllla =iy < 5/~ By 2AE0ED,

aed
)
Recalling that 2’ (R, a) ~ II//, we have
ER[EA[f(Aa h/(Ra A))]]
= EA [ER [f(Aa h/(Ra A))]]
= D paErlf(a, 1/ (R, a))]
aedd
= > pap b f(a,b)
=4 beRB
< 2B -+ Y pe Y ) f(a,b)
aed aedl beRB

1+ 1loge

5 (A B)
S EA,B[f(A9 B)]+§ /1 + l ’

where the penultimate inequality holds because f
takes values in [0, 1] and the final inequality follows
from (17). Therefore, there exists some fixed rg € [0, 1]
such that

EA[f(A, h/(rO’ A))] < EA,B[f(Aa B)]

5 /[I(A:B) 1+loge
+§ 7 + 1 .

Let g : &/ — 9B be defined by g(a) = ' (rg, a) for
a € of, and let 8y C 2 be the range of g. Since the
algorithm for 4’ stops within 2% iterations by design, we
have |%y| < 2%, Thus, the function g has all the desired
properties. O

7. Concluding Remarks and an Extension

We have obtained improved lower bounds on the
one-way NOF communication complexity of pointer
jumping in certain previously studied restricted mod-
els. Our approach is based on the information com-
plexity paradigm and leads to proofs that have the nice



feature of being formalisations of intuitive arguments.
We believe that these results show the promise of this
paradigm in attacking questions about NOF communi-
cation complexity.

At the same time, our proofs help bring out the limi-
tations of the present way of applying information com-
plexity. A key step in the paradigm is to solve a “simple”
problem (in this case, MPJ;_1) by simulating the actions
of a protocol for a “compound” or “direct sum” problem
(in this case, MPJg). In a NOF model, in order to create
suitably distributed inputs for this larger problem, the
players require public coins. This presents a challenge
because round elimination seems to require the message
under consideration to be generated using private coins.
A meaningful measure of information complexity in a
public coin setting requires conditioning on the public
random string (for more on this, see Appendix B of
Bar-Yossef et al. [3]) and this seems to stymie our ar-
gument. Here, we are able to work around this issue
when handling either myopic or conservative protocols.
There might, however, be a more sophisticated way of
applying information complexity that can deal with less
restricted models.

We can, in fact, relax our restrictions somewhat and
consider split protocols, as in Theorem 4. Here is a brief
sketch of its proof; the details are straightforward. In
a split protocol, if Player 1 is conservative, so is ev-
ery other player. Therefore, we may apply Theorem 2.
If Player 1 is myopic, our round elimination argument
still goes through, after a suitable modification to the
quasi-privatisation lemma. The modified lemma works
with protocols in which those players that do not see
Player 2’s input are all deterministic. Now, carrying out
calculations very similar to those in the proofs of Theo-
rems 1 and 2 completes the proof.

The most obvious open problem is to remove the
restrictions from our lower bounds, thereby proving
MPJ; ¢ ACC. Less ambitious goals include improv-
ing the known Q (/) lower bound for MPJ3 and prov-
ing nontrivial lower bounds for MPJ4, both in the unre-
stricted one-way NOF model. It is tempting to conjec-
ture an Q (n) lower bound for MPJ3, but the protocol of
Pudlak et al. [19] sounds a note of caution.

References

[1] F. Ablayev. Lower bounds for one-way probabilis-
tic communication complexity and their application
to space complexity. Theoretical Computer Science,
175(2):139-159, 1996.

12

(2]

(3]

(4]
(5]

(6]

(7]

(8]
(9]

[10]

(11]

[12]

[13]

[14]

[15]

L. Babai, T. P. Hayes, and P. G. Kimmel. The cost of
the missing bit: Communication complexity with help.
Combinatorica, 21(4):455-488, 2001.

Z. Bar-Yossef, T. S. Jayram, R. Kumar, and D. Sivaku-
mar. An information statistics approach to data stream
and communication complexity. In Proc. 43rd Annual
IEEE Symposium on Foundations of Computer Science,

pages 209-218, 2002.
R. Beigel and J. Tarui. On ACC. Comput. Complexity,

4:350-366, 1994.

A. Chakrabarti and O. Regev. An optimal randomised
cell probe lower bound for approximate nearest neigh-
bour searching. In Proc. 45th Annual IEEE Symposium
on Foundations of Computer Science, pages 473-482,
2004.

A. Chakrabarti, Y. Shi, A. Wirth, and A. C. Yao. In-
formational complexity and the direct sum problem for
simultaneous message complexity. In Proc. 42nd Annual
IEEE Symposium on Foundations of Computer Science,
pages 270-278, 2001.

A. K. Chandra, M. L. Furst, and R. J. Lipton. Multi-
party protocols. In Proc. 15th Annual ACM Symposium

on the Theory of Computing, pages 94-99, 1983.
T. M. Cover and J. A. Thomas. Elements of Information

Theory. Wiley-Interscience, New York, NY, 1991.

C. Damm, S. Jukna, and J. Sgall. Some bounds on mul-
tiparty communication complexity of pointer jumping.
Comput. Complexity, 7(2):109-127, 1998. Preliminary
version in Proc. 13th International Symposium on The-
oretical Aspects of Computer Science, pages 643—-654,
1996.

A. Gronemeier. NOF-multiparty information complex-
ity bounds for pointer jumping. In Proc. 31st Inter-
national Symposium on Mathematical Foundations of

Computer Science, 2006.

J. Hastad and M. Goldmann. On the power of small-
depth threshold circuits. Comput. Complexity, 1:113—
129, 1991.

R. Jain, J. Radhakrishnan, and P. Sen. Privacy and in-
teraction in quantum communication complexity and a
theorem about the relative entropy of quantum states. In
Proc. 43rd Annual IEEE Symposium on Foundations of
Computer Science, pages 429—-438, 2002.

R. Jain, J. Radhakrishnan, and P. Sen. A direct sum the-
orem in communication complexity via message com-
pression. In Proc. 30th International Colloquium on Au-
tomata, Languages and Programming, pages 300-315,
2003.

M. Karchmer and A. Wigderson. Monotone circuits for
connectivity require super-logarithmic depth. SIAM J.
Disc. Math., 3(2):255-265, 1990. Preliminary version
in Proc. 20th Annu. ACM Symp. Theory Comput., pages

539-550, 1988.
H. Klauck, A. Nayak, A. Ta-Shma, and D. Zuckerman.

Interaction in quantum communication and the complex-
ity of set disjointness. In Proc. 33rd Annual ACM Sym-
posium on the Theory of Computing, pages 124-133,
2001.



(16]

(17]

(18]

(19]

(20]

(21]

(22]

N. Nisan and A. Wigderson. Rounds in communication
complexity revisited. SICOMP, 22(1):211-219, 1993.
Preliminary version in Proc. 23rd Annu. ACM Symp.
Theory Comput., pages 419-429, 1991.

C. Papadimitriou and M. Sipser. Communication com-
plexity. J. Comput. Syst. Sci., 28(2):260-269, 1984. Pre-
liminary version in Proc. 14th Annual ACM Symposium
on the Theory of Computing, pages 196-200, 1982.

S. Ponzio, J. Radhakrishnan, and S. Venkatesh. The
communication complexity of pointer chasing. J. Com-
put. Syst. Sci., 62(2):323-355,2001. Preliminary version
in Proc. 31st Annual ACM Symposium on the Theory of
Computing, pages 602611, 1999.

P. Pudlak, V. R&dl, and J. Sgall. Boolean circuits, tensor
ranks and communication complexity. SIAM J. Comput.,
26(3):605-633, 1997.

P. Sen. Lower bounds for predecessor searching in the
cell probe model. In Proc. 18th Annual IEEE Conference
on Computational Complexity, pages 73-83, 2003.

A. C. Yao. Probabilistic computations: Towards a uni-
fied measure of complexity. In Proc. 18th Annual IEEE
Symposium on Foundations of Computer Science, pages
222-227, 19717.

A. C. Yao. On ACC and threshold circuits. In Proc. 31st
Annual IEEE Symposium on Foundations of Computer
Science, pages 619—627, 1990.

13



