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Abstract

In this dissertation, we study lower bounds in the streaming and distributed computing
models for graph problems. Both models arise naturally in the design of algorithms for the
massive graphs that are ubiquitous in practice today.

In the streaming model, the edges of the graph arrive in an arbitrary order and must
be processed without storing the entire graph. Of particular interest is the semi-streaming
setting, in which the algorithm is allowed space that is near-linear in the number of vertices.
The stream may be scanned multiple times, and the goal is to minimize the number of passes
needed to solve the problem.

In distributed computing, each vertex acts as a computational agent and initially knows
only its immediate neighborhood. Vertices communicate by sending messages along the
edges of the graph. Communication proceeds in synchronous rounds: in each round, every
vertex can send a (possibly different) message to each of its neighbors, receive all incoming
messages, and then perform local computation. In the CONGEST model, each such message
is restricted to a length logarithmic in the number of vertices. The goal is to minimize the
number of rounds required to solve the problem.

We highlight three results from this dissertation:

1. The number of passes required to find a maximal independent set in semi-streaming is
Q(loglogn). Our result is tight, matching a prior algorithm. This is the first multi-pass
lower bound for this problem.

2. The number of passes required to find any (1—e&)-approximation of maximum matchings
is Q(log(1/¢)) in semi-streaming. This is the first lower bound on the number of passes
with a dependence on ¢ for any constant e.

3. We prove an §2(loglogn) lower bound on the number of rounds required to detect a
triangle in CONGEST. This is the first multi-round lower bound for this problem.

Lower bounds in both models are proven via communication complexity: the input graph
is split among multiple players who send messages to each other over a limited number of
rounds. A common theme underlying the highlighted results is to build on and extend the
round-elimination technique from communication complexity literature. Our main technical
contribution is to adapt this method for a range of different settings to obtain the first
nontrivial multi-pass and multi-round lower bounds for these problems.
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to the UPC P*; each path is “replaced” with an instance H from G,_1(n,_1)
via the embedding product. Since the embedding product affects the entire
graph, the paths in other UPCs are also replaced by instances from G, _1(n,_1),
e.g., for the top (red) block (remaining instances are not drawn). The last
player @), receives a bipartite clique between the vertices corresponding to
WA\ W* in G, and Gp, denoted by the top (green) blocks. Other players @,
for a € [r] receive the inputs of the a* player in all instances H sampled from
G,—_1(n,_1) when placed inside graphs Grand Gp. . . . ..

An illustration of case 1: picking vertex v in the MIS “removes” all vertices
on G, that are not part of the special subgraphs as the remaining ones are
all neighbor to v (not all edges of v are drawn). Since the special subgraphs
are now isolated, the MIS of G now needs to contain a separate MIS for each
of the special subgraphs in Gy in bottom right (drawn in blue). . . . . . ..

An illustration of a search sequence. Here, k, picks a special sub-instance
Hy, 1, from G,_; (with ¢, being the index of the special UPC of the outer
instance), and then “inside” that instance, k,_; picks another sub-instance
Hi, k., from G, o (with t,_; being the index of the special UPC of the
instance Hy, x, ), and this continues on. . . . . ... ... L0,

A schematic organization of the proof of Theorem 10: step 1 encompasses
moving from part 1 to part 3 here, and step 2 is for moving from part 3 to
part 4. . . . e e e

An example of the embedding product on RS graphs. The RS graph from
Figure 3.7 is used and there are totally 12 many smaller graphs. We show
three such graphs on the right. The shaded circles indicate vertices which are
groups of three. Each edge is replaced by a specific bipartite graph from the
given family. . . . . . .. L

The hard distribution Gy(n) and the gadgets. . . . . . . ... ... ... ...
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6.3

6.4

6.5

6.6
6.7

An illustration of the distribution G, for p > 1. When p = 1, the smaller in-
stances are as in Figure 6.2. Only the smaller instances in the special matching
are shown. All edges of the outer RS graph are replaced also. The shaded
circles represent groups of vertices. . . . . . .. .. ...
An illustration of AHM,(n,,a) where b, = 7, k¥ = 2, and a = 2/7, ie.,
b, -« = 2. In this figure, the b, x b, matrix is presented after applying
the respective permutations of rows and columns using oy and o, which are
held by Bob (alternatively, think of o and o as identity permutations here).
In each position of the matrix, the corresponding input is either a complete
instance of AHM, _;(n,_1, ) denoted by (A, B) = (A"~Y, Br=Y) or a partial
instance of AHM,._;(n,_1, @) denoted by B = B~ due to the asymmetry
of the construction. All of the B’s are held by Alice, all of the A’s are held
by Bob, and Bob further holds the B’s corresponding to B°', which are
bolded and underlined. The shaded instances are the special sub-instances
(ASPEC BSPEC) "je., the ones in the diagonal of the bolded box. The remaining
B’s belong to B*™™T i.e., the ones not in the bolded box. Given the search
sequence (kX k¥ ..., k), the goal is to solve the the instance identified by

k* = 2 (shaded in green, and denoted by (A5™° B3™C)), using the search
sequence (kX 1 ... KT). ..

An illustration of the partial definitions Tyow and T¢o; for an instance of
AHM,.(n,,«) where b, = 7, o = 2/7, and k = 2. In this figure, the b, X b,
matrix is after applying the respective permutations of rows and columns using
or and o held by Bob. In each position of the matrix, the corresponding
input is the B’s from each instance of AHM,_;(n,_1, @) that is held by Alice.
Trow and Ty, are partial definitions of the permutations py and pc, i.e., the
inverses of oy and o, respectively. Tyow corresponds to fixing the rows filled
red and T, corresponds to fixing the columns filled blue, which implies fixing
positions filled purple. The unfilled (white) positions remain unrestricted by
Trows Teor, 1-€., the green outlined special position B;"™ could still (uniformly)
be in any of the unfilled positions when conditioned on Tyow, Tcor (instead of
o

An illustration of the bit graph on vertices corresponding to a bit x € {0, 1}.

Mlustrations of Alice’s edges EDGES(r, A", L, R) (Figure 6.7a) and Bob’s edges
EDGES(r, B") | L, R) (Figure 6.7b). In both illustrations, the nodes on the left
and right corresponds to vertex groups L[i] and R[j] for each i,j € [b],
respectively. An edge between vertex groups L[i] and R[j]| represents the set
of edges corresponding to the instance (Agj;l), Bfgil)).
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6.8

7.1

7.2

7.3

7.4

7.5

7.6

An illustration of a graph G = GRAPH(A™, B™) constructed from an in-
stance (A™, B") of AHM,(n,,a). The nodes on the left and right corre-
sponds to vertex groups L[i| and R[j] for each i,5 € [b,] and are ordered
after applying the permutations oy and o, respectively. An edge between
vertex groups L[i] and R[j] represents the set of edges corresponding to the
instance (AEZ_I), B§Z—1))7 where a lack of edge implies that all edges inserted
have also been deleted, i.e., the off-diagonal sub-instances (A°"", B°'"). Each
purple edge represents the edges that correspond to each special sub-instance
in (A%"¢ BS®¢). The remaining thick gray edges represent the edges cor-
responding to sub-instances in B*®". The box represents the subgraph of GG

induced by the vertices L"*“U R°""°. See Figure 6.4 for a comparison to AHM,..

An illustration of our hard input distribution. The solid (blue) edges show the
(r — 1)-round hard instance inside an r-round hard instance and the dashed
(gray) edges show the extra unique channels sampled for each vertex of the
inner (r — 1)-round instance. . . . . .. ...

An illustration of sampling partial (r — 1)-round sub-instances. Here, from
the perspective of z, the edge (z,y) plus any of K;’s for ¢ € [k,] form a
proper input of x in an instance sampled from G,_;. One of these instances
corresponds to the special inner instance G*, while for all other instances, the
instance is not complete, as in there are no edges between Y- and Z-part of
the instance. . . . . . . . .

An illustration of sampling messages via a mixture of public and pair random-
ness. The type of the channel between (x,y) any (x,y’) for any ¢’ € L is the

An illustration of an instance from the hard distribution for 0-rounds with
no = 3. The middle (yellow) vertices are a*,b*, ¢*. The double line indicates
that the edge is present with probability 1/2. . . . . .. ... ... ... ..

An illustration of some parts of the 1-round instance. Inner vertices from 0-
round instance are blue and yellow (in accordance with Figure 7.4), and outer
vertices are green. We used ny = d; = 3 for illustration, but this is certainly
not true in the actual instance. Dashed lines indicate a channel of type 1,
straight lines indicate a channel of type 0, and other pairs of vertices with no
lines are of type 2. The input of blue and yellow vertices of the inner graph
have exactly 3 channels of type 0 and type 1 in total. . . . . . . .. ... ..

An illustration of what the input of one inner vertex x looks like in Q~r. Pink
outer vertices correspond to collections [J, green outer vertices correspond
to collections K (only for one other layer Y are shown, this is repeated once
more), blue outer vertices correspond to sets L (again, only for Y are shown,
this is repeated for Z), yellow vertices correspond to vertices in Y* U Z*, and
the unshaded vertices are the other outer vertices with various types to ensure
correct number of channels of each type t € [r]U{0}. . . . . ... ... ...
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8.1

8.2

9.1
9.2

10.1

10.2

10.3

An illustration of the CHAIN, ; problem with k correlated sub-instances of
INDEX,, from Definition 8.1.1. The arrows illustrate that the message is from
Pito Py forie[k]. .o oo oo 212

An illustration of the CHAIN,, ;, problem from Definition 8.3.1. The solid arrows
illustrate that player P; writes a message M; to the board. The dashed arrows
indicate that P; can read the contents of the board. It also shows the order
in which the messages are sent by the players and indices are released. . . . 218

Product of two layered graphs from L33 lying in £39. Some edges are omitted.232
Join of two layered graphs from Ls3 lying in Lgs. . . . . ... . ... ... 234

An illustration of pointer chasing for p = 3,a = 3 and b = 4. Each function is
represented by a 3 x 4 grid containing the corresponding values. The special
pointers of each player are highlighted in green. The red dashed arrows rep-
resent how the pointers move. The answer to the pointer chasing instance is
0. e 256

Creation of U-common family for each player: this is repeated for all P!, P2, P3, ... PP.
The illustration is when a = 3 and b = 4. There are three sets Uy, Uy and Us

each of size n/(10a- (p+1)) chosen uniformly at random. These are split into

four sets, each of size n/(10a-b- (p+ 1)) = n/(40a - (p + 1)). Although the

sets Uy, Uy and Us are shown as disjoint, they may have common elements as

they are sampled independently. However, for each i € [3], the sets U ; for

J € [4] are disjoint from each other. . . . ... ... o0 L 257

An illustration of the S-private family for players P! and P? with a = 3,b = 4.
Each S? for i € [2],j € [3] is a union of all the sets to its right. . . . .. .. 259
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Context and Contents



1 Introduction

Leonhard Euler laid the foundations of graph theory in his famous resolution of the problem
“The Seven Bridges of Kénigsberg” in 1736. There were seven bridges and four landmasses in
the city of Konigsberg. The problem was to design a walk through the city that traverses all
the bridges exactly once. He abstracted this puzzle into a graph with four nodes representing
landmasses and seven edges representing the bridges [BLW76].

Graphs have since then found varied applications in genome sequencing, web crawling,
task scheduling, and road networks. The sizes of the graphs in these practical use cases can
range from a few thousand to a few billion vertices. The human genome itself consists of
nearly three billion base pairs, and graph-based representations used in genome assembly and
variation analysis routinely involve billions of nodes and edges [CLJ" 14]. The graph network
corresponding to Facebook has more than three billion active users presently [Fac26].

Classical algorithms that analyze graphs make certain assumptions like space usage pro-
portional to the input size and arbitrary (RAM) access to the input as desired. These
assumptions are hard to justify for large graphs we want to process today because they
would be very costly to execute. For instance, counting the number of triangles of a graph
with seventeen million nodes and roughly a billion edges takes more than twenty minutes
even with multiple GPUs [MDQ"18].

Many models of computation have arisen in theoretical computer science to formally
address these access and space challenges to reflect real-world settings. Some of these models
include the streaming model, distributed communication model, query model and massively
parallel computation model (MPC). The focus of this thesis is the following two models:

Multi-pass Streaming Model: There may be situations where the input graph is stored
on a disk, and is too large to fit into memory (RAM). It must be accessed via disk
accesses, and the edges of the graph are stored in a sequential order on the disk. Multi-
pass graph streaming [FKM™04] addresses this scenario: the graph is accessed in an
arbitrary sequential order, and must be processed in limited space without storing it
in its entirety. It may be accessed multiple times, corresponding to each sequential
read from the disk [VitO1]. A variant of this model, called dynamic streaming, also
captures situations where updates to the graph are stored externally and are accessed
sequentially.

Distributed Computing Model: Imagine a situation where the graph is a network topol-
ogy with routers being nodes and connections being edges. It is reasonable to expect
the routers to only know their immediate connections, and not the entire network
topology. This situation is captured by the distributed computing model: nodes of
the graph operate with only local information, and they want to process the underly-
ing graph by communicating with each other across many rounds [AY05, Pel00]. The
communication may not be unlimited and could be restricted to the bandwidth of the
underlying links.



While the time required to run algorithms is considered the primary resource in classical
algorithms, in these models that process large data, the bottleneck may be different. In the
streaming model, the number of passes over the input and the internal memory required
are considered the main resources we want to optimize over. In distributed computing, the
bandwidth and the number of rounds of communication are of interest. The two models
may look different at the outset, but algorithms in the streaming and distributed models

often employ similar techniques. In fact, progress made in one setting has been used to move
algorithms forward in the other [KMVV13, FMU22, AKM22 FHM23, HS23].

The past few years have seen tremendous algorithmic progress for many crucial problems.
Some examples of such results follow.

(i) Algorithms for finding matchings and vertex covers: in streaming [FKM*08, Kon18b,
AGI18, AJJT22, FMU22, PS18, ABKL23, HW24]; in distributed computing [BEPS12,
LPP15,BCGS17,AKO18, FFK21,1KY24].

(i7) Algorithms concerning distances and connectivity: in streaming [FKM™08, HKN16,
ET22,BFKL21,AJJ*22]; in distributed computing [Nan14,Elk17, FN18b,BN19,GT24].

(24i) Algorithms for vertex coloring and edge coloring: in streaming [CDK19, ACK19a,
AKM22,ACGS23,CC7Z25]; in distributed computing [BKM20,GK21,HKMT21,BBKO22a,
BBKO22b, BMdV26].

These algorithms, when compared to the naive benchmark of storing the entire input
in the streaming model, or sending the entire input in the distributed computing model,
perform extremely favorably. How far can we expect these algorithms to go in terms of
optimizing the space and number of passes in graph streaming, or the number of rounds
and amount of bandwidth in distributed computing? Certainly, as low as possible would be
ideal, but it is unclear what “low” means in this context. This brings us to proving formal
lower bounds about the capabilities of algorithms.

Importance of Formal Lower Bounds. Alongside the design of efficient algorithms,
proving formal impossibility results on the feasibility of tasks with a limited amount of
resources is crucial. These lower bounds have a two-fold purpose:

o What can we expect to achieve? Formal lower bound results facilitate informed algo-
rithm design. They can help us set realistic goals for algorithms.

o Which inputs are hard? Constructing hard instances of inputs helps us understand
why certain amounts of resources are needed. Perhaps, for smaller classes of inputs,
better algorithms could be designed if we understand hard input instances well.

Proving lower bounds has been a main focus in theoretical computer science. For
classical algorithms these lower bounds may take the form of hardness of approximation
results [FGLT91, Sud09, Kho05, DS05], circuit lower bounds [KL.80, Kan82, Has86, Smo&7,
Raz87, Will4] or fine-grained complexity results [GO95,1PZ01, BI15, WW18]. For dynamic
algorithms and the MPC model, lower bounds are often based on certain widely believed



conjectures like the OMv conjecture [AW 14, HKNS15, AD16, JX22] or the 1vs2 cycle conjec-
ture [YV18,RVW18, ABJ*25].

For the streaming and distributed models, what shape do these lower bounds take?
Unconditional® results about the impossibility of achieving some tasks with a limited number
of passes over the input or space (in the streaming model) [FKM"05, GO16, CKP"21a] or
a limited number of rounds and amount of bandwidth (in the distributed model) [Lin92,
KMW16, Suo20, ACKL20] can be proven. The one common tool underlying these lower
bound results about space and bandwidth is communication complexity.

Communication complexity: There are players, say Alice and Bob, among whom the
edges of the input graph G := (V, E) are partitioned. Alice has a set E4 C F and
Bob has a set Ep C E, which are disjoint and partition the edge set E. They want to
process the graph G by sending messages to each other.

The resource of interest in communication complexity is the number of messages Alice
and Bob send to each other and the length of the messages. There are multiple other ways
to model communication problems, based on the number of players, the number of rounds,
and the order in which the messages are sent. The model is primarily used as a tool for
proving lower bounds in other contexts like streaming [FKM 08, GKIK12], distributed com-
puting [SHK"12, CHKP17], data structures [MNSW98, KW20], property testing [BBM11],
and circuit complexity [KRW95].

There has been exciting progress over the past few years in proving lower bounds for
graph problems in both these models [DKO14,GO16,CHKP17,CK18,FGKO18,KK19,AR20,
Kap21,CKP*21a] using communication complexity techniques. However, optimal results are
not known for even fundamental problems like streaming matchings, streaming maximal in-
dependent sets, and distributed subgraph detection. There is a ‘soft” barrier in terms of
techniques to extend prior lower bounds to solve these open questions. The communica-
tion complexity framework used to prove lower bounds is algorithmically stronger, both in
streaming and distributed computing. It may not lead to optimal lower bounds in a lot of
cases.” This thesis aims to overcome these barriers by way of communication complexity
models closer to graph streaming and distributed computing.

Aim: To develop a toolkit to prove optimal lower bounds for
graph problems with more stringent models of communication.

The rest of this chapter will provide a bird ’s-eye view of our technical contributions. The
landscape of lower bounds before this thesis is presented in Chapter 2, and a more detailed
overview of our techniques is presented in Chapter 3.

'Here, unconditional refers to information-theoretic impossibility results which do not rely on computa-
tional assumptions like P does not equal NP, or the Strong Exponential Time Hypothesis.
2See Sections 2.2 and 2.3 for more details on this issue and papers that overcome it for specific problems.



1.1 Contributions of this Thesis

We now present our contributions in lower bounds for graph problems via communication
complexity tools. The techniques behind our results will be covered in Chapter 3. This
section is just a compilation of the results, how they improve quantitatively over prior work,
and a brief explanation on how they make progress on the aforementioned aim.

Our results can be broadly classified into two parts.

« Lower bounds via embedding arguments: a common theme underlying these results
is the embedding technique. Hard instances for progressively larger » > 1 rounds are
constructed by combining smaller (r — 1)-round hard instances in a bottom-up fashion.

o Lower bounds beyond embedding: these results employ the more classic technique of
reductions to communication complexity problems.?> Nonetheless, they fit the theme
of constructing round-specific hard instances, and borrow ideas from prior results.

Chapter 5: Maximal Independent Sets in Streams. We study the maximal indepen-
dent set (MIS) problem in the semi-streaming setting. The study of MIS is motivated by prac-
tical applications like community detection [DIKRM25] and document classification [SGB23],
and numerous theoretical uses as a primitive in other algorithms for correlation cluster-
ing [ACGT15,BCMT22], minimum vertex cover [Vel24] and maximum matchings [ABK™25].

The problem of finding an MIS has been studied in many models like LOCAL [Lub8&5,
KMW16,BBHT19,KS25], MPC, and Congested-Clique [GGK ™ 18,Kon18a]. These algorithms
use the vertex sampling approach dating back to Luby’s parallel algorithm [L.ub85], along
with model-dependent insights and modifications. Semi-streaming algorithms (that use é(n)
space) for MIS that run in O(log log n) passes were given by [ACG™15] which runs the random
greedy algorithm [YYT09]* for MIS between batches of vertices.

In terms of lower bounds, in the standard two-party communication where Alice and Bob
can send many messages to each other, finding an MIS is easy. The random greedy algorithm
can be implemented with O(nlogn) total communication. However, restricting the number
of rounds makes the problem hard: single-pass algorithms in o(n?) space have been ruled
out by considering one-way communication [ACK19b, CDK19].

Restricting the number of rounds to some r > 1 would lead to lower bounds for multi-pass
algorithms but such results were not known as the standard techniques are not applicable
directly.” We present a new technique called hierarchical embeddings and close this large
gap by proving that the current algorithms are optimal:

Theorem 1. Any semi-streaming algorithm for finding an MIS with constant probability of
success requires Q(loglogn) passes.

This settles the complexity of this fundamental problem in the semi-streaming model,
and constitutes one of the first optimal multi-pass lower bounds in this model. Moreover,

3In fact, the techniques are simpler compared to Chapters 5 to 7, and give optimal or close to optimal
bounds.

4This is similar to Luby’s except for one detail: while Luby’s uses fresh randomness in multiple rounds of
O(logn), the random greedy algorithm uses one fixed random permutation of vertices for symmetry breaking.

5Refer to Chapter 3 for an explanation.



our result provides a pass-space tradeoff of the following form: any algorithm that uses p
passes requires n'tl/ 20(P) space, which is optimal for the entire range of p up to constant
factors in the exponent [ACGT15].

The O(loglogn)-pass algorithm of [ACGT15] for MIS was designed as part of a semi-
streaming implementation of the so-called Pivot algorithm [ACNO5] which computes the
random order MIS to approximate Correlation Clustering (improving upon [CDKI14]; see
also [BFS12, FN18a]). In general, computing MIS, and, in particular, random order MIS,
is a highly useful subroutine in various algorithmic problems; e.g. [YYI09, BFS12 BDH™ 19,
Beh21, HZ23, CKL.724]. At the same time, this meant that for many of these problems, the
best bounds remained stuck at the same O(loglogn) passes of the MIS.

There have been several attempts to bypass this “barrier” by relying on weaker sub-
routines than MIS. Most notably, for correlation clustering, [CLM 21, AW22] designed “non
Pivot” algorithms that use an entirely different subroutine based on sparse-dense decomposi-
tions (at a cost of much larger approximations); and, [BCMT22, BCMT23, CKL"24] designed
semi-streaming algorithms for more relaxed versions of Pivot that can be implemented in
much fewer passes. Another example of similar nature is the O(1)-pass semi-streaming algo-
rithm of [CKPU23]| for a relaxation of MIS called the 2-ruling set®, which can replace MIS
sometimes, e.g., in metric facility location [BHP12] (see [KPRR19,AD21] for other streaming
algorithms for ruling sets).

Our lower bound in Theorem 1 now definitively confirms the necessity of relying on these
relaxations (and their accompanying complications), as there is provably no way of imple-
menting any MIS-based algorithm in the semi-streaming model in fewer than O(loglogn)
passes.

Theorem 1 appears in a paper co-authored with Sepehr Assadi, Christian Konrad and
Kheeran K. Naidu in the proceedings of STOC 2024 [AKNS24a], and the SICOMP special
issue of STOC 2024 [AKNS24b].

Chapter 6: Matchings in Streams. Matchings are perhaps the most widely studied
problem in the graph streaming literature [McG05, GKIK12, AGM12, AG18, Kap21, AS22,
DK20, ALT21]. Matchings also have practical applications like task assignment [RXC"21]
and kidney exchange [MKPV21]. We prove multiple results on matchings in the streaming
model.

Understanding the approximation ratio achievable by multi-pass semi-streaming algo-
rithms for matchings has been a sought-after goal since the introduction of the semi-streaming
model by [FKM"05]. A long line of work since then [FKM"05, McG05, KMM12, Kapl3,
EKMS12, KT17, AG18, Kon18b, Tirl8, ALT21, FMU22, AJJ"22] has culminated in semi-
streaming algorithms with poly(1/¢) passes for general graphs [FMU22] and O(1/£?) passes
for bipartite graphs [ALT21].7

The lower bound front, however, has seen much less progress with only a handful of

6For every 8 > 1, a f-ruling set of a graph G is an independent set such that all other vertices are within
distance /3 of some vertex in the ruling set. Thus, an MIS is a 1-ruling set.

"There are also algorithms with pass-complexity with better dependence on ¢ at the cost of mild depen-
dence on n, namely, O(logn/e) passes in [AG18, AJJ 22, Ass23] or for finding perfect matchings in n3/4+o(1)
passes [AJJ122] (see also [LSZ20]).



results known for single-pass algorithms [GKK12, Kapl3, AKL17, Kap21, AJX26] that rule
out any approximation ratio larger than 0.55, and two-pass algorithms [KN21, Ass22, [KN24]
that rule out any approximation ratio larger than (8/9). No lower bounds beyond two-pass
algorithms are known for constant factor approximation of matchings in the semi-streaming
model.

We present a new lower bound for multi-pass semi-streaming algorithms for the esti-
mation of maximum matching size. The lower bound is parameterized by the density of
RS graphs that we mentioned in Section 2.2.3, namely, graphs whose edges can be par-
titioned into induced matchings of size O(n) (see Section 4.2.1). Let fgs € (0,1) denote
the largest parameter such that there exist n-vertex RS graphs with Q(n”=) edge-disjoint
induced matchings of size ©(n). The current known values of 5ys are:

1 log*
Ql < Brs < 1-0 o8 1t ,
loglogn /) (rrx+o02) [FHS15] logn

Theorem 2. Any (possibly randomized) semi-streaming algorithm for (1 —¢€)-approximation
of even the size of maximum matchings requires

it/

passes over the stream. The lower bound holds for the entire range of € € [n=9Pw) O (Bys)].

When Sgs = (1), our result gives an Q(log(1/¢))-lower bound on the number of passes.
Theorem 2 appeared in FOCS 2023 and was co-authored with Sepehr Assadi [AS23a].

More recently, we proved the same result unconditionally for outputting a (1 — ¢)-
approximate matching. This uses the same technique of hierarchical embeddings that was
developed to prove Theorem 1. Underlying our result is a tradeoff between the number of
rounds and the approximation factor for matchings when the message length is bounded.
Prior to our work, no lower bounds even for three-round protocols in communication com-
plexity were known.

Theorem 3. Any (possibly randomized) semi-streaming algorithm that outputs a (1 — €)-
approximation of mazimum matchings requires Q(log(1/¢))-passes over the stream.

Although Theorem 2 and Theorem 3 are far from the upper bound of O(1/£?), we view
them as a first step towards proving multi-pass streaming lower bounds with a dependence
on ¢ in the number of passes.

Theorem 3 is unpublished work that is in preparation to be submitted for peer review,
and is co-authored with Sepehr Assadi, Christian Konrad and Kheeran K. Naidu.

Matchings in Dynamic Streams. A closely related model of interest is dynamic streams,
which models situations where the graph is not static. The input is given as a sequence of
edge insertions and deletions. We want to process the final graph after all the updates using
limited space [AGM12]. This is suitable for scenarios where the updates to a graph are stored
sequentially without being processed immediately due to memory constraints. We are still
limited to semi-streaming space of O(n).



Strong separations are known between the insertion-only streaming model and dynamic
streams. In one pass, it is known that finding any constant approximation in dynamic
streams requires (n?) space [AKLY 16, DK20], again by way of a one-round communication
complexity lower bound. In insertion-only streams this can be trivially done by storing a
maximal matching. In dynamic streams, the best algorithms that find a constant approxi-
mation of matchings use = logn passes [AGM12, AG15]. It was conceivable that the upper
bound could be improved all the way to two passes.

Our result is the first multi-round lower bound for this problem:

Theorem 4. Any randomized semi-streaming algorithm for O(1)-approzimation of maxi-
mum matching in dynamic streams with constant probability of success requires Q(loglogn)
passes. The lower bound holds even on (unweighted) bipartite graphs.

We also prove a matching upper bound of O(loglogn)-passes to find any constant ap-
proximation in the same work, showing Theorem 4 is tight, although we do not focus on the
details of the upper bound in this thesis.

Theorem 4 is presented in [ABK™25], in the proceedings of SODA 2025. It is another
application of the hierarchical embeddings technique developed in Theorem 1, where prior
techniques failed to give any meaningful multiround lower bounds. This paper was invited
to the TALG special issue of SODA 2025 papers.

Chapter 7: Distributed Triangle Detection. Now, we move to the distributed com-
puting model and specifically look at the triangle detection problem. We work with the
CONGEST model, where the bandwidth limit is O(logn). Detecting a triangle in this prob-
lem means that if the input G contains no triangles, all players should output No; and, if G
contains a triangle, at least some player should output Yes.

The first algorithm for distributed triangle detection is due to [[G17] and achieves O(n?/?)
rounds. This was subsequently improved in [CPZ19] to O(n'/?) rounds using expander
decompositions, and further refined in [C'S19, CPSZ21] to O(n'/3) rounds. The only lower
bounds for this problem are due to [ACKL20] and [FGKO18] who, respectively, showed that
deterministic or randomized algorithms cannot solve this problem in a single round. There
are two reasons as to why we do not have stronger lower bounds:

(1) There is a provable barrier for establishing strong lower bounds: [EFF22] shows that
a lower bound of n’ rounds for any constant § > 0 implies circuit complexity lower
bounds that are entirely out of reach of existing techniques.

(77) The two-party communication complexity technique inherently fails to give any mean-
ingful lower bounds as a triangle is comprised of three vertices. In any partition of the
three vertices, at least one of the two players comes to know the existence of a triangle
trivially.

The circuit complexity barrier does not exist for proving an n°-round lower bound, and
no lower bound even for two rounds was known. Again, our result gives the first multiround
lower bound for this problem:



Theorem 5. Any algorithm for distributed triangle detection in CONGEST on n-vertex
graphs requires )(loglogn) rounds to succeed with high constant probability.

Our model of communication is very close to the CONGEST framework: each vertex is
treated as a separate player and overcomes the two-party issue. The embedding techniques
of Theorems 1, 3 and 4 heavily influence our result, although Theorem 5 is not a direct
application of hierarchical embeddings.

In addition, we perform a slight optimization of the parameters in [EFF 22| and show
that even an n2(1/1°8187) Jower bound for distributed triangle detection breaks circuit com-
plexity barriers. Moreover, the proof of [EFFT22] relies on algorithms for expander de-
composition and routing in the CONGEST model, which may conceivably become much
faster [CMGS25]. If such fast algorithms exist, even an (log® (n))-round lower bound for
some large constant ¢ > 1 for triangle detection could lead to breaking these circuit com-
plexity barriers. Hence, we believe that realistically, the best lower bound one can hope to
prove for triangle detection is Q(logn), leaving the gap between Theorem 5 and the target
only an exponential one instead of a doubly exponential one.

Theorem 5 appeared in the proceedings of FOCS 2025 and is co-authored with Sepehr
Assadi [AS25]. It was invited to the SICOMP special issue of FOCS 2025.

Chapter 8: Chained Index. The Chained Index communication problem (CHAIN) was
introduced by [CDK19] as a way to prove lower bounds for finding independent sets in vertex
arrival streams. It can be viewed as the INDEX with multiple tries afforded to get at the
same answer.

For n,k > 1, in CHAIN, ;, there are k£ instances of INDEX,, all with the same answer,
distributed among (k + 1) players. Players 1 and 2 take on the role of Alice and Bob
respectively in the first instance, players 2 and 3 take on the role of Alice and Bob respectively
for the second instance, and so on, all the way till players £ and k + 1 for the last instance.

Communication is one-way from each player to the next in ascending order. The last
player has to output the answer. The communication cost is the total number of bits in all
the messages sent by the players.

A trivial protocol where one player sends the entire input takes O(n) bits. In [CDK19],
they prove a lower bound of Q(n/k?) for any k > 1 through a reduction from the conservative
multi-party pointer jumping problem, introduced by [DJS96]. They also conjecture that the
trivial protocol is tight for any k. [FNFSZ20] made some progress on proving this conjecture,
showing that among all the messages sent by the players, there is at least one message with
Q(n/k?) bits for every k > 1.

We prove a tight lower bound for a very large range of k = o(n/logn), almost settling
the conjecture.

Theorem 6. For any n,k > 1, any protocol for CHAIN,, ;, with probability of success at least
2/3 requires 2(n — klogn) total bits of communication.

Theorem 6 is obtained via a multi-round perspective: we keep track of exactly how much
information is revealed about the answer by each message sent to the blackboard. Theorem 6
is from a solo-authored paper in the proceedings of ITCS 2025 [Sun25].
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Chapter 9: Shortest Paths in Streams. The problem of finding shortest paths in
the streaming model was started by [FIKKM™04], which presents a single-pass semi-streaming

algorithm for O (log)lg()gn)—approximation of single-source shortest paths, which was shown
to be optimal soon after in [FKM™05]. Multi-pass algorithms are known to improve over
this approximation ratio, and even give constant approximations. After a long line of
work [E704, EP04, GO16, HKN16, EN19, BFKL21, AJJ"22], the state-of-the-art for constant

approximation in semi-streaming is as follows:

« polylog(n)-pass upper bounds for arbitrarily small constant approximation ratios, [BFKL21,
AJJ22] (at least a log” n factor) and

» w(1)-pass lower bounds for sufficiently small constant approximation ratios [GO16].

We improve the lower bound significantly:

Theorem 7. For any constant o > 1, any semi-streaming algorithm on unweighted n-
vertex graphs that, with constant probability of success, can output an a-approximation to
the distance between a fized pair of vertices requires 2(logn/loglogn)-passes.

We also complement Theorem 7 with an upper bound of O(log2 n)-passes for any con-
stant approximation, bringing the gap down to an O(logn) factor from polylogn factors.
Theorem 7 can be seen as an extension of the lower bound of [GO13] for exact distances to
constant approximation factors.

Theorem 7 is from a paper co-authored with Sepehr Assadi and Gary Hoppenworth from
SODA 2026 [AHS26].

Chapter 10: Hypergraph Edge Cover in Streams. Our last result is on the hyper-
graph edge cover problem, equivalent to set cover. In the streaming set cover problem, m sets
from a universe U of size n are arriving one by one in a stream, and the algorithm is allowed
to process the stream using one or a few passes and a space of o(mn), which is sublinear in
the input size. The goal is to determine the minimal (or approximately minimal) number of
sets that cover the universe at the end of the last pass.

This problem has been studied extensively over the years, leading to several O(logn)
approximation algorithms in O(mn'/?) space and p passes [HIMV 16, BEM17,IMR 17, Ass17],
which has remained the state-of-the-art. The work of [HIMV16] conjectured that: “this
tradeoff might be tight, at least for ‘low enough’ approximation factors”.

We establish an optimal three-way space-pass-approximation tradeoff for this prob-
lem, proving the conjecture of [HIMV16].

Theorem 8. Any p-pass a-approzimation algorithm, whenever o < n'®+Y  for streaming

set cover requires
~/m n 1/p
Q( . <> >space.
a \«

In light of prior work, this result is optimal up to constant factors in p and up to logarith-
mic factors in n for any p and o > p. Our bound is also optimal with respect to the range
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of @ [Ass17], and fully settles the complexity of this problem in the streaming model. This
is perhaps our simplest result and uses a direct reduction from a well-known communication
problem called pointer chasing.

Theorem 8 is from a paper co-authored with Sepehr Assadi, and will appear in the
proceedings of STOC 2026 [AS26].

1.1.1 Organization of this Thesis

This thesis is divided into three parts. The first part contains the introduction, a detailed
overview of the state of affairs in graph streaming and distributed computing lower bounds,
an overview of our techniques and some technical preliminaries.

The second part contains the results that embed smaller instances to construct larger
instances. More specifically, hard instances for larger > 1 are constructed recursively using
smaller (r — 1)-round instances. The proof of the lower bounds is via the celebrated round
elimination technique dating back to [MNSW95].

The third part has the results that use classic techniques of reductions to communication
complexity problems to prove lower bounds. The two problems we use are Index [Abl93,
KNR95] and Pointer Chasing [PS84]. This part also contains a discussion of future directions.

Reading this Dissertation. A common technical overview of our results is presented in
Chapter 3. The basic concepts of information theory and combinatorial graph constructions
that we use in our results can be found in Chapter 4. We suggest the reader use Chapter 4
as a reference while reading Chapter 3 for any new terms or constructions they encounter.
The conclusion and open problems are given in Chapter 11.

The rest of the chapters in the second and third parts contain all the papers and the
technical proofs. These chapters are self-contained and can be read in any order.

11



2 Landscape of Prior Lower Bounds

In this chapter, we cover the prior research and techniques in proving lower bounds for graph
problems.

2.1 General Structure of Graph Lower Bounds

Lower bound proofs typically begin with the construction of hard instances, and a proof as
to why all algorithms fail to solve these instances with restricted resources. We can broadly
split the structure of lower bounds into two major parts.

(1) Combinatorial graph constructions: the first step is identifying what kind of graphs
are hard to begin with. This part of the lower bounds predominantly involves using
combinatorial tools to construct appropriate graphs.

(74) Information-theoretic analysis of constructions: Once hard instances are identified,
they may possess certain properties which could be used to prove that the instances
are impossible to solve with a limited amount of resources. This part of the proof
typically uses information-theoretic arguments to prove these impossibility results.

We give a specific simple example that highlights these two parts. The input is a graph
G = (V, E), with |V| = n and |E| = m, where the vertices are known and the edges are not
known (this is the standard graph streaming model introduced by [FKM*04]). The edges are
sent in a stream in an adversarial order, and two vertices s, € V' are given in the beginning
of the stream of edges, and we want to output the shortest path distance between s,t after
all the edges are seen. The graph must be processed in a limited space s = o(m): without
storing all the edges. We can prove that this is impossible [FKM"04], i.e., one needs Q(n?)
space to find the exact shortest path distance.

Combinatorial Construction. We begin by constructing a graph instance where the
algorithm has no choice but to remember Q(n?) edges. Let the vertex set V be:

V=AUBU {s,t}
A: {CLl,CLQ,...,(ln_Q}

B = {bl,bg, ce ,bnfg}.

There will be no edges inside vertex set A or inside vertex set B. However, any pair a;, b,
for i,5 € [n — 2| can have an edge between them. These edges, which are a subset of A x B,
appear at the beginning of the stream. After all such edges are sent, edges to s, may be
added so that the shortest path distance between s,¢ can determine whether edge (a;«, bj«)
exists for any single choice of i*, j* € [n — 2]. We can simply add edges (s, a;+) and (b, 1)
to the end of the stream.

Refer to Figure 2.1 for an illustration. The shortest path distance will be three if the
edge exists between (a;+,b;+) and at least five otherwise.
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Figure 2.1: Figure depicting the hard instance for shortest path. The path between s and ¢
has length 3 if and only if an edge exists between ¢* and j*. Otherwise, the path length is
at least 5.

Information-theoretic Analysis. In the graph from Figure 2.1, intuitively, it is easy to
see why the algorithm may need Q(n?) space: each pair (a;, b;) for 4,7 € [n — 2] may become
the important edge, and we have to retain a majority of them to be able to answer the
exact shortest path distance effectively. How would we formally prove this statement? As
mentioned earlier, communication complexity is the main tool used in theoretical computer
science to prove unconditional lower bounds of this form.

For our purpose, the INDEX problem can be used. It is one of the foundational problems
in communication complexity. For k > 1, in the INDEX,, problem, there are two players Alice
and Bob. Alice has a string z € {0, 1}* and Bob has an index i € [k], and Bob has to output
the value of x at position 7. If the communication is one-way from Alice to Bob, it is easy to
show that Alice needs to send Q(k) bits to get any success probability strictly better than
(1/2) by a constant [Abl96, KNRI5]. Refer to Figure 2.2 for an illustration.

Message

b, — 1

i € [k]

x € {0,1}*

Figure 2.2: Index problem. Alice has a string = € {0,1}". Bob has an index i € [k] that
points to . Alice can send a single message to Bob, who has to output value of x at position
i.

The lower bound on the Index problem can also be used to prove a lower bound on the
space required by the streaming algorithm. We can interpret whether or not each pair (a;, b;)
is an edge as one of the bits of Alice, and Bob’s index will choose one of these pairs via edges
to s, t. !

This theme of a combinatorial component and an information-theoretic component will
be prevalent throughout this thesis in all the technical results. Now that we have a basic

'In fact, there is a reduction from a streaming algorithm for exact shortest path to a protocol that solves
the Index problem. We will talk about these reductions in Section 2.2.
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idea of what these lower bounds look like, we give a more comprehensive overview of the
known results. Lower bounds in the streaming model and distributed computing are not
too related beyond the fact that they both use tools from communication complexity, so we
cover them separately.

2.2 Streaming Lower Bounds

The prior results in graph streaming are almost exhaustively proved using communication
complexity, and range from direct reductions to novel information-theoretic tools.?

2.2.1 Role of Communication Complexity

Communication complexity lower bounds give rise to streaming lower bounds, and this was
observed in the seminal paper [AMS99]. More specifically, streaming algorithms give rise
to communication protocols. In the streaming model, input may be adversarially ordered,
and the algorithm has limited space to process the input. In communication complexity, the
input is partitioned across many players. They want to process the input by sending small
length messages to each other.

The players can simulate the streaming algorithm through the messages simply by run-
ning the algorithm on their respective inputs, and sending the memory state of the algorithm
to each other back and forth. If the algorithm is run for multiple passes, many messages
could be necessary. Proving a lower bound on the length of messages immediately implies
lower bounds on the space complexity of the streaming algorithm. See Figure 2.3 for an
illustration.

Send memory state

back and forth
@ ’i|
First part Second part
of stream of stream

Figure 2.3: Streaming algorithms give communication protocols. The players run the algo-
rithm on their inputs and send the memory state to the other player as messages.

Certain canonical hard problems in communication complexity like Index [Ab196, KNR9I5],
Pointer Chasing [PS84,NW91,Yeh16] and Set Disjointness [K592, Raz92, BJIKXS02] have been
used to prove streaming lower bounds by way of reductions. The graph problem of interest
is used to encode the communication problem.

Concretely, let Alice and Bob be two players who want to solve problem f : X x ) —
{0,1}. Alice is given some input z € X and Bob is given some input y € ). Alice and Bob
collectively create a graph G = (V, E4 U E) that encodes (z,y) € X x Y, such that the
streaming algorithm that process graph G also solves f. Alice can find edges E4 only using
input x and Bob finds Eg only using y, without any communication between each other.

2More details can be found in the surveys [McG14, Ass23].
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One pass of the algorithm can be simulated with one message from Alice to Bob, and an-
other message from Bob to Alice. Multiple passes require multiple rounds of communication
between Alice and Bob. See Figure 2.4 for a depiction of the simulation.

Run algorithm on E, U Ep
® )

X generates E, y generates Ep

Figure 2.4: Some communication problems can be reduced to graph streaming problems.

2.2.2 Reductions to Index, Pointer Chasing and Set Disjointness

The canonical communication complexity problems that have been used to prove graph
streaming lower bounds are Index, Pointer Chasing and Set Disjointness.

Index and Pointer Chasing. The first set of results that prove lower bounds for graph
problems in the streaming model rely on the information-theoretic hardness of the Index
problem [Abl96, KNR95] and the Pointer Chasing problem [PS84, Yeh20].

The result covered in Section 2.1 is an example of a graph streaming lower bound that
relies on the hardness of the Index problem. Other examples include a lower bound of
Q(n?) for finding an exact maximum matching [FKM'05], directed s-t reachability in one
pass [FIKMT05], approximating the number of triangles by a constant factor [BOV13] and
finding a maximal independent set [ACK19a,CDK19]. These results show that no non-trivial
streaming algorithm exists for these problems, as the space required to store the entire graph
is O(n?).

What about problems where non-trivial o(n?) algorithms exist? Many problems like
testing connectivity, bipartiteness and finding the cost of an exact MST in graphs with
poly(n) edge weights admit O(nlogn) space algorithms in a single pass.> Again using Index,
an (n) lower bound was established for these problems by [FKMT'08], which was later
improved to the optimal Q(nlogn) lower bound by [SW15] using a slight variant of Index
called the Perm problem.*

All of the aforementioned results only hold for single-pass algorithms due to a very
simple reason: the Index problem is only hard with one-way communication. There is a
trivial protocol with O(logn) bits if Bob can send messages to Alice, as Bob can just send
the index [MNSWO95]. The Pointer Chasing problem, introduced by [PS84], can be viewed
as a multiround extension of Index. There are two sets A and B, each of size £. Alice has

3The formal semi-streaming model with O(n - poly log n)-space was introduced by [FKM™05] as the sweet
spot where non-trivial algorithms exist for many problems. Moreover, o(n)-space algorithms are provably
impossible for many basic questions like computing a spanning tree and bipartiteness testing.

4Some problems, like parameter estimation, property testing or general problems on restricted classes
of graphs, admit o(n)-space algorithms also [CCHM15, CJMM17, HP19, CCEW23]. There is a line of work
studying lower bounds in sublinear-in-n space regime [VY11, KKS15, AKSY20, AN21, CKP 23], relying on
the information-theoretic hardness of gap cycle counting. As the technical details of gap cycle counting is
orthogonal to the rest of this thesis, we refer the reader to these papers.
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a function f; from A to B and Bob has a function f5 from B to A. Let zg be an arbitrary
element in A known to both Alice and Bob. > We define:

z1 = fa(20), 22 = f1(21), 23 = fa(22), 24 = f1(23), ...

These values z, 21, ...,z for any k € N are found by following the functions starting
from zg, and alternating between Bob and Alice. Both players want to know the value of z;.
Alice begins speaking, and they can exchange messages with each other over many rounds.
Refer to Figure 2.5 for an illustration.

A / B B %

A
@ (@

ay

b, b,

Figure 2.5: An illustration of the functions in pointer chasing. Alice holds f; and Bob holds
fg. If Z1 = a1, 29 = b4 and Z3 = as.

If (k+1) messages can be sent in total, Alice and Bob can find the value of z;, in O(k log ()
length messages, by simply following the pointers from f; and f;. However, if only k£ messages
can be sent, it has been proved that the message length must be Q(¢/k) [NW91,Yeh20]. This
is close in spirit to the streaming model: the hardness of the problem is rooted in the minimal
number of passes over the input.

Pointer Chasing has been used to prove multi-pass streaming lower bounds. [CW16]
used a direct reduction to prove a tight lower bound of n!/P+1) against p-pass algorithms
for hypergraph edge cover in 6(71)6 space for any p > 1. A direct sum version of pointer
chasing, where the players are required to solve t-many independent versions of pointer
chasing simultaneously, is known to require Q(t - (¢/k)) length messages [JRS03]. This
version, with ¢ = n*(*/P) and ¢ = Q(n/poly(k)) was used by [FKM*08] to prove that any p-
pass streaming algorithm for finding undirected shortest paths or directed reachability paths
requires n!T21/p),

In place of a direct sum where all t instances of pointer chasing have to be solved, [GO16]
introduced the set chasing problem, where it is sufficient to solve the OR of t many pointer
chasing instances. They proved that the set chasing problem also requires Q(t-(¢/k)) message
length, and used a reduction to prove similar tradeoffs of p-passes requiring n!**(/?)_space for
decision versions of undirected shortest path, and directed reachability. Set chasing was used

SMany versions of pointer chasing exist, and we use the simplest two player version to illustrate the
problem here.
SWe use O(f), Q(f) to hide logarithmic factors in f.
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by [HIMV16] to prove a lower bound of mn®(/P) against p-pass algorithms computing the
exact cost of hypergraph edge cover. Similar arguments as [GO16] were used by [CKP*21b]
to prove a lower bound for sampling random walks in directed graphs.

We mentioned that the reductions from the Index problem are optimal for single-pass
algorithms for many standard problems [FKM™05, FKM*08,SW15]. In contrast, the reduc-
tions from pointer chasing are not optimal even for two passes for problems like directed
reachability and shortest paths [FKM*08, GO16].” The hard instances only have n!'+®(1/?)
edges: t = n®1/P) many “random” looking graphs of constant degree are superimposed to
create the input. There are two technical reasons behind this construction:

(7) The smaller sparse graphs of constant degree are derived from individual pointer chas-
ing instances, and the hard inputs to pointer chasing are uniform functions [NW9I,
Yeh20] .

(77) The direct sum arguments of [JRS03, GO16] rely on the independence of the ¢t many
individual instances: they cannot be correlated with each other.

This leaves us with hard instances that are almost random graphs with degree n®(/»).
These instances only form easy cases of the respective problems in [FKM™08, GO16]. Refer
to Figure 2.6 for an illustration.

o o o @)
Bob Alice

Figure 2.6: An illlustration of direct sum of pointer chasing. FEach color represents one
independent instance. Bob holds all the functions in one column, and Alice in the next and
SO on.

Thus, we do not know any way of extending the techniques of [FKM™08, GO16] to get
stronger lower bounds. The current state-of-the-art upper bounds for exact undirected short-
est paths and directed reachability are O(y/n) [CFHT20,BFKL21]. We now move to another

technique for proving multi-pass streaming lower bounds.

Set Disjointness. Index and Pointer Chasing are hard only for limited rounds of com-
munication, and become trivially easy even if one extra round is given to the players. In

"The exceptions are [CW16] which is optimal for all passes, and [CKP*21b] which is optimal for two
passes.
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the other extreme is the set disjointness problem, which is proven to be hard, even with
unbounded rounds of communication. Here, Alice and Bob have a set A, B C [¢]. They
simply want to find if AN B = ) or not, and we know that, for any r > 1, this problem
requires 2(¢/r) message length if at most r messages can be sent [[KS92, Raz92, BJKS02].

Reductions from set disjointness have been successful in proving lower bounds for maxi-
mum clique or independent set approximation [HSSW12], girth computation [FKM™08], tri-
angle detection [BOV13,BC17], and finding minimum vertex cover [ACKP21]. These lower
bounds are tradeoffs of the form p-passes versus Q(n°/p) space for some constant 1 < ¢ < 2.
Thus, poly(n)-pass lower bounds for algorithms using poly(n) space can be shown.

Communication complexity with unbounded rounds is algorithmically much stronger
than the streaming model. This captures the setting when there is no limit on the number of
passes, and we are only interested in the total space used across all the passes, whereas in the
standard streaming model, we want to minimize the number of passes and the space used by
the algorithms. Hence, we can use this technique to prove lower bounds for problems which
have high unbounded round communication complexity only. Directed reachability and
maximal independent sets have trivial O(n) total communication protocols. Approximation
of maximum matchings also has a protocol that has total message length as O(nlog®n)

[BvdBE*22].
Next, we look at technical advances that overcome the challenges associated with direct
reductions from index, pointer chasing and set disjointness.

2.2.3 New Techniques for Stronger Lower Bounds

There have been many breakthrough results that go beyond direct reductions, and these
have been focused on semi-streaming algorithms which use O(n) space. We can broadly
classify these results in two directions.

Strong Streaming Lower Bounds but Low Communication. Given the caveat that
strong poly(n)-pass lower bounds for semi-streaming algorithms only exist when the com-
munication complexity is large, the work of [ACK19a] asks the following question:

Is there a problem that has é(n) communication protocols, but needs
nM _passes in semi-streaming?

[ACK19a] answers this question in the affirmative. They show that the lexicographically
first maximal independent (LFMIS) set problem, in p-passes, requires Q(n?/p°®) space. A
maximal independent set (MIS) is any independent set that is not a proper subset of some
other independent set. LFMIS is a particular MIS that is picked by choosing the vertex
with the lowest ID at each step, removing its neighbors and recursing on the remaining
graph. This simple algorithm can be run in O(nlogn) communication in unlimited number
of rounds.

The main technique of [ACK19a] is a new communication problem called hidden pointer
chasing (HPC). It can be viewed as a composition of set intersection and pointer chasing:
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instead of the functions given to Alice and Bob in the standard pointer chasing instance, the
output of the function is hidden via a set intersection instance between two players.

In the set intersection problem, there are two players Alice and Bob and a universe W.
Alice and Bob each have a set A and B respectively, such that A, B C W and AN B = {w}
for some w € W. Alice and Bob have to find the value of w. It is known that this problem
requires Q(|WW|) communication irrespective of the number of rounds [KS92,Raz92, BJIKS02].

In the HPC problem, there are four players P4, P, Pc and Pp, and two disjoint universes
X =A{z1,...,x} and Y = {y1,...,ye}. Pa, Pp together take on the role of Alice in pointer
chasing, except that each pointer is hidden with a set intersection instance. For each x € X
players P4, Pg are given a set intersection instance A,, B,, with a unique intersecting element
t. € A, N By, and the function fap : X — Y is defined as fap(z) = t,. Similarly, Po, Pp
take on the role of Bob with || many set intersection instances over X, each of which points
to an element in X'. The function fop is used to denote these pointers.

The sequence zg, 21, ...,z is defined the same as in pointer chasing:

20 =9, 21 = fep(), 29 = fAB(Zl)7 z3 = fCD<Z2)7 ce

where ¢ is an arbitrary element in ). The players want to compute z,.

If (r + 1) messages can be exchanged from { P4, Pg} to { Pc, Pp}, solving this problem is
easy, and can be done in O(r¢) communication. The players can solve the corresponding set
intersection instances in O(¢) total communication. However, [ACK19a] shows that if only
r messages can be exchanged across { P, Pg} and {Pg, Pp}, the communication required is
at least Q(¢?/r?). This “bounded round” aspect allows [ACK19a] to prove a lower bound of
Q(n?/p°) space for p-pass algorithms for LFMIS.

Follow-up work by [AGL"24] improves the lower bound of HPC to Q(¢?) when different
set intersection instances are used for each value of z; for i € [r], with a total of ¢ instances.
They give a novel combinatorial construction which yields a lower bound of Q(n?/p?) for
degeneracy and k-core computation. A k-core of graph G is a maximal vertex subset S C V'
such that each vertex in S has at least k£ other neighbors in S, and the degeneracy of G is
the largest integer £ > 0 such that G contains a non-empty k-core.

[AGL*24] also gives an O(n) communication protocol that computes the degeneracy
and the k-core, answering the earlier question definitively. The combinatorial component
of these results is the reduction from HPC and the information-theoretic component is the
communication lower bound for the HPC problem. The next direction focuses on few passes
and aims to get optimal lower bounds for small number of passes.

Smaller Independent Subgraph Instances. [FKM*08,GO16] prove an Q(logn/loglogn)
lower bound on the number of passes required to solve s,t reachability. They use a direct
sum version of pointer chasing and to construct a graph which contains all the independent
instances of pointer chasing, they simply overlap the edges from each instance (see Fig-
ure 2.6). What if we want to capture independent instances of other complex constructions?
As we will see, a family of graphs called Ruzsa-Szemerédi-graphs [RS78] can be used for this
purpose.

The use of RS-graphs in proving streaming lower bounds was pioneered by [GKIK12]
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for single pass algorithms who give an upper bound of 2/3 on the approximation ratio of
maximum matchings in O(n) space, and by [AR20] for algorithms using more than one pass.

More concretely, [AR20] proves that any algorithm that checks if ¢ € V' is reachable from
s € V in two passes requires (n?~°1)) space, this is almost quadratic, and close to optimal!
In one pass, a lower bound of Q(n?) is easy to see (Figure 2.7) [FKM"05].

Figure 2.7: An illustration of the hard instance of s, ¢ reachability for one pass algorithms.

[AR20], similar to HPC, uses the set intersection problem to hide the pointers from s, ¢
even after one pass over the edges. For parameters p, ¢, they construct ¢ many set intersection
instances over a universe of size p each, to hide the pointer from s to s* and from ¢ to t*.
See Figure 2.8. Among the g-many set intersection instance, which one reveals the pointer
s* and t* is revealed only at the end of the first pass, and therefore, an algorithm would have
to solve all of them using (pq) space. This can be proven using direct sum arguments.®
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Figure 2.8: An illustration of using set intersecion instances to hide the pointers in one pass
reachability.

This plan would allow one to prove the following lower bound for two-pass algorithms

8 [AR20] proves something stronger: for each set intersection instance, the distribution of the answer
remains e-close to uniform in total variation distance with o(e? - ¢) length messages.
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that find whether ¢ is reachable from s:

Q(1) - min{ p-q ¢ )

set intersection instances index instance

Taking p = O(q) gives an Q(¢*) = Q(n?) lower bound. However, there is one important caveat
here. How do they capture the set intersection instances as a graph input? Importantly, the
independence of the set intersection instances have to be preserved, while using only O(q)
many vertices in total to embed the instances.

The survey by [McGO5] raises this issue prevalent in proving graph lower bounds:

less is known about graph stream lower bounds because it is often
harder to decompose graph problems into multiple simpler
“independent” problems and use existing communication complexity
techniques

[AR20] shows that Ruzsa-Szemerédi (RS) graphs [RS78] can be used to construct graphs
that embed ¢ many set intersection instances over universe of size p. They are parametrized
by p,q and are a family of graphs whose edges can be partitioned into ¢ many induced
matchings of size p each. In an induced matching, there are no other edges between the end
points of the matching edges.

The edges of each induced matching can embed one set intersection, and the inducedness
of the matchings makes sure that different instances do not interfere with each other. More
explicitly, they can be used to hide set intersection instances over universe [p|, which is the
size of each matching. The end points of the matching are arbitrarily mapped to [p]. From
s, there are edges corresponding to one set of the set intersection instance, and edges to t
corresponding to the other set. Refer to Figure 2.9 for more details.

The framework of [AR20] was extended to many passes using by [CKP*21a] who show
that any streaming algorithm that uses even o(y/logn) passes and computes whether ¢ is
reachable from s requires Q(n?>=°1)) space. The framework was also extended to provide
a lower bound on the approximation ratio of matchings in two passes and semi-streaming

space (O(n) space) based on the density of Ruzsa-Szemerédi-graphs [Ass22].

The work by [KN24] uses RS-graphs to prove an unconditional upper bound of 8/9 on
the approximation ratio of matchings in O(n) space, by directly extending the framework
of [GKKI12], and embedding “smaller” RS-graphs through induced matchings. Roughly
speaking, each edge is replaced by an RS-graph which is a hard instance for one-pass algo-
rithms.

This concludes our overview of the prior work on graph streaming lower bounds. Let us
move to the lower bounds for graph problems in distributed computing.

2.3 Distributed Computing Lower Bounds

We start by defining the distributed computing model. We have an n-vertex graph G =
(V, E) representing a distributed network with one player for each vertex of the graph who
sees the edges incident on the vertex. Players communicate in synchronous rounds over
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ings of 3 edges each. present in both the sets.

Figure 2.9: Using RS graphs to hide set intersection instances.

the edges of the graph. In the LOCAL model, the players can send arbitrary messages of
unlimited length over the edges in each round. In the CONGEST model, the message length
is restricted to O(logn) over each edge.

The players want to process the underlying graph, and after all the rounds are over, they
output the required answer in a distributed manner.”

2.3.1 LOCAL Lower Bounds

LOCAL lower bounds are typically not proven using communication complexity, and there
are a lot of other techniques that can yield optimal results. There is a rich history of work
in proving lower bounds in the this model starting from [Lin92] which proves a tight lower
bound of Q(log"n) on the number of rounds required to 3-color an n-cycle [CV86]. This
is the first use of the celebrated round elimination technique. Given an algorithm A that
uses r-many rounds for a problem, the technique transforms A into another algorithm A’
that uses only (r — 1)-rounds to perform a different (slightly simpler) task. Repeating this
procedure r-times leads to an algorithm that performs a non-trivial task using 0-rounds, and
gives a contradiction.

With unlimited bandwidth and arbitrary messages, observe that any node in the LOCAL
model, in r rounds, knows its entire r-hop neighborhood and no other information. Hence,
an r-round algorithm is assumed to have access to the entire r-hop neighborhood while

9This is highly problem dependent. For instance, in vertex coloring, each vertex must output its own
color. In subgraph detection, if there is no subgraph, then all players must say NO, and otherwise at least one
player must say YES. Typically, the format of output is such that the players do not have to communicate
the answer through the edges, and it is sufficient for one of the players to find the answer.
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proving lower bounds (see Figure 2.10).!° This technique has led to many interesting lower
bounds including: maximal matching and maximal independent sets [[KS25, BBH21], ruling
sets [BBO20], vertex coloring [BBKO22a, BBK*25] and sinkless orientation [BKIK™23].

r-hop neighborhood (r — 1)-hop neighborhood
(a) The r-hop neighborhood surrounding (b) The r-round protocol is transformed into
vertex uw. This is what any r-round proto- one that only looks at (r — 1)-hop neighbor-
col has access to. hood to solve a different problem.

Figure 2.10: Round Elimination to prove LOCAL lower bounds.

Another notable way of proving LOCAL lower bounds is the indistinguishability tech-
nique. Here, a family of graphs is constructed so that the r-hop neighborhoods of many
vertices look identical, but a correct algorithm forces them to output different answers,
which would be impossible. Perhaps the most prominent LOCAL lower bound is the work
by [KMW16] that gives lower bounds for minimum vertex cover and maximum match-
ing among other problems. More results that employ the indistinguishability technique
are [Nao91, BFH"16].

Now, we move to the CONGEST model where in addition to locality constraints, there
is also a bandwidth limitation of O(logn). The LOCAL model is significantly more pow-
erful than the CONGEST model, and hence lower bounds here automatically apply to the
CONGEST model as well. However, we do not know of round elimination or the indistin-
guishability technique yielding stronger lower bounds in CONGEST.

2.3.2 Information Bottleneck

The main technique to prove lower bounds in CONGEST is via an information bottleneck. If
a vertex with degree d needs to output a solution that is Q(n°) in length for some constant c,
a lower bound of Q(n°/(dlogn)) on the number of rounds follows directly in the CONGEST
model, because each vertex only receives a total of O(dlogn) bits as messages in each round.
An example of this technique is a lower bound of ©2(n/log n) on the number of rounds required

10The article [Suo20] is an excellent introduction to round elminiation in the LOCAL model.
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to approximate weighted all pairs shortest path (APSP) up to any poly(n) approximation
by [Nanl4].

In APSP, at the end of all the rounds, we require any vertex v € V' to know the shortest
path distance of v from every other node v € V. [Nanl4] shows that if v has only one edge
to the rest of the graph, it has to potentially learn n bits about the entire graph through one
edge, leading to a lower bound of Q(n/logn) rounds. See Figure 2.11 for an illustration.

Figure 2.11: An illustration of the hard instance of APSP in CONGEST. Each of the dashed
edges can have weight as « or 1. The vertex v must learn all these weights using its one
incident edge.

Further examples of this technique are the work of [IG17] for triangle listing, [FGKO18]
for more general clique listing. Observe that the output size for this problems is extremely
large, and the information bottleneck is over one vertex having to receive a lot of information.

It is not necessary to only focus on the information one vertex receives, because we can
isolate a small cut and prove that many messages have to be sent across the cut. Choos-
ing cuts of small size leads to strong lower bounds, even for problems where the output
size is small. Formally, these lower bounds are proved via reductions from communication
complexity, starting from [PR0O0]. The hard problem used is almost always set disjoint-
ness [SHK™12, FHW12].

The input graph G = (V, E) is carefully split between two induced subgraphs G4 and
Gp with only few edges between G4 and Gg. They then show that the hard two-party
communication problem can be embedded in the edges of G4 and Gg, while keeping the
few edges between G4 and Gp fixed and input-independent. Assuming one needs ¢ bits of
communication for solving the two-party problem and there are only k edges between G 4
and Gp, this construction immediately implies an Q(¢/(klogn)) round lower bound for the
original problem; see Figure 2.12.

This technique has had a lot of success in proving lower bounds in CONGEST including
but not limited to approximation of diameter [ACK16, FHW12|, minimum spanning tree
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Figure 2.12: An illustration of using a small cut to prove lower bounds in CONGEST. There
are only 2 edges between G4 and G, so a lower bound of (¢/logn) will be proved. Here,
t is a lower bound on the communication complexity of the underlying hard problem.

[KP95, SHK"12], minimum vertex cover [CHKP17, ACKP21], subgraph detection [DKO14,
CK18,Cen22] and minimum dominating set [BCD™19].

Reductions from set disjointness have led to optimal lower bounds for many problems such
as global min-cut [DEMN21,SHK™12], approximate minimum spanning tree [GKP98, PR00,
SHK™12], 4-clique detection [CK18,CCGL21], maximum independent sets [CHKP17] and all
pairs shortest path [LP15 Nan14,BN19], but the technique suffers from similar drawbacks as
in the graph streaming model. Namely, algorithmically, the two-party communication model
is much stronger than the CONGEST model where players only have local access, and hence
some problems are provably easy in two-party communication.

2.3.3 Further Techniques

For many problems, efficient two-party communication protocols have been found, which
preclude using a reduction from two-party communication to prove strong CONGEST lower
bounds. For instance, state-of-the-art algorithm for detecting k-cliques uses O(nl’Q/ k)
[CCGL21] rounds, and the lower bound is (1/n) rounds for constant k and this lower bound
is tight in two-party communication [CK18]. Another example is that of maximum indepen-
dent sets where there is a protocol that gets a (1/2) approximation ratio in two-party commu-
nication, whereas this problem could be hard in the CONGEST model [BCD 19, EGK20].!!

Multiparty Communication Complexity. A natural way to overcome the issue of two
parties is to use reductions from multiparty communication complexity. This is closer to
the CONGEST model, where the entire graph is divided among n players. Multiparty set
disjointness is a natural candidate here. In this problem, there are k players, each with a
set S1,S5,...,5: CU. In one case, there is some element x € U which is present in all the
sets, and in the other case, all the sets are pairwise disjoint. It is known that this problem
requires Q(|U| /(klogk)) communication [CKS03].

The work of [EGK20] uses a reduction from set disjointness over ¢ = O(1/e€) players
to prove that maximum independent set cannot be approximated to a (1/2 + €) factor in
O(n/log®n) rounds, and to a (3/4 + €)-factor in O(n?/log®n) rounds, and these results

HRefer to Section 5 of [BCD'19] for a list of problems and the limitations of proving lower bounds via
two-party communication.
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cannot be proved using two-party communication complexity. Their reduction uses the tools
developed in [BCD"19], which proves that an approximation ratio better than (7/8 + ¢)
requires Q(n?) rounds. [BCD*19] uses error correcting codes and probabilistic tools to create
gaps in the size of the maximum independent set in the input instances, to extend the exact
computation lower bound of Q(n?) to approximate maximum independent set also.

Fooling Views. The problem that perhaps exemplifies the issue of two-party communi-
cation is that of triangle detection. However one divides the three vertices of a triangle, at
least one of Alice or Bob will have two vertices. [ACKL20] states that triangle detection is:

one of the best illustrations of the lack and necessity of new
techniques for proving lower bounds in distributed computing

They introduce a new technique called fooling views which combines the indistinguisha-
bility tool from LOCAL lower bounds and the information bottleneck in CONGEST lower
bounds. For a simple hard instance of tripartite graphs composed of 6-cycles and trian-
gles, their bound shows that if the bandwidth is 1, then the number of rounds required is
Q(log"n)."? In the standard indistinguishability arguments, any r-round algorithm is as-
sumed to have access to the entire r-hop neighborhood, and applying this technique directly
for triangle detection does not give any meaningful multiround lower bounds. [ACKIL20]
overcomes this issue by exploiting the bandwidth limitations, and proving that a large sub-
set of nodes receive the same messages irrespective of whether they are a part of a 6-cycle
or a triangle. Such a vertex is called a fooled vertex, and the number of fooled vertices
decreases exponentially in each successive round leading to a lower bound of (log" n).

The assumption of many vertices receiving the same messages is infeasible in the standard
CONGEST model because there may be 20087 = n0(M) different messages possible over each
edge. Follow-up work by [FGKO18] uses the same technique, without the assumption that
all messages have to be the same. They look at the entire transcript of the protocol'® and
show that a small number of vertices will still not know whether they are a part of a 6-
cycle or two different triangles with a local view of the transcript. Their lower bound also
holds only in the restricted model where the bandwidth is 1-bit and as far as we know this
technique has not been adapted to the CONGEST model. This concludes our overview of
the prior techniques used to prove lower bounds in distributed computing for large graphs.

12Their result does not lead to any lower bounds in the standard CONGEST model, and the main contri-
bution of the paper is the technique of fooling views.

13 Transcript contains all the messages across all the rounds sent by the protocol, with the identifiers of
the edges through which the messages are sent.
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3 A Brief Technical Overview

A central theme of our results is the construction of round-specific hard instances, in contrast
to classical reductions that are inherently insensitive to the number of rounds. We see that
these techniques can give optimal or near-optimal results in many contexts, and non-trivial
tradeoffs between rounds and communication for a variety of problems.

We describe our techniques with a focus on three parts: (i) the prior one round lower
bounds; (i7) the combinatorial components in our constructions; and (7i¢) the information-
theoretic analysis of our constructions. In this chapter, we only provide a high level overview,
and more specific tools unique to the results can be found in the respective chapters. We
start with a primer on the round elimination technique of [MNSW95].

3.1 On Round Elimination

The one technical tool in common between Chapters 5 to 7 is the round elimination technique
of [MNSWO5] that was used to prove round-sensitive communication lower bounds. We give
a brief summary of this technique, and how it can be adapted to prove our results. This
technique was used by [ANRW15] to prove a lower bound for the communication complexity
of bipartite maximal matching, where only one partition of the vertices can communicate.
Another use of this technique is the work of [AKZ22], giving round-communication trade-
offs for maximal independent sets. Note that this technique is different from the round
elimination of LOCAL lower bounds that was discussed in Section 2.3.1.

The ‘Round Elimination Lemma’ of [MNSWO95] is one way to prove communication com-
plexity lower bounds when the number of rounds is limited. Informally, the lemma has the
following structure: an r-round hard instance of the problem is created by picking multi-

ple (r — 1)-round hard instances of the same problem I,..., I}, and giving them to the
players. The players also receive additional inputs that “point” to one of these instances
I € {I,..., I} as being the special one in a way that, to obtain the final answer, they

need to solve I*.

The pointer is hidden to the players at first (e.g., is only given to the player not speaking
first) and so they cannot reveal enough information about I* in their first round; thus, they
now need to solve I* which is a hard (r — 1)-round instance in (r — 1) rounds, with “almost
no help” from the first round, implying the lower bound. At a high level, the hardness of
the instances constructed using the round elimination lemma has an Index flavor. The bits
of the Index problem are replaced with hard instances for (r — 1)-rounds, and this makes the
problem harder for one more round. See Figure 3.1 for an illustration.

Some important observations about the round elimination lemma are in order. The k
instances given to the players are independent of each other. If the answers or the instances
are correlated in some way, even in the first round, it is conceivable that the players make a
lot of headway in solving them together.

Let us say that the input size of the smaller instance is n,_1, and solving it in (r — 1)-
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gives solution

Figure 3.1: The round elimination framework of [MNSW95]. The hard instance is made of k
smaller hard instances, where solving I* gives the solution to the full instance. The identity
of I is not revealed until the first round messages are sent.

rounds requires s,_1(n,_;) communication. The best lower bound we can hope to prove, even
for r rounds is the same s,_1(n,_1), as solving I* can be done in (r — 1)-rounds in s,_1(n,_1)
communication. The input size of the r-round instance, however, grows by a factor k. Thus,
we can only prove weaker bounds with each successive round (which is to be expected; we
are adding computational power with each round!), and mitigating this decay boils down to
having small values of k.

What happens if £ is extremely small, however? The players can use the first round to
gain some information about all the instances, with only Q(k) bits of communication. This
leads to a balancing act:

1. Large values of k lead to larger instances for each subsequent round, and weaker bounds
relative to the size of the instances.

2. Small values of k may mean that the first round actually reveals non-trivial information
about I* that aids the players in solving the problem.!

r-rounds (r — 1)-rounds
Input size k-n,_q Np_1
Lower bound | min{k, s,_1(n,_1)} Sp_1(ny—1)

Table 3.1: Table with the instance and lower bound sizes in Round Elimination Lemma.

The best lower bound we can hope to prove, hence becomes a minimum of Q(k) and
Q(sy—1(ny—1)). The lemma shows that this lower bound indeed holds in many settings when
the underlying k instances are independent. We illustrate round elimination with a simple
example by proving an Q(n) lower bound for the Index problem.

3.1.1 Using Round Elimination for Index

We informally defined the Index problem in Section 2.2.2. Now, we give a formal definition
and use round elimination to prove a communication lower bound for Index.? The key idea is
to simulate the first-round message M using public randomness which eliminates one round.

More formally, we want the players to only convey o(1) information about I*, which is only true if o(k)
bits are sent in the first round.
2There are multiple ways to prove a linear lower bound for Index, and our proof is folklore.
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The joint distribution of the inputs and the message is approximately preserved even with
this sampling.

Definition 3.1.1. For any n > 1, in the INDEX,, problem, there are two players Alice and
Bob. Alice receives a string x € {0,1}" and Bob receives i € [n]. Alice sends a single message
M to Bob, and after receiving the message from Alice, Bob has to output the value of x;.

In addition, Alice and Bob also have a source of public randomness that they can use.

The INDEX is a one round communication problem. Assume towards a contradiction
that there exists a protocol m; where Alice sends messages of length at most s < n with
probability of success at least 2/3.

Our proof for INDEX is by way of Yao’s minimax principle [Yao77], which reduces our
task to proving a lower bound for deterministic algorithms over a hard input distribution.
The hard distribution we use is simple: = € {0,1}" and i € [n| are chosen uniformly at
random and independently. This distribution of the inputs induces a distribution over the
messages of m; also. Let D be the joint distribution of (x, M, ) in protocol ;.

We use the following 0-round problem, that is hard to solve trivially.

Definition 3.1.2. The ECHO is defined as follows. There are two players Alice and Bob.
They have a source of finite but arbitrary length random bits public to both Alice and Bob.
They also have a source of private randomness for both of them.

Alice has a bit b € {0,1} chosen uniformly at random, and Bob has to output the bit b
without any communication from Alice.

It is easy to see that whatever bit Bob outputs, he is not going to succeed with probability
more than 1/2. However, if there is a protocol m; for INDEX,, that uses o(n) communication,
we will see that we can eliminate one round from 7; to get a protocol for ECHO that gets
a probability of success larger than 1/2. To get this protocol, we view the INDEX,, as n
different instances of ECHO, and Bob wants to solve one of them that i € [n] points to.

The first step in constructing a protocol for ECHO is an embedding argument: we want

to use the input to ECHO to generate an input to INDEX,, so that solving this instance gives
an answer to ECHO also.

Embedding ECHO into INDEX,,:

(¢) Alice and Bob use public randomness to sample a uniformly random index * € [n].
Bob fixes the value of i to be ¢*.

(77) Alice sets x;« = b, and uses private randomness to sample the rest of input =z,
conditioned on the value of x;+ and 7*.

It is easy to see that in the above process, Alice and Bob generate an instance of INDEX,,
such that finding x; = b solves ECHO. However, any protocol for INDEX,, uses one message
from Alice to Bob that ECHO does not allow. We see that whatever protocol INDEX,, uses,
we can sample the message from Alice to Bob using public randomness.
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Protocol 7, for ECHO using 7;:

(i) Alice and Bob use public randomness to sample a uniformly random index i* € [n].
Bob fixes the value of i to be ¢*.

(77) They also use public randomness to sample a message M from distribution D.

(7i1) Alice sets x;x = b, and uses private randomness to sample the rest of input z,
conditioned on the value of M, z;« and ¢*.

(17v) Bob uses the message M, index i = i* and his own source of private randomness to
output the answer of ;.

We have sampled the message M from the distribution D, without Alice actually sending
any message to Bob, thus eliminating one round. The players in protocol my do not perform
any communication at all.

In an ideal world, the message we sample would fully agree with the input of Alice, the
string x. In our scenario, Alice sets the value of z;+ independently of the sampled message
M. Thus, the distribution of (z, M, i) in our protocol is not the same as the distribution in
. Let us look at a few examples of what 7 can do.

m sends all the bits: If protocol m; sends all the bits of x to Bob, Alice cannot sample
(x, M, 1) consistently always. The message M fixes value of x;, but the input bit b of
Alice agrees with x; only with probability (1/2). Thus, with probability (1/2), any
(x, M, 1) sampled in 7y will not be valid.

m sends a few random bits: Let m; send k bits of x chosen randomly along with their
indices. As ¢* is chosen uniformly at random, whenever ¢* falls into one of these k bits,
the (z, M,i) we sample is valid with probability (1/2). If i* does not fall into one of
these k bits, we can sample (x, M, i) consistent with 7.

m sends a sketch: Let A C {0,1}°*" be a randomly chosen matrix, and Alice sends M =
A -z in m;. When simulating this message in 7, matrix A and sketch M are fixed.
If the bit at position 7 is fixed by A, M?, then bit b is faithful with probability (1/2).
Otherwise x; is uniformly random. As the rank of A is at most s, only at most s
co-ordinates of x can be fixed by A, M.

In all these examples, if the message length is small, the simulation is closer to the one
we desire, i.e., closer to being valid in protocol 7. We can formalize this intuition using
information-theoretic arguments. We prove that the joint distribution of (z, M, 7) in protocol
mo (say D') is close to the distribution in protocol 7y, using which we can prove that the
answer from Bob will be close to correct as well.* Formally, we prove this claim:

3In other words, e; € {0,1}", which is the vector with 1 at position i and 0 everywhere else, belongs to
the row span of A
4Through this proof sketch, we use the term total variation distance, and some properties about this
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Claim 3.1.3. The total variation distance between the joint distribution of (x, M,i) in pro-
tocol w1 under the uniform hard distribution of (z,i) and in protocol 7y is small.
IDOOM, ) — DM, a2
s IV s Wl tvd > 2 n‘
The full proof details are not relevant to the rest of this chapter, but it crucially uses that
m, only sends s bits of communication. We postpone the proof to Section A.1. Equipped
with Claim 3.1.3, proving that my has high probability of success is easy.

We use Fact 4.3.5 with the event £ as the output of Bob being correct.

Pr[my succeeds | > Pr[m; succeeds | — || D(x, M, i) — D' (x, M, i)|tva
2 1 5
>Z_ -, /2
-3 n
1
> 5 (for s < n)

This shows that 7y has > 1/2 probability of success, which is a contradiction, because
had no communication at all. Bob has no information about the bit b at all, and any value
from Bob only has a probability 1/2 of being correct.

Now, that we have a proof sketch, let us focus on the most important (and non-trivial)
step of protocol my. Alice and Bob collectively sampled the distribution of M, in such a way
that not conditioning on x; did not change the distribution too much, and this is formally
stated in Claim 3.1.3. This is the key step in many applications of the round elimination
lemma: showing that the first round messages did not reveal much about the hidden instance,
and providing a way to sample these messages. In our example with the Index problem, this
step was possible because the distribution of M did not reveal much information about x;
when Alice did not know the value of i.

This example illustrates the central principle of round elimination:

If the first-round message reveals little information about the hidden
instance, then we may be able to simulate it and remove it altogether.

Next, we go into the details of how classical round elimination is unsuitable, and how we
adapt it to different settings to yield optimal and near optimal lower bounds. We do not
focus on the specific sampling process in the results, and instead we present the high level
overview of the constructions and the parameters that lead to the final lower bound.

3.2 Streaming Maximal Independent Sets

Recall that Theorem 1 was a lower bound of Q(loglogn) on the number of passes required
to find a maximal independent set in semi-streaming. We establish Theorem 1 by proving

distance that may be unfamiliar. Roughly speaking, it quantifies how far two distributions are from each
other. The formal definitions are presented in Chapter 4.
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a round vs communication tradeoff for the (multi-party) communication complexity of

MIS.

We start from the one round hard instance of [ACK19b, CDK19], which prove that finding
an MIS in one pass requires Q(n?) space. We discuss this instance directly with the view of
two-party communication complexity.

o Alice receives two identical copies of a bipartite graph G where each pair becomes an
edge with probability 1/2. There are totally ©(n?) edges.

« Bob receives the following graph on the same set of vertices: pick a pair {u,v} of
vertices on the two sides of the bipartition of G and connect all vertices that are not a
copy of these vertices to each other.

We want to compute an MIS of the union of the graphs of Alice and Bob. Computing the
MIS of such a graph requires the players to figure out if (u,v) is an edge in G or not. If some
vertex w # u, v in the first copy is picked in the MIS, then all other vertices barring u, v are
excluded as they are neighbors of w. Thus, any valid MIS contains both u, v if (u,v) is not
an edge, and only one of u, v if (u,v) is an edge. Similarly, if no such vertex w is picked, the
MIS reveals whether (u,v) is an edge in the first copy. See Figure 3.2 for an illustration.

Figure 3.2: Alice’s input is G; and G5 which are copies of the same random bipartite graph
(GG. Bob’s input connects every vertex other than copies of u and v to each other. In the
image, this is illustrated as w being connected to all vertices in the grey cloud and vice-versa.
If we pick a vertex w in the left to join the MIS, all its neighbors ar forced out. Only vertices
uw and v in the right remain to join the MIS (the figure only shows some of w’s edges).

To extend the lower bound to two rounds and more, we employ the round elimination
technique with one tweak: instead of the players needing to solve one smaller instance I*,
we force them to solve many small hard (r — 1)-round instances to solve one hard r-round
instance. This change is found to be necessary to get the optimal lower bound for MIS, and
we explain why briefly.

Limitations of Round Elimination

Suppose we want to extend the round elimination approach beyond a single round, by having
just one special smaller instance. Let us try to prove a n'*¢ lower bound for two-round
protocols with € > 0.
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In the one-round lower bound, the MIS was forced to find a particular edge. We can
use the same approach to force the MIS to focus on a special set of vertices. Again, we
have two identical copies of the same base graph for Alice and give Bob an input that
connects these copies. Instead of a random graph however, we need Alice’s base graph to be
a collection of independent copies of the 1-round hard instances. Here, ‘independent’ copies
not only mean in a probabilistic sense, but also in a graph-theoretic sense: the edges of one
instance should not appear between vertices of another as otherwise the instances become
“corrupted”, namely, they are no longer necessarily hard 1-round instances. (See Figure 3.3.)

s .W/\\\f N

G, G,

Figure 3.3: The special instances should not corrupt each other. Bob’s edges can be used to
isolate a special instance [*

We also need these instances to be quite large, so that a 1-round lower bound for them
incurs a significant communication cost in terms of the entire graph size. A bit more specif-
ically, to make this strategy work for a two-round n'*¢ communication lower bound, for any
constant € > 0, we need Alice’s base graph to have the following properties:

1. Tt must contain (n'™¢) 1-round instances so Alice cannot reveal too much about a random
instance;

2. Each 1-round instance needs to have (n1+)/2) vertices so that the quadratic 1-round lower
bound implies that the second round of the protocol needs (n(!+%)/2)2 = p'** communica-
tion;

3. The instances cannot have edges between each others’ vertices so as not to “corrupt” one
another.

Recall the parameters of round elimination from Section 3.1. These properties are essentially
saying:

min{k, s;} = n'"e,
while maintaining independence among the smaller instances.

Given that one-round instances have quadratic number of edges, satisfying all these
constraints means having a base graph on n vertices with n?? edges or even pairs of
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vertices!?

This highlights an inherent difficulty (basically, impossibility) of implementing this natu-
ral type of round elimination argument for proving communication lower bounds on graphs.
This is why in our approach, we force the (r)-round instance to solve many smaller (r — 1)-
round instances. We see why this leads super linear lower bounds when discussing the
parameters later in this section.

Combinatorial Component

In order to translate the round elimination lemma into graph instances, we need to embed
the instances in graphs in a way that they do not interact with each other, as the instance
of [AR20] does for two passes. We briefly discussed this property of [AR20] in Section 2.2.3.
These independent subgraphs in [AR20], and later in [Ass22, CKP21b, KN24] are bipartite.
Using standard RS graphs, it is not clear how to embed more complex smaller hard instances.

In the combinatorial component of our work on MIS in streaming, we give a way to embed
non-bipartite graphs in a way that they do not interfere with each other by constructing a
family of large graphs which have many disjoint unique path collections. Roughly, each edge
of an induced matching in an RS graph is replaced with a long path instead (they can be
viewed as “stretching” the edges of an induced matching into paths that do not interfere
with each other). The construction borrows ideas from [Beh46, RS78|, which were used to
construct bipartite RS graphs. See Figure 3.4 for an illustration.

More specifically, for parameters p, ¢,k € N, in our Disjoint Unique Path (DUP) graph,
we have:

e An induced unique path collection (UPC) of size p is a collection of p-many paths
Py, ..., P, of length k each, such that P, = (u;,...,v;) is the unique shortest path
between u; and v;. Moreover, the subgraph induced by the vertices in all p-paths do
not contain any edges that are not in any of these p-paths.

e A (p,q,k)-DUP graph is a graph whose edges can be decomposed into ¢ many induced
path collections of size p and length k.

Similar to using RS graphs in [AR20, CKP*21b], each UPC can now embed independent
smaller hard instances, but the embedded instances are not necessarily bipartite.

Information-theoretic Component

The information-theoretic component of Theorem 1 is mainly proving the new round elimi-
nation lemma. More specifically, if the players have to solve g-many instances in the r-round
instance, they will correspondingly need more communication. ¢

In our round elimination lemma, to construct the hard r-round instance, we use ¢ - p
many (r — 1)-round instances, I; ; for i € [¢], j € [p]. The players are required to solve all
I;» ; for j € [p| for a random i* € [¢] that is revealed at the end of the first round.

5Making 1-round instances sparser or similar modifications does not work either, as that forces us to pick
even larger 1-round instances in Line 2, leading to the same exact contradiction.

6This lemma is isolated from any combinatorial constructions about how the instances are combined or
that the instances are graphs, and is purely a communication complexity lower bound.
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Figure 3.4: An example of DUP graph with ¢ = 3,p = 2 and k = 2. In each UPC, there is
no path of length 2 from a starting vertex to an end vertex unless the path belongs to the

UPC itself.

We prove the following lower bound for r-rounds:

r-rounds (r — 1)-rounds
Input size D-q-ny_q Ny_1
Lower bound | min{p-¢,p- s,_1(n,_1)} Sp_1(ny_1)

Table 3.2: Table with the sizes of the instance and lower bound on the message lengths.

Now, even though the input size grows by a p - ¢ factor, we can prove a stronger lower
bound proportional to p. Our proof uses information complexity direct sum [CSWYO1]
and message compression arguments [HJMRO07, BG14]. The proof details are postponed to

Chapter 5.

Figure 3.5: Our round elimination framework. To find the answer to the instances, the
players have to solve all p smaller instances in row *.
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Putting Things Together

We use our combinatorial construction to embed p - ¢ many smaller (r — 1)-round hard
instances into a single graph, in a way that in a UPC, the p-many instances do not interfere
with each other. Naively embedding them would cause the number of vertices to grow by a
p - q factor, but we avoid this growth using our extremal graph construction. See Figure 3.6.

[ Gdup
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(a) Two smaller hard instances H; and Hy on the left, and a DUP-graph on the right with p = 2,
k = 3 and unspecified q.
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(b) The resulting layered graph as the embedding of Hi, Hy into Gqyp — the drawing only shows
the effect of the embedding on one UPC of Ggqyp, and the remainder of the graph is unspecified.

Figure 3.6: An illustration of embedding smaller instances into DUP graphs. The figure only
shows how one UPC is replaced, in the final instance, all UPCs in Gg,, are replaced with
smaller instances.

Each path in all ¢-UPCs is replaced with a smaller instance. Finally, one UPC among
the g-many ones is picked so that any algorithm that finds an MIS will have to solve all p
smaller instances in the UPC. This corresponds to picking one row out of ¢ rows and solving
all the instances in row ¢* in our information-theoretic component.

To conclude our discussion on Theorem 1, we briefly discuss the parameters, and why our
bound is Q2(loglogn). Let ny be the number of vertices in the hard instance for the 2-round
lower bound, and n; be the number of vertices in the smaller 1-round hard instance.

Our parameters grow as:

s1(n1) = Q((”l)Q) P, q = na/ny ng ~ (”1)3 sa(n2) ~ (ng/n1) - (n1)2 ~ ”3/3-
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The boost we get in the sy(ng) term with p = (ny/ny) is the reason why we are able to get
meaningful two-round lower bounds. We are able to extend these parameters for any round
7 > 1. This gives a lower bound of Q(n'*/2°"’) on the message length for any r-round
algorithm for n-vertex graphs. For r = o(loglogn), this lower bound exceeds w(npoly logn)
proving that Q(loglogn) passes are required by semi-streaming algorithms to find an MIS.

3.3 Streaming Matchings

For streaming matchings, Theorem 2 and Theorem 3 prove a lower bound of Q(log(1/¢)) for
finding (1 —e¢)-approximations conditionally on the density of RS graphs and unconditionally
respectively. We also have Theorem 4 which proves a stronger Q(loglogn)-pass lower bound
to find any constant approximation in dynamic streams.

Theorem 2 is subsumed by Theorem 3 quantitatively under the current best lower [gs.”
Moreover, the techniques behind Theorem 2 are mostly disjoint from the rest of this thesis.
Hence, we focus on the techniques behind Theorem 3 and Theorem 4.

3.3.1 Insertion-only Streams

Theorem 3 uses extremely similar techniques as Theorem 1, but with a focus on the ap-
proximation ratio of matchings instead. Our starting point is the work of [GKIK12] which
proves that single pass semi-streaming algorithms cannot obtain an approximation ratio bet-
ter than 2/3 for maximum matchings, and its subsequent extensions in [KN24], who showed
that two-pass algorithms cannot obtain better than a 8/9-approximate matching.

The construction of [GKK12] uses the RS graph G = (L U R, E) in Proposition 4.2.2.
There are g-many induced matchings of size p each, and the edges of these matchings exist
independently of each other with probability 1/2. To store whether all the edges exist or
not, any algorithm will require Q(p - ¢) space.

After the edges of the RS graph are sent in the stream, one induced matching (say M*
between L* and R*) is chosen at random. All vertices in the RS graph except L* and R* are
connected to new vertices (A U B) via an auxiliary matching. The graph still has a perfect
matching by taking the auxiliary matching and M™*, of size 3n/2. However, if edges of M*
are excluded, the set (L \ L*) U (R \ R*) forms a vertex cover of size n. Therefore, if an
approximation ratio larger than (2/3) is to be achieved, edges of M* must be included. The
algorithm does not know the identity of M*, and ends up storing an e-fraction of the edges
of M* for any (2/3 4 ¢)-approximation. This leads to a lower bound of:

Q(pq) _ n1+Q(1/loglogn)

for any constant €. This shows that semi-streaming algorithms cannot obtain an approxi-
mation ratio better than (2/3).%See Figure 3.7 for an illustration.

The work of [KN24] directly extends [GKIK12] to two passes, by replacing each edge of
the RS graph with a smaller hard instance. More specifically, the one round lower bound

7Although Theorem 2 holds for approximate estimation of the matching size also, Theorem 3 holds only
when the algorithm is required to output the matching edges.

8In subsequent work [Kap13,Kap21], this result has been improved, and we know that any approximation
ratio better than 0.59 is not possible in a single pass in semi-streaming.
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(a) Given an RS graph on vertices LUR with (b) The orange edges of the RS graph
4 matchings of size 3 each, vertices AU B are are present with probability (1/2) indepen-
added, which connect to all vertices except dently. The vertices in the blue circle are a
the end points of the special matching. vertex cover of the other edges in the graph.

Figure 3.7: One round hard instance for (2/3) approximate matching in [GKKI12]. Any
(2/3 + ¢)-approximate matching must find at least an e-fraction of the yellow edges.

of [GKK12] relies on the algorithm not knowing the identity of the special matching before
the auxiliary edges are revealed. What if each edge of the special matching is now replaced
by an independent hard instance for one round? The inducedness of the special matching
ensures that these smaller hard instances will not interfere with each other. This could
potentially make it hard for two-pass algorithms: in the first pass, the special matching of
the outer graph will be unknown, and in the second pass, all the special matchings of the
smaller independent instances will be unknown. See Figure 3.8 for an illustration.

[KN24] implements this approach to prove that any algorithm with an approximation ra-
tio better than (1—(1/3)?) = (8/9) requires more than semi-streaming space (see Figure 3.8).
In their instance:

1. The auxiliary edges of the outer instance cover (2/3)" of the vertices, and the auxiliary
edges of the smaller instances in the special matching cover another (2/3) fraction of
the vertices. In total, these auxiliary edges cover:

2 1 2 8

373379
fraction of the vertices. Thus, the lower bound holds when an approximation ratio
larger than (8/9) is found.

2. Let 2n; be the number of vertices in the inner RS graph hard instances. The outer
graph is chosen with by ~ nllog logn1 Gortices. The total number of vertices will be by -1y
Any streaming algorithm has two choices:
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(a) Use Q(by™/161°82) gpace to gain information about the ~ by many smaller special
instances in the first pass;

(b) Or spend Q(by - ni ™/ 1%61°8™) space to solve a majority of the smaller instances in
the second pass without help from the first pass.

This leads to a lower bound of

. 1/ loglog b 1+1/loglogn 1+8(1/ loglog na)?
bg-mln{bg/ glogbz 1 /loglog N =n) (1/loglognz2)® 9

Y

which is not possible in semi-streaming.

The techniques of [KN24] however, do not extend beyond two passes, since in their infor-
mation theoretic component they rely on the two-way communication complexity tradeoffs
of the Index problem [JRS03].1° We extend this framework further, and show that any p-pass
algorithm cannot get an approximation ratio better than (1 —1/3?) in semi-streaming space,
which in turn proves that any (1 — ¢)-approximation algorithm requires Q(log(1/¢))-passes.

A L R

Figure 3.8: A hard instance constructed by [KN24], Any (8/9 + ¢)-approximate matching
finds at least an e-fraction of the edges of the special matchings in the smaller instances.
The smaller instances look exactly as in Figure 3.7a.

The hard instances of [GKIK12] and [KN24] are bipartite, so to embed them in the form
of independent smaller subgraphs, we can directly use RS-graphs, unlike Theorem 1. Hence,
for the combinatorial component, we do not need to construct any new family of graphs to
do the embedding, and simply use RS graphs from Proposition 4.2.2.

The information-theoretic component of Theorem 1 is applicable here, and allows us
to extend this lower bound. More concretely, we proved a new round elimination lemma,

9Refer to Section 6.1, proof of Lemma 6.1.10 for more detailed calculations.

107f Bob sends O(logn) bits to Alice, we know Alice needs to send one bit to solve the problem. [JRS03]
proves the more general tradeoff that whenever Bob sends b bits, Alice needs to send 2(n/2°) bits for 2/3
probability of success.
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where solving groups of smaller (r — 1)-round hard instances proportionately takes more
communication. Similarly, each induced matching can be viewed as a group of smaller
instances, and any algorithm that finds a large matching must solve many of these smaller
instances.

Let us move to the techniques behind Theorem 4.
3.3.2 Dynamic Streams

Theorem 4 also uses the tools from Theorem 1, but there are challenges in adapting them for
dynamic streams and matchings. Moreover, we want to prove a much stronger lower bound
than Theorem 3, in that any constant approximation takes 2(loglogn)-passes.

Combinatorial Component

The construction of Theorem 3 does not give any meaningful results for dynamic streams,
as finding constant approximations in the hard instance is easy. We rely instead on hard
instances specific to dynamic streams, and adapt the tools of Theorem 1.

We begin with the hard instance of [DK20], which shows that any constant approximation
of maximum matching in one pass requires Q(n?) space. They forgo complex constructions
using RS graphs by crucially exploiting the edge deletions in the stream and construct much
simpler elegant graphs.

Consider the following communication problem.

o Alice receives an n X n matrix A encoding the bipartite adjacency matrix of a random
bipartite graph G' between two sets of vertices L and R, each of size n. Each entry of
A is independently chosen to be 0 or 1 with probability half.

We think of the input to Alice as the insertions of edges Fj,s at the beginning of the
stream.

e The input to Bob is random permutations o, and o. of [n| that reorder rows and
columns of A, respectively. Bob is also given the following submatrix B of A: reorder
the rows and columns of A according to o, and o.; then, for some previously-fixed
i* = n — o(n), consider the (i* x ¢*) submatrix of A at the bottom right corner of A
(after the reordering). Provide this sub-matrix except for its diagonal entries as B,
and let diagonal entries of B be 0’s instead.

We think of the input to Bob as the deletion of edges Fg4. in the second half of the
stream (based on the bipartite adjacency matrix). Since B is a submatrix of A, all
edges deleted by Bob are already inserted by Alice. The input graph G at the end of
the stream is then the bipartite graph on bipartition L and R and edges Eiys \ Fael.

It is not hard to see that the graph G created this way has an induced matching M of
size n/2 —o(n) with high probability (inside the submatrix B of A with edges A— B, as each
edge of the diagonal is present with probability (1/2)). Moreover, the graph G \ M has a
vertex cover of size o(n) (by picking the o(n) vertices not part of B). This implies that any
O(1)-approximate matching algorithm on the graph FEi,s \ Fge needs to recover many edges
of M. See Figure 3.9 for an illustration.
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(b) Bob’s input B is the sub-matrix with blue
(a) Alice’s input A is the bipartite adjacency entries, with diagonal (red) entries replaced
matrix of the graph Ej,s. with 0. The graph here is Fiys \ Egel with
red edges being the induced matching M and
green vertices being vertex cover of G \ M.

Figure 3.9: An illustration of the inputs A and B to Alice and Bob in the lower bound
of [DK20]. Here, n = 6 and i* = 4 and both o, and o, are identity permutations. In general,
the submatrix of B corresponds to a combinatorial rectangle in A, the induced matching is
of size n/2 — o(n) with high probability, and the vertex cover is of size o(n).

In [DK20], it was shown that given only A and without the knowledge of o, and o,
majority of edges in FEj,s have an equal chance of appearing as the edges of the induced
matching M. Thus, from Alice’s perspective, most edges in Ej,s can become important in
finding a large matching in Ei, \ Eqe. Hence, Alice needs to communicate €(n?) bits before
Bob can output an O(1)-approximate matching in the graph. There is one caveat here: Bob
already knows a big part of the matrix A, and [DK20] proves that even in this scenario,
Alice needs to send Q(n?) length messages through a reduction to the augmented Index
problem [CCKM13].

We are able to implement the round elimination framework of Theorem 1 again with this
view: each position in the matrix is replaced by a smaller subinstance. More specifically, to
construct an r-round hard instance, we replace each matrix by a smaller (r — 1)-round hard
instance, and any successful algorithm must solve a large fraction of these instances.

The hard instances consists of a stream that inserts many (r — 1)-pass hard instances
together, not necessarily with any induced subgraph collections'!, followed by deletions of
edges in many of these instances so that effectively only one large induced collection of
(p — 1)-pass instances remain, corresponding to the edges that an algorithm needs to find
in the one round lower bound of [DK20] (see Figure 3.10). We show that in the context of
O(1)-approximate matchings, this is enough to force any algorithm for the r-round instance
to also solve many (r — 1)-round hard instances.

There is one crucial aspect of this combinatorial component that we do not cover in
this overview, namely, how do the players ensure that the deletions happen across multiple
passes in a consistent way? In one round, this was simple, because Bob had access to matrix
B correlated with A. We use the techniques of [AKZ24] which shows that the Augmented
Index problem can be extended to Augmented Tree Pointer Chasing to handle the shared

' This aspect is different from Theorem 1, as the many smaller instances need not come from any one row
of the p - ¢ many smaller instances.
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Figure 3.10: An illustration of the two round hard distribution of Theorem 4. (X,Y") denote
instances sampled from the 1-round hard distribution. Each submatrix has its own indepen-
dent permutation p,, p.. Alice and Bob have to solve the instances highlighted in red. The
squares shaded in blue are zeroed out in both matrices.

input between the players. These details can be found in the proof in Chapter 6.
Information-theoretic Component

Addressing the previous challenge using edge deletions creates a significant hurdle in applying
the information-theoretic arguments of Theorem 1. The new round elimination argument
we established earlier crucially relies on the independence of the inputs of players in the
corresponding communication game used to establish the streaming lower bound. In contrast,
such an independence cannot hold for us given that we need to ensure the input of one
player is only deleting edges already inserted by another player (otherwise, the stream may
delete edges that have not been inserted). These deletions reveal the large induced smaller
subgraphs, and hence must appear at the later part of the stream.

Addressing the correlation issue requires a careful sharing of the input of players with
each other to guarantee that any edge that gets deleted was already inserted, while making
sure there is also not too much correlation between their inputs (correlation generally makes
the task of proving these lower bounds harder or even impossible). Proving the general round
elimination argument with these restrictions also requires a different direct-sum result based
on internal information complexity [BBCR10] and a corresponding message compression
argument for internal information [JPY16] (in contrast to the external information complex-
ity direct sum [CSWYO01] used in Theorem 1 and its own message compression technique
from [HJMROT7]).

Putting Things Together

Let t2 be the dimension of the outer matrix when constructing a 2-round hard instance, let
nq; be the dimension of the smaller matrices and let ny, = t5 - n; be the dimension of the
final instance. Let us again consider the two natural choices of the algorithms:

o Either spend Q(t3) communication/space to learn something non-trivial about the ¢,
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hidden instances in the first pass;

« Or, spend communication/space proportional to what is needed to solve (most of) the
t5 instances in the second round independently

By using ss(n2) to denote the communication/space needed for solving the problem on ns-size
instances, the above strategies for the algorithm suggests that:

So(ng) 2 min (t% , to - 51(n1)> = min ( (712)2 , (nQ) . sl(nl)). (3.1)

ny ni

Using s1(n;) = Q(n?) as the base case by the lower bound of [DK20], we obtain

> i no '\ 2 . 4/3
s2(ng) 2 min — , Ng =Ny | =Ny,

m
by letting ny = (n;)3. Repeating this inductively using Eq (3.1) allows us to prove that

Sr(n) Z n1+1/29(r) .

This implies that Q(log log n) rounds are needed by O(n)-communication protocols for O(1)-
approximation of matchings.

3.4 Distributed Triangle Detection

We proceed to describe the techniques of Theorem 5, which proves an Q(loglogn) lower
bound for detecting triangles in the CONGEST model. This result does not use the frame-
work of Theorem 1, and instead applies round elimination argument of [MNSW95] directly
to the CONGEST model. However, the insights from [ANRW15], Theorem 1 and Theorem 4
in constructing round-specific hard instances were crucial in proving the lower bound.

The information bottleneck approach in proving distributed computing lower bounds that
we discussed in Section 2.3.2 do not apply directly to triangle detection. Any reduction from
two-party communication complexity fails because if the vertices of a triangle are divided
between two players, at least one player gets two vertices, and they know all the edges
of the triangle if one exists. A natural question is whether reductions from multi-party
communication complexity can work. These have proven to give stronger lower bounds
where two-party reductions are insufficient (see Section 2.3.3). [DKO14] uses three-party
number-on-forehead'? set disjointness [Shel3] to prove a lower bound for triangle detection
in the broadcast model: if all players send the same messages across all the edges in every
round, they give a lower bound of Q(n/e®(VIogn))13,

In the standard CONGEST model, however, it is easy to see that attempting a reduction
from any two-party communication problem does not lead to any w(1)-round lower bounds.

12Tn this model, the players have their inputs on their foreheads, and they can see all the inputs ofeveryone
else. Unlike in number-in-hand communication complexity that we discussed, the input-sharing aspect of
number-on-forehead makes it harder to prove lower bounds [L.S08].

13The lower bound of [DKO14] holds even when messages can be sent to every other player in each round,
irrespective of whether an edge exists or not.
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However the vertices of a triangle are partitioned, at least one of the two players must receive
all the edges of at least two of the vertices of the triangle. This player will know the existence
of the triangle trivially.!* In our lower bound, we are faithful to the CONGEST model: each
vertex is treated as a separate player, and the challenges are in applying [MNSW95] to the
point-to-point communication aspects.

Combinatorial Component

Unlike in the construction of our graph streaming lower bounds, the combinatorial compo-
nent of Theorem 5 is fairly simple and intuitive. [FGKO18] proves a one round lower bound
of Q(n) on the bandwidth of triangle detection, and we take inspiration from their hard
instance (see Figure 3.11).

There are three important vertices, say x,y, z € V. These vertices could form a triangle,
but z does not know the identities of y, z and vice-versa. Hence, given a long list of neighbors,
x is unable to distinguish whether it has edges to y and z, or only to other degree one vertices.

o

Figure 3.11: An illustration of the one round hard instance for Theorem 5. The dashed lines
represent edges that may not exist. If these edges exist, there is a triangle in the input.

After one round of messages, the vertex x knows the identities of y and z, but it is still
unknown whether an edge exists between y, z. This instance can be seen as a correlated
version of two different Index problems:

1. Among the possible list of neighbors of y, vertex x points to z, and the message of y
must convey information about whether (y, z) is an edge.

2. Similarly, among the list of neighbors of z, vertex = points to y, and the message from
z must convey whether (y, z) is an edge.

The answers to both these problems are the same, based on whether (y,z) is an edge.

4Even if there are three parties, Alice, Bob and Charlie we cannot get w(1)-round lower bounds. Let
the edges between Alice and Bob be sparser than the ones between Alice and Charlie or Bob and Charlie.
Then, these edges between Alice and Bob can be communicated to Charlie with 1 round of communication,
revealing the existence of a triangle to Charlie. This can be extended to any O(1)-players.
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[FGKO18] shows that the messages from y or z must have (n) length. See Figure 3.12 for
an illustration.

ul uz u3 u4 ,,,,,,,,,,,,,,, un
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Figure 3.12: Viewing the one round hard instance as a correlated index problem. Vertex
x does not initially know the pointers y, z but comes to know them only after the message
from vertex y (which reveals that it may be a part of a triangle, hence fixing the pointer to
z) and from vertex z. The message from y of o(n) length contains very little information
about whether z is present in the neighbor list.

The hardness of the instance relies on the local view of the vertices. We extend the
instance of [FGKO18] to multiple rounds by simply padding each vertex from the 1-round
instance with other degree one vertices. Now, the vertices in the 1-round instance do not
know which of their neighbors are a part of the 1-round instance also, and they cannot
communicate about the smaller instance to each other.

A

—p L,

0;
1-round instance YOO

I

Figure 3.13: Padding with dummy vertices to create a 2-round hard instance.

This padding can be continued to create hard instances for any r» > 2 rounds.
Information-theoretic Component

Typically in applications of round elimination, the property of the messages in the first
round is that they do not reveal much information about the smaller instance I*.'> In our
construction from Figure 3.13, this is simply not true, as the inner vertices can send messages
to each other, and this may be heavily correlated with the input.

15This is true in the example we discussed in Section 2.2.2, and Theorems 1, 3 and 4.
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The main challenge is dealing with the following two kinds of correlation:

(1) Message-Input correlation: Any message over an underlying edge reveals that an edge
exists.

(71) Message-Message correlation: All the messages one vertex sends can be correlated with
each other.

We give a multistep way to sample the first round messages, so that the distribution in
our simulation remains close to the original joint distribution of messages and the input in
the r-round protocol, similar to Claim 3.1.3. This sampling approach is beyond the scope of
this chapter, but a more detailed overview is presented in Section 7.3.

Putting Things Together

Let n, be the size of the r-round instance. To implement the information-theoretic compo-

nent, we require:

n, = (n(r—l))c7

for some large constant ¢ (see Section 7.3 for more details on why this is necessary). Hence,
the sizes of our hard instances grow by a polynomial factor in each round. In the first round,
the vertices do not convey information about the smaller (r — 1)-round instance to each
other, so they still require s,_;(n,_1) bandwidth. We have s1(n;) = Q(n;) from [FGKO18].
This gives a lower bound of:

se(ny) > s1(ny) = Qny) = (n,)<".

In o(loglog n,) rounds, the bandwidth is w(log(n,)), which is beyond the limits of the CON-
GEST model.

3.5 Lower Bounds Beyond Embedding

All the results we have seen obey the following property:

The players do not learn anything about the hidden instance or group of instances
in the first round.

This may not be true for many problems; the smaller hidden instance could remain hard to
solve with fewer passes or rounds even if €2(1) information is revealed in the first round. This
chapter covers our results where non-trivial information about the instance that the players
are trying to solve may be revealed by the first round messages.

Let us consider the standard pointer chasing problem from Section 2.2.2 as an example.
We briefly recall the definition. There are two sets A and B, each of size ¢. Alice has a
function f; from A to B and Bob has a function f; from B to A. We define a sequence of
pointers starting from an arbitrary 2z, € A, and following functions f; and f, alternately.
We define:

21 = fa(20), 22 = f1(21), 23 = fa(22), 24 = fi(z3), ...
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b, b,

Figure 3.14: An illustration of the functions in pointer chasing. Alice holds f; and Bob holds
f2. If 21 = a1, 29 = b4 and Z3 = as.

Both players want to know the value of z;. Alice begins speaking, and they can exchange
messages with each other over many rounds. Refer to Figure 3.14 for an illustration.

If Alice sends an s-bit message about her function f; to Bob, this reveals a lot about the
function to Bob, so round elimination arguments do not work. Pointer Chasing instances are
typically analyzed by keeping track of exactly how much information about f; is revealed
in each round. Informally, any s-bit message from Alice can only fix the pointers from O(s)
elements of A, and the rest of the function remains unknown to Bob [NW93, MYZ25].

In this chapter, the first result Theorem 6 proves an Q(n — klogn) lower bound for
the Chained Index problem. It is slightly different from the other results of this chapter
and directly analyzes Index instances when, on average, €2(1) bits of information about the
answer may already be known to the players.

The other two, Theorem 7 and Theorem 8 are an §2(logn/loglogn)-lower bound for any
constant approximation of shortest path distances in semi-streaming and a tight lower bound
on the approximation of set cover in streaming respectively. They rely on direct reductions
to pointer chasing.

Chained Index. Let us recall the definition of the Chain communication problem.

For n,k > 1, in CHAIN,, &, there are k instances of INDEX,,, (21,%1), ..., (Zg, i) all with
the same answer, distributed among (k + 1) players. Player 1 gets z;, player j gets ;1 and
x; for 1 < j < [k] and player (k+1) gets . Communication is one way starting from player
1 sending a message to player 2 and so on. The last player has to output the value of the
answer to the k£ instances of INDEX,,.

The problem can be viewed as giving the players multiple tries at Index: they have k
different instances, and they try to find the same answer in each of these instances. We
prove that they cannot do better than the trivial bound of O(n) bits for a wide range of k.

With the multi-round view of the prior chapters, we look at each message from the
players separately, and see how they change the distribution of the answer consecutively.
After the message from the first player, the answer may be partially revealed, so we analyze
Index instances where Alice and Bob already have some prior information in the form of the
Biased Index problem (see Definition 8.3.5).
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In standard analysis of Index, the initial input distribution is almost always assumed to
be uniform over the string and the pointer from Bob. One exception is the Sparse Index
problem [AKL16,Sagl1], where the inputs to Alice and Bob are correlated. We use similar
tools to analyze the Biased Index problem.

Let us say we have an Index instance with a corresponding distribution such that the
entropy of the answer is d for some § < 1: this corresponds to the initial information that
Alice and Bob have, as a truly random bit would have entropy 1'°. If the entropy further
reduces by any e-factor to § — ¢, we show that there must be a corresponding message from
Alice of length Q(ne — logn). Any protocol must change the entropy by a constant factor,
which implies an Q(n — klogn) lower bound for k players.

Shortest Paths. Theorem 7 follows the work of [GO16] (itself inspired by [FKM*05]) by
reducing the problem to many instances of the classical pointer chasing problem on n-vertex
graphs (see Section 2.2.2 for more details on these results). The key difference is in the
analysis of the underlying pointer chasing instances.

More specifically, [GO16] uses the equality of pointer chasing problem (EQPC). Let
u, v be the two vertices for which we want to find if the shortest path length is at most k.
There are two instances of pointer chasing, say P; and P,, with the starting vertex as u, v
respectively. They model these two instances together directly as a graph so that the distance
between u, v is at most k if the output of the two pointer chasing instances is equal. They
prove that to solve EQPC in ((k/2) — 2)-rounds, Q(n/poly(k)) communication is required.
See Figure 3.15 for an illustration.

k= 1)/2 . (k—1)/2 ’
(o" o ® (
" Serte”
o o

\_ Alice  Bob J (BOb .Alicev

P, P,

Figure 3.15: Equality of Pointer Chasing. When the final vertex is = for both the instances,
there is a (u, v)-path of length k. Otherwise, the two vertices are not connected.

The lower bound of [GO16] uses a direct sum version with ¢ := n®/¥) many instances of
EQPC, and constructs a graph input where these many instances of EQPC do not interfere

16Tn round elimination arguments (or player elimination in this context), the entropy left in the answer
was 1 — o(1). Theorem 6 analyzes Index even where the answer may have very little entropy left, even any
constant less than 1.
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with each other too much. The final lower bound is n1+OU/k) space for O(k)-passes, giving
a lower bound of Q2(logn) for semi-streaming space.

The distribution of the two instances in EQPC is a product distribution and corresponds
to finding the shortest path distance to within an additive factor of two. On the other hand,
we introduce and analyze a correlated input distribution for EQPC that allows us to prove a
lower bound for constant factor multiplicative approximation of shortest path distance. This
part is the key technical contribution of our lower bound and is proven using a combination
of probabilistic and combinatorial arguments to address the introduced correlation in the
inputs.

Finally, similar to [GO16], we also extend this lower bound to the direct sum version
using information complexity [CSWYO01,BJKS02, BBCR10]. But, this part of our argument
also differs almost entirely from [GO16] since our underlying hard distribution is no longer
a product distribution. We implement this step by relying on the vast body of work on
message compression and information complexity in a blackbox manner, instead of the adhoc
arguments of [GO16].

Streaming Set Cover. This result is perhaps our simplest and most surprising result.
We use a direct reduction from pointer chasing and prove an optimal three-way space-pass-
approximation tradeoff for the streaming set cover problem, essentially closing this line of
research. Theorem 8 shows that for some graph problems, inherently, random instances are
one of the hardest instances and the barriers we mentioned in Section 2.2.2 about random
instances do not hold.

A p-pass hard instance consists of a single (p — 1)-pass hard instance with an unknown
universe; instead, it will be revealed to the algorithm at the end of the first pass—by our
construction of the instance—as essentially a random subset of size ~ n'~/? from the orig-
inal universe (once the universe is revealed, the (p — 1)-pass instance simply becomes the
intersection of the original sets with this new universe). Importantly, the m sets of the input
are repeated throughout and serve as hard instances for all p-passes. See Figure 3.16 for an

illustration.
A
& o2

Figure 3.16: The blue elements are from a n~'/? fraction of the universe U. The input sets
are restricted to U’ after it is revealed, but initially they cover all the elements of U.

There is no hope in proving that the algorithm does not learn any information about
the underlying (p — 1)-pass hard instance, as the sets of the universe are unchanged. But,
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we show that the algorithm does not learn anything useful about this underlying instance.
This is similar to the arguments of pointer chasing [NW93, Yeh20, MYZ25] and we are able
to prove the lower bound with a direct reduction to pointer chasing.

This concludes our (brief) overview of the techniques. Low level details can be found in
the respective chapters.
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4 Preliminaries

This section contains the technical preliminaries before we dive into our results.

Notation. We use [t] to denote the set {1,2,...,t} for any integer ¢ > 1. For any graph
G = (V,E), we use n := |V| to denote the number of vertices, and m := |E| to denote the
number of edges.

We use log(+) to denote the binary logarithm and In(-) to denote the natural logarithm.

We use exp(-) to denote the exponential function, exp(z) = e*.

Some times, for a clarity of exposition, we may write (a) 1 (b) to denote a’. For any

tuple (z1,...,7;) and ¢ € [t], we define x; := (z1,...,2;_1). We define z-; analogously. We
define x_; := (x1,...,2_1,%is1,...x). For a set of tuples {(x,y) | z € X,y € Y} for some
sets X and Y, and x € X, we define (z,*) := {(z,y) |y € Y}; we define (x,y) for y € YV
analogously.

When there is room for confusion, we use sans-serif letters for random variables (e.g. A)
and normal letters for their realizations (e.g. A). We use dist(A) and supp(A) to denote the
distribution of A and its support, respectively. When implicit or clear from the presentation,
the distribution and support will be omitted.

4.1 Models of Computation

For the purpose of our lower bounds, we shall work with a more powerful model than what
is typically considered when designing streaming algorithms (this is the common approach
when proving streaming lower bounds; see, e.g. [GMO8, LNW14, BGW20]). In particular, we
shall define streaming algorithms similar to branching programs as follows.

Definition 4.1.1 (Streaming algorithms). For any integers m,p,s > 1, we define a p-
pass s-space streaming algorithm A working on a length-m stream o = (01, ...,0,) with
entries from a universe U as follows:

(1) The algorithm A has access to a read-only tape of uniform random bits v from a finite,
but arbitrarily large range R without having to pay for the cost of storing these bits.

(i1) There is a function fs : {0,1}° x U x R — {0,1}° that updates the state of the
algorithm as follows. The algorithm starts with the state S := 0°, and for i € [m],
whenever A reads o; in the stream during its p passes, it updates its current state S to
S < fa(S,0:,7) (the algorithm is computationally unbounded when computing its next
state).

(1ii) At the end of the last pass, the algorithm outputs the answer as a function of its state
S and random bits r.

(We note that this model is non-uniform and is defined for each choice of m,p, s individually.)
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The other model of focus in this thesis is the distributed model with congestion.

Definition 4.1.2 (Distributed Computing with Bandwidth). For any integersn,r,b >
1, we define an r-round b-bandwidth distributed algorithm A working on a graph G = (V, E)
with n vertices as follows:

(i) Fach vertex from v € V has a unique identity from [N]| with N = poly(n)," and it
knows the identity of all its neighbors. FEach vertex also has access to a private read-
only finite tape R, of random bits.

(13) In any round i € |r|, there is a function fa that takes as input the identity of v, identity
of all the neighbors of v, the messages received till round (i —1) and the private random
bits from R, to generates messages for vertex v to send to all its neighbors in round i.
All the messages sent have at most b bits.

(14i) The algorithm is computationally unbounded when computing function f.

(iv) At the end of the last round, the algorithm outputs the answer as a function of its
identity, the identity of its neighbors, all the messages it receives and the random bits

R,.

When the bandwidth b = O(logn), then Definition 4.1.2 gives the CONGEST model of
computation from [Pel00].

Lastly, we also use many communication complexity models. As these models depend on
the specific results, we postpone the definition to the relevant chapters.

4.2 Combinatorial Tools

4.2.1 Ruzsa-Szemerédi graphs

Let G = (V, E) be an undirected graph, and M C E be a matching in G. We say that M is
an induced matching iff the subgraph of G induced on the vertices of M is the matching
M itself; in other words, there are no other edges between the vertices of this matching.

Definition 4.2.1 (Ruzsa-Szemerédi Graphs [RS78]). For any integers r,t > 1, a bipartite
graph Gis = (Lys, Rys, Es) is called an (r,t)-Ruzsa-Szemerédi graph (RS graph for short)
iff its edge-set E can be partitioned into t induced matchings Mi®, ..., M}®, each of size r.

It is easy to construct bipartite (r, ¢)-RS graphs with n vertices on each side and parameter
t = (n/r)? for any r > 1. More interestingly, and quite surprisingly?, one can create much
denser RS graphs as well; for instance, the original construction of these graphs due to
Ruzsa and Szemerédi [RS78] create graphs with r = n/290VIe™) and ¢t = Q(n). Yet another
construction is that of [FLNT02, GKKI12] that shows that already for r < n/2, we can

1[N] is known as the namespace of the vertices in the algorithm.

2The existence of dense RS graphs is surprising for the following reason: let us say an induced matching
of sizd r exists in the graph. This prohibits 72 other pairs of vertices from being edges of the graph, so as to
not violate the inducedness of the matching. The RS graph constructions make sure that these “prohibited”
vertex pairs overlap across many induced matchings so that the final density of the graph is large.
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have t = n%(/logloen)  Gee [BLM93, FLN*02, Alo02, TV06, AS06, AMS12, GKK12, FHS15,
AB19, KKTY21] for various other constructions and applications of RS graphs. At the same
time, proving upper bounds on the density of RS graphs turned out to be a notoriously
difficult question (see, e.g. [Gow01, FHS15, CF13]) and the best known upper bounds, even
for 7 = Q(n), only imply that t < n/2°0°¢™?) [Fox11, FHS15)].

We use the construction of RS graphs from [GKIK12].

Proposition 4.2.2 ([GKKI12]). For any small enough constants é,s,cs > 0 and for every
large enough integer n, there exists a balanced bipartite (r,t)-RS graph with 2n vertices such

that r = (% — 6rs> -n, t = ncrs/loglog(n).

4.2.2 Concentration Inequalities

We use the following standard form of Chernoff bound and its extension to negatively cor-
related variables in [PS97].

Proposition 4.2.3 (Chernoff Bound; cf. [DP09]). Let X3, ..., X,, be n independent random
variables in [0,1] and X =31 X;. For any § > 0 and pimin < E[X] < fimaz,

52 * Mmaz 52 * Bmin
PI‘(XZ (1+5)Mmax) Sexp Ty | < ) PI(XS (1_5):“77%71) SeXp -5 |-
2496 2
Moreover, the upper tail bound continues to hold as long X1, ..., X, are negatively correlated,

i.e., for every S C [n],

]E[HX,}gHE[Xi].

€S €S
4.3 Information-theoretic Tools

We now briefly introduce some definitions and facts from information theory that are needed
in this thesis. We refer the interested reader to the text by Cover and Thomas [CT06] for
an excellent introduction to this field, and the proofs of the statements.

« We denote the Shannon Entropy of a random variable A by H(A), which is defined as:

H(A):= Y Pr(A=A)-log(1/Pr(A=A)) (4.1)

A€supp(A)

o The conditional entropy of A conditioned on B is denoted by H(A | B) and defined as:
H(A | B) := £ [H(A | B= B)], (4.2)

where H(A | B = B) is defined in a standard way by using the distribution of A
conditioned on the event B = B in Eq (4.1).

o The mutual information of two random variables A and B is denoted by I(A;B) and

is defined:
I(A;B) :=H(A) —H(A | B) =H(B) —H(B | A). (4.3)
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o The conditional mutual information is defined as I(A;B | C) := H(A | C) —H(A | B, C).

4.3.1 Useful Properties of Entropy and Mutual Information

We shall use the following basic properties of entropy and mutual information throughout.
Proofs of these properties mostly follow from convexity of the entropy function and Jensen’s
inequality and can be found in [CT06, Chapter 2].

Fact 4.3.1. Let A, B, C, and D be four (possibly correlated) random variables.
1. 0 < H(A) < log|supp(A)|. The right equality holds iff dist(A) is uniform.
2. I(A;B | C) > 0. The equality holds iff A and B are independent conditioned on C.
3. I(A;B | C) < H(B) for any random variables A, B, C.

4. Conditioning on a random variable reduces entropy: H(A | B,C) < H(A | B). The
equality holds iff A L C | B.

Subadditivity of entropy: H(A,B | C) < H(A | C) + H(B | C).
Chain rule for entropy: H(A,B | C) = H(A | C) + H(B | C, A).
Chain rule for mutual information: I(A,B;C| D) =1(A;C|D)+1I(B;C|A,D).

NS> @

Data processing inequality: for a function f(A) of A, I(f(A);B | C) <I(A;B | C).

We also use the following two standard propositions on effect of conditioning on mutual
information.

Proposition 4.3.2. For random variables A,B,C,D, if A L D | C, then,
I(A;B|C) <I(A;B|C,D).

Proof. Since A and D are independent conditioned on C, by Fact 4.3.1-(4), H(A | C) = H(A |
C,D) and H(A | C,B) > H(A | C,B,D). We have,

I(A;B|C)=H(A|C)—H(A|C,B)=H(A|C,D) —H(A | C,B)
Proposition 4.3.3. For random variables A,B,C,D, if A L D | B,C, then,
I(A;B|C) >1(A;B| C,D).

Proof. Since A L D | B,C, by Fact 4.3.1-(4), H(A | B,C) = H(A | B,C,D). Moreover, since
conditioning can only reduce the entropy (again by Fact 4.3.1-(4)),

I(A;B|C) = H(A | C) — H(A | B,C) > H(A | D,C) — H(A | B, C)
—H(A|D,C)—H(A|B,C,D)=I(A;B|C,D). [
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4.3.2 Measures of Distance Between Distributions

We use two main measures of distance (or divergence) between distributions, namely the
Kullback-Leibler divergence (KL-divergence) and the total variation distance.

KL-divergence. For two distributions p and v over the same probability space, the
Kullback-Leibler (KL) divergence between p and v is denoted by D(u || v) and de-
fined as:

D(u|| v) = E [log “(“)]. (4.4)

arp v(a)
We also have the following relation between mutual information and KL-divergence.

Fact 4.3.4. For random variables A, B, C,

IAB|O=  E [}D)(dlst(A IB=B,C=C) || dist(A| C=0))|.

Total variation distance. We denote the total variation distance between two distri-
butions p and v on the same support Q by || — v||tva, defined as:

It = vllva == max (u(€Y) — (7)) = ; > @) —v(2)]. (4.5)

wea 2€Q
We use the following basic properties of total variation distance.
Fact 4.3.5. Suppose j1 and v are two distributions for €, then, p(E) < v(E) + || — V|| tva-

When an event happens with small probability, conditioning on the event does not affect
any distribution too much, as formalized by the following fact.

Fact 4.3.6. For any distribution p and event &,
e = (u | =E)]liva < Pr(€].
We also have the following “over conditioning” property.
Fact 4.3.7. For any random variables X,Y,Z,

IX = Yllwa < X2 = YZ[lwa = E|(X | Z = 2) = (Y| Z = Z)|va-

Proof. First, we prove the equality between the second term and the third term in the
statement.

X2~ YZ]ja = 5 - 3 PH(W, 2] [PrXZ = (W, 2)] = PrYZ = (W, 2)]
:;-Z|Pr[Z:Z}-(Pr[X:W|Z:Z]—Pr[Y:W|Z:Z])|
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S Pr ;ZIPr[X W Z=2]-PiY =W |Z=Z]
> Pr

NX1Z=2) = (Y| Z= 2Z)|lwa

Z
ElX[Z2=2)=([Z=2)|va
Now we prove the inequality between the first term and the third term.

1
X = Yllwa = 5 - 2 [Pr[X = W] = Pr[Y = W]
w

_ L ZZpr[zzZ](Pr[sz\Z:Z]—Pr[vzwyzzzp‘
gizz (Z=Z][PrX =W |Z=Z]—PrY =W | Z= 2
= > piiz = (2-%;|Pr[X:W|Z:Z]—Pr[Y:W\Z:Z]|>

EIX[Z=Z-Y|Z=Z|wa |
We also have the following (chain-rule) bound on the total variation distance of joint

variables.

Fact 4.3.8. For any distributions p and v on n-tuples (Xy, ..., X,),
[ = vleva < ZX]E (X | X<i) — v(Xi | X<i)lova-
i=1 <i™~H
The following Fano’s inequality states that if a random variable Y can be used to estimate

the value of X, then Y should “consume” most of entropy of X.

Proposition 4.3.9 (Fano’s inequality). Given a binary random variable X and an estimator
random variable Y and a function g such that g(Y) = X with probability at least 1 — & for
J<1/2,

H(X |Y) < Ha(d).

The following Pinsker’s inequality bounds the total variation distance between two dis-
tributions based on their KL-divergence,

Fact 4.3.10 (Pinsker’s inequality). For any distributions p and v, ||[p—v|wa < /3 - D(p || v).
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Part 11

Lower Bounds via Embedding
Arguments
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5 Maximal Independent Sets in Streaming

5.1 Introduction

We study the Mazimal Independent Set (MIS) problem, namely, finding any independent set
of the graph that is not a proper subset of another independent set in the semi-streaming
model. An O(logn)-pass semi-streaming algorithm for MIS follows from Luby’s parallel
algorithm [Lub85] (see also [LMSV11,KMVV13]). This was improved to an O(loglog n)-pass
algorithm in [ACG™15] (see also [GGKT18,Konl8b]). At the same time, the only streaming
lower bounds known for MIS are the Q(n?) space lower bounds for one-pass algorithms
obtained independently in [ACK19b, CDK19].!

We prove that the O(loglogn) passes in the algorithm of [ACGT15] is optimal.

Theorem 1 (restated). For any p > 1, any p-pass streaming algorithm for finding
any mazximal independent set of n-vertex graphs with constant success probability requires
pt /(2 =0=0) space. In particular, semi-streaming algorithms require Q(loglogn) passes.

Theorem 1 fully settles the pass-complexity of MIS in the semi-streaming model. This
answers a fundamental open question in the graph streaming literature—see, e.g., [CDK19,
DK20]—on whether it is possible to even prove any multi-pass lower bound for MIS — our
lower bound now almost matches the tradeoff of the algorithm of [ACG™15] for every number
of passes.

We establish Theorem 1 by proving a stronger rounds vs communication tradeoff
for MIS in the standard (multi-party) communication model. Here, the input graph is edge-
partitioned between multiple players. In each round, player one sends a message to player
two, who sends a message to player three, and they continue like this until the last player,
who sends a message back to the first one. We would like the message of the last player in
the last round to reveal an MIS of the input graph (see Section 5.3.1 for a formal definition).
It is a well-known fact that communication lower bounds in this model also imply streaming
lower bounds (see Proposition 5.3.2).

Result 1 (Formalized in Theorem 9). For any r > 1, any r-round (r + 1)-party pro-
tocol for finding any mazimal independent set of n-vertex graphs with constant success
probability requires n*+Y =D=M communication.

The bounds in Result 1 are again almost optimal in light of the algorithms in [ACGT15,
GGKT18,Konl8b]. Theorem 1 now follows immediately from Result 1 using the standard
reduction between the two models that we briefly discussed in Section 2.2.1. Given the

IThere is also an Q(nl/ 3)-pass lower bound for semi-streaming algorithms that compute the lezicograph-
ically first MIS (LFMIS) [AGL ™24, ACK19a]; however, it is known that LEFMIS is a much harder (and quite
different) problem than MIS (in most settings, including semi-streaming) and thus this result is not related
to our discussion for finding any MIS.
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central role MIS plays in most distributed communication models—wherein communication
is often a bottleneck—our result on the communication complexity of MIS is of its own
independent interest. We shall go over our techniques in detail in the streamlined overview
of our approach in Section 5.2.

5.2 Technical Overview

We now present a streamlined overview of our technical approach. As stated earlier, our
main result is a (multi-party) round vs communication lower bound for MIS in Result 1;
we obtain our semi-streaming lower bound from this result immediately, using the standard
connection between the two models (see Proposition 5.3.2). Thus, in this section, we solely
focus on the communication complexity of MIS and postpone the streaming result to the
formal proofs. We emphasize that this section oversimplifies many details and the discussions
will be informal for the sake of intuition.

We start by presenting the intuition on what would have been the ideal lower bound
approach for this problem. We then discuss how we are actually implementing this ideal
approach and discuss our main technical ingredient, namely, hierarchical embeddings, that
enables this implementation.

5.2.1 An “Ideal” Lower Bound Approach

We begin by looking at why the round elimination framework of [MNSWO95] that was dis-
cussed in Section 5.2.4 cannot be applied directly.

Let us now see the one-round lower bounds for MIS in [ACK19b, CDK19] in this context.

Prior one-round lower bounds. The proofs in [ACK19b, CDK19] are as follows. Alice
receives two identical copies of a random bipartite graph G with ©(n?) edges. Bob receives
the following graph on the same set of vertices: pick a pair {u, v} of vertices on the two sides
of the bipartition of G and connect all vertices that are not a copy of these vertices to each
other. See Figure 5.1. Computing the MIS of such a graph requires the players to figure out
if (u,v) is an edge in G or not. This is because picking any vertex w other than u or v in
the MIS “forces out” all the remaining vertices (possibly even the copies of v and v in the
same copy as w), except for u, v of the other copy, that are now the only candidates to join
the MIS (again, see Figure 5.1).

Figure 5.1: Alice’s input is G; and G which are copies of the same random bipartite graph
G. Bob’s input connects every vertex other than copies of v and v to each other. If we pick
a vertex w in the left to join the MIS, only vertices v and v in the right remain to join the
MIS (the figure only shows some of w’s edges).

59



We can now do a round elimination to prove the lower bound®. Think of the 0-round
“hard” problem as finding the MIS of a graph on a pair of vertices which may or may not
be connected. The 1-round hard problem above consists of ©(n?) copies of this problem,
with Bob’s input making exactly one of them, corresponding to the pair {u, v}, the special
one; for the players to solve this O-round problem, Alice should have communicated enough
information about {u,v}, which is not possible with o(n?) size messages, given Alice does
not know which of the ©(n?) instances is special.

Beyond one-round lower bounds. Suppose we want to extend this approach beyond a
single round. We can use the same approach of using two identical copies of the same base
graph for Alice and give Bob an input that connects these copies. Instead of a random
graph however, we need Alice’s base graph to be a collection of independent copies of the
1-round hard instances. Here, ‘independent’ copies not only mean in a probabilistic sense,
but also in a graph-theoretic sense: the edges of one instance should not appear between
vertices of another as otherwise the instances become “corrupted”, namely, they are no
longer necessarily hard 1-round instances. On top of this, we also need these instances to be
quite large, so that a 1-round lower bound for them incurs a significant communication cost
in terms of the entire graph size (this is not a problem for the 1-round case as a 0-round
protocol cannot have any communication no matter the input size).

A bit more specifically, to make this strategy work even for just a two-round n'*® com-
munication lower bound, for any constant ¢ > 0, we need Alice’s base graph to have the
following properties:

1. It must contain (n'*¢) 1-round instances so Alice cannot reveal too much about a random
instance;

2. Each 1-round instance needs to have (n!+)/2) vertices so that the quadratic 1-round lower
bound implies that the second round of the protocol needs (n(!+9)/2)2 = n!*¢ communica-
tion;

3. The instances cannot have edges between each others’ vertices so as not to “corrupt” one
another.

Given that one-round instances have quadratic number of edges, satisfying all these
constraints means having a base graph on n vertices with n?*% edges or even pairs of
vertices!®

This highlights an inherent difficulty (basically, impossibility) of implementing this natu-
ral type of round elimination argument for proving communication lower bounds on graphs.
In fact, almost all prior round-sensitive communication lower bounds on graphs (which are
super linear in n) rely on more complicated arguments. For instance, the lower bounds
in [AR20,CKP"21a,Ass22] from Section 2.2.3 require proving a lower bound for much harder
intermediate problems to be able to carry out the inductive argument (e.g., see permutation

2The lower bounds in [ACK19b, CDK19] instead directly reduce the problem to the one-round commu-
nication complexity of the Index problem [Abl93, KNR95]; but, they can also be proven in this (almost
equivalent) way. In fact, this is the same as our round elimination proof of Index in Section 3.1.1.

3Making 1-round instances sparser or similar modifications does not work either, as that forces us to pick
even larger 1-round instances in Line 2, leading to the same exact contradiction.
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hiding generators in [CKP21a, AS23a]; see also [Ass23] for a summary of these recent ad-
vances). The only exception is the very recent work of [KN24] that shows how to extend
a similar one-round lower bound approach (but, for the matching problem in [GKKI12]) to
two-rounds, and prove a two-pass semi-streaming lower bound for approximate matching
(we mention similarities and differences of these two approaches throughout this section).

5.2.2 Our Actual Lower Bound Approach: Hierarchical Embeddings

Given the futility of the direct approach in implementing [MNSWO95], we will not only start
with many hard instances of the (r — 1)-round problem in our r-round instance, but we will
get the players to also solve many of these instances in the subsequent rounds (this is inspired
by the aforementioned two-round lower bound of [IKN24]). Specifically, we have ¢ - p “hard”
(r — 1)-round sub-instances {I;;};cy jer> €ach on b vertices for some large parameters g,
p, and b as a function of n. These instances are again created based on a single base
graph which is copied twice and given to the players; they are then connected via a clique
structure, which identifies a sub-instance group I;, := I;1,...,1;, for a random chosen
t € [q] as special instances. Restricting ourselves again to a two-round n'**-communication
lower bound, what we need from this base graph is the following:

14€

1. We need ¢ - p = n'*¢ so Alice’s first message does not reveal too much information;

2. We also need p - b* = n'*¢ so Bob’s message cannot solve all p special instances (each on
b vertices admitting a 1-round Q(b?)-communication lower bound) in the second round;

3. Inducedness property: None of ¢ - p sub-instances can have an edge between vertices
of another sub-instance so as to not “corrupt” one another. Also, each sub-instance group
I; . for i € [q] should be vertex disjoint so that finding an MIS of their vertices requires
solving all sub-instances.

Satisfying these constraints requires having a base graph on n vertices with g-p-b* vertex-
pairs. If we could set p ~ ¢ = n/b, then, at least we will pass the basic test of “vertex-pair
counting”. This in turn gives us a base graph with ~ n?/b* sub-instances among which ~ n /b
are special (each admitting a 1-round 2(b?)-communication lower bound). Optimizing the
parameters by setting n?/b? = (n/b) - b = n'*¢, implies that we can hope for obtaining an
~ n'/3 lower bound (for b ~ n'/3) for two-round algorithms this way.

Remark 5.2.1. This is precisely the tradeoff achieved by the protocols for MIS in [ACG™T 15,
GGKT 18], albeit in three rounds. In the first round, they sample n/b vertices and send all
their edges in n?/b* communication and compute their MIS. In the second round, they remove
the neighbors of the vertices in the MIS. They show that this reduces the mazimum degree of
remaining vertices to = b only, and so in the third round they can send the remaining edges
in ~n-b communication and compute an MIS of the whole graph.

This approach allows us to mimic these tradeoffs for the lower bound. However, we do
not match this tradeoff exactly, because the current upper bound results use one extra pass to
remove the neighbors of the vertices added to the MIS.
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Let us see how a base graph with these parameters should look like, especially given that
the third requirement is quite strict: the induced subgraph of the base graph on vertices of
I, . for i € [¢], should be a vertex-disjoint union of graphs in I; ., see Figure 5.2.

Figure 5.2: An illustration of the base graphs discussed above. Here ¢ = 4 and p = 2 and
each box denotes a single sub-instance (with different colors for different I, for i € [4]).
There are no edges between vertices of [; . except for edges of the same sub-instances, which
themselves are vertex-disjoint. While the figure may suggest sub-instances as being bipartite
graphs, that crucially cannot be true in the actual construction.

The hierarchical embedding technique. Let us now reiterate how our hierarchical
embedding technique works at a high level. For technical reasons, our r-round lower bound
will be against (r + 1)-party (number-in-hand) protocols instead of just two parties.

We pick ¢, -p, hard (r—1)-round sub-instances with r-players in a set Z := {/; ; }

i€lgr],j€[pr]’
each on b, vertices, for parameters ¢., p,, and b, to be determined soon.

We use our combinatorial constructions to embed all these instances into a single
base graph G with the inducedness property mentioned earlier (and then copied identically
twice as before). For every a € [r], the input of the ' player in the r-round instance is the
collection of the inputs of all a' players in sub-instances in Z. The (r + 1) player in the
r-round instance gets a clique-subgraph as before that “points” to one of the sub-instance
groups I; . for a random ¢ € [g,].

This way, the input consists of a hierarchy of different-round instances of the problem,
and the players have to solve multiple root-to-leaf paths of this hierarchy to obtain a solution
to the entire input as well. Our round elimination argument then shows that the first
round of the protocol cannot reveal enough information about the special sub-instance group
to allow solving all of them in the remaining (r—1) rounds. See Figure 5.3 for an illustration.

Finally, the choice of the parameters ¢, p, and b, is as follows. Let C(n,r) denote the
lower bound on the communication cost we hope to prove for r-round protocols on n-vertex
graphs. Then,

¢ - pr = C(n,r) : so players cannot reveal much about
P, special sub-instances in the first round
pr - C(by,m — 1) = C(n,r) : so solving the p, special b,-size

sub-instances in r — 1 rounds is hard.

Picking these parameters optimally, while accounting for the restrictions imposed by the
combinatorial construction (and an n°M-“loss” on size of these graphs compared to absolute
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(a) The hierarchical instances form a conceptual tree, and the players need to “solve” certain root-
to-leaf paths.

(b) The input graph is also a hierarchy of induced subgraphs (this figure shows these graphs in
a vertex-disjoint way for simplicity of drawing, but in reality, vertices of these graphs are highly
“tangled”).

Figure 5.3: An illustration of the hierarchical embedding technique.

14+1/(27-1)

best-imaginable bounds), gives us our ~ n communication lower bound for r-round

(r + 1)-party protocols.
5.2.3 Combinatorial Part: Dense Graphs with Many Induced Subgraphs

We now discuss the construction of our base graphs for our hierarchical embeddings. Recall
that we need an n-vertex graph G with ¢ ~ n/b subgraph groups {Hi,*}ie[q]’ each with
p ~ n/b vertex-disjoint subgraphs {H;1, ... vHi,p}ie[q] on b vertices each. In addition, the
inducedness property requires that there are no other edges between the vertices of each
subgraph group (other than the edges of the subgraphs themselves). Refer back to Figure 5.2

from earlier for an illustration.

Our constructions work with an outer graph, which, instead of induced matchings in
RS graphs, contains many Unique Path Collections (UPCs) that can almost be seen
as “stretching” an induced matching (a collection of paths of length 1), to longer paths
(see Definition 5.4.3 for the formal definition and Figures 5.4 and 5.7 for illustrations). The
‘almost’ part however is due to a subtle difference: the property of UPCs goes beyond only
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their induced subgraphs — instead, these paths are not only induced on their vertices, but
also are the unique shortest path between their endpoints even if one uses outside vertices.
See Figure 5.4 for an example.

G | UPC 1 | UPC 2 | UPC 3
|&—@—@ O O O @ O
Ly lo—@ @ | £} Ol O @ O
e l'g o/ 0lo X A |
o' o o Q:o o ®

Figure 5.4: An example of UPCs in the graph G on the left. In each UPC, there is no path
of length 2 from a starting vertex to an end vertex unless the path belongs to the UPC itself.

Such outer graphs have been already studied extensively in the context of shortcutting
sets and spanners; see, e.g., [Hes03, AB16, CE06, HP21, BH22, LWWX22 WXX23] and ref-
erences therein. For our purpose, we need a slight variation that follows from the approach
in [AB16], which is itself based on the original RS graph constructions in [RS78] (the variation
allows for “packing” many paths together in a UPC, as opposed to the path-wise guarantee
of prior work). Nevertheless, it appears that the way we use these graphs is completely
different from prior work. We are also not aware of any prior applications of these graphs
to streaming or communication lower bounds, or to the maximal independent set problem
in any other computational model®.

Having obtained these outer graphs, our embedding product works by replacing, for
every i € [q], each path in the i®® UPC of these graphs with the subgraphs in H;, that
we would like to have in our base graph. The only requirement we need from subgraphs
{H,; }” is that they should have a small chromatic number; in particular, as long as they are
k-colorable graphs, we can also embed them in UPCs with paths of length k£ — 1 by mapping
each of their color classes to one of the vertices of the path in a careful way. The strong
guarantee of our outer graphs can then be used to argue that these k-colorable graphs cannot
have inserted an edge between vertices of each other (i.e., break the inducedness property),
as such an edge can be traced backed to a “shortcutting path” in the outer graph which
cannot exist. See Figure 5.5 for an illustration.

Finally, in our application to MIS, we start with 2-colorable graphs as our base case
instances that are hard for O-round protocols. The identical copying plus adding a clique
between some parts of the two copies that we mentioned earlier, with some modifications,
leads to a 4-colorable hard instance for 1-round protocols. Following the same pattern thus
leads to 2"*!-colorable graphs for r-round protocols. Our construction allows for setting

4In terms of parameters, we are working with almost the exact opposite of prior work: we aim to mazimize
their density and size of UPCs—crucially of size n2~°(1) and n'=°(1), respectively—while minimizing their
diameter—crucially of size n°)—unlike prior work that aim to achieve a diameter of n*(!); we only have to
increase the diameter per each level of our hierarchical embedding to accommodate the recursive strategy.
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Figure 5.5: If the solid (red) edge between u and v is inserted by any other k-colorable graph
H; ; for ¢ # 1, we will also find a shortcut between “outer” versions of u and v, which cannot
exist in the outer graph.

g~ p~n—°D for embedding any n°M-colorable graphs, and since we will only need to
continue the lower bound for r ~ loglogn rounds, we will have more than enough room to
carry out the entire plan.

5.2.4 Information-Theoretic Part: Round Elimination via Direct-Sum

We will now discuss the information-theoretic parts of our lower bound. The combinatorial
parts of our lower bound gives us a quite strong boost here: we can now solely focus on the
ability of the protocols in “traversing” the hierarchical tree of instances we discussed earlier
(see Figure 5.3), without worrying about any interference between underlying instances of
the problem (there is none owing to the inducedness property of our construction). In other
words, the communication lower bound here is practically independent of the MIS problem
and is essentially (although not quite) only about the abstract problem of traversing the
hierarchical tree:

o The first r players receive g, - p, “hard” (r — 1)-round sub-instances

I:={l;|i€lql],jcpl}

; the last player receives an index t € [g,];

« The goal for the players is to solve all special sub-instances of I; , in r rounds.

This problem is similar in spirit to the tree-pointer jumping problem of [CCMO08]. The
crucial difference is that tree-pointer jumping only has one special instance per level (think
of p, = 1 above), whereas for us, we need the players to solve many “small” sub-instances—
which, individually, are not hard to solve within the budget of even the (r—1)-round protocols
(this is precisely our deviation from the ideal-type lower bounds to our actual lower bound).
A similar problem was also very recently introduced by [KN24] only for 2-round protocols
as their HiddenStrings problem. However, the techniques in [KN24]—based on the two-way
communication complexity of the Index problem [JRS09]—are inherently only for 2-round
protocols and do not generalize beyond.
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Our second technical contribution is a lower bound for this problem (in a bit less abstract
form).

An intuitive “proof”. Suppose we have a protocol © with s = o(p, - ¢,) communication
on the distribution G, of r-round instances. We can first show that, in its first round, =«
can only reveal O(s/q.) = o(p,) bits in total about all instances in I;, (as these are an
unknown 1/¢, fraction of the inputs in Z). This means that on average 7 has only revealed
o(1) bits about any one instance I;; for j € [p,]. Thus, in the remaining » — 1 rounds, it
needs to solve p, copies of the (r — 1)-round problem, where each copy, on average, is only
o(1) statistical distance away from the hard (r — 1)-round distribution G,_;. This second
problem has a flavor of a direct-sum result’. Hence, using a direct-sum style argument (say,
as in [BBCR10]), we should also be able to say that in the remaining (r — 1) rounds, 7 needs
to communicate p, times the communication cost of solving one (r — 1)-round hard instance.
This gives us the tradeoff stated at the very end of Section 5.2.2.

Unfortunately, making this intuition precise is hindered by the fact that in this direct-
sum scenario, the p, (r — 1)-round instances, in addition to their marginal deviation of o(1)
from G,_1, also have become correlated with each other for a total of o(p,) bits. In other
words, the first message of 7 can also change their joint distribution by revealing o(p,.) bits
about them collectively. In general, one cannot hope for a direct-sum result to hold over
such non-independent instances.

Our actual proof. To tackle this obstacle, we apply an information complexity direct-sum
to the previous round elimination arguments of [ANRW 15, AKZ22]. Specifically, we show
how to obtain a (r — 1)-round protocol 7’ for a single hard (r — 1)-round instance using the
protocol m:

High level description of the protocol 7’ for I,_; ~ G,_;:

1. Sampling step: Sample the first message II; of 7 and a family of sub-instances Z
from G,, i.e., (II},Z) ~ G,. Then, sample k € [p,| uniformly at random and replace
I; . in 7 with the input instance I, (where t is the index of the special sub-instance
group of 7).

2. Simulation step: Run the protocol 7 on the modified Z from its second round
onwards and output the answer of m on the special sub-instance Iy .

The analysis consists of two parts, one for each step of the protocol. The first part shows
how the players can sample the joint variables (II;,Z) and embed I, ; inside Z—which
crucially is independent of II; in this sampling, although it should not be in the distribution
of (II;,Z) in m—using a distribution that is close to G, | I; ; = I,_;. This sampling is inspired
by [ANRW 15, AKZ22] with various modifications to account for the considerable differences
between the two communication models. Proving this part is based on a similar argument as

5Recall that a direct-sum result argues that solving m independent copy of a problem becomes m times
harder than solving one copy; in this context, solving m copies needs m times more communication than one

copy.
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in the intuitive “proof” above that says that the marginal distribution of I; ; is not affected
that much by the first-round message 11;.

The second part of the argument, however, deviates entirely from [ANRW15, AKZ22],
because in their communication model, the new protocol n’ already has the desired com-
munication cost for an (r — 1)-round protocol (given their focus on maximum message-size
per vertex of the graph); thus, their arguments finish at this point. However, for us, the
protocol 7’ has the same communication cost as m even though it is being run on a much
smaller instance. Hence, there is no contradiction that 7’ can solve G,_; in (r — 1) rounds
as its communication cost is way above the bar anyway.

To handle this part, we instead work with the information cost of the protocols (in place
of their communication cost) for a natural multi-party generalization of two-party external
information cost in [BBCR10] (see Section 5.3.2 for the definition). Our approach is then to
show that even though 7’/ may communicate as much as 7, its information cost is a factor
1/p, smaller than the information cost of 7. This is because I,_; is embedded in one of the
p--many special sub-instances randomly whose identity is hidden to the protocol . But,
this creates another challenge: information cost, unlike communication, is a function of the
underlying distribution, and in 7/, the distribution of the inputs that 7 is simulated on is
not the original distribution G,, only statistically close to it. Thus, even though we know
that 7 has a low information cost on G,, we cannot guarantee it also has a low information
cost in the simulation step and conclude that 7’ has a low information cost®.

The challenge outlined above is not unique to our problem and has been studied be-
fore also, e.g., for direct-product results in [BRWY13b, BRWY13a, BW15] but typically for
internal information cost and two-party protocols. For our purpose, we use a message com-
pression technique due to [HIMRO7] (see also [BG14]) to reduce the communication cost of
the protocol 7 in the simulation step down to its information content. This leads to some
minimal loss in the parameters that can be easily handled in our setting. But now, the
change in the underlying distribution of the simulation step cannot affect the communica-
tion cost, which allows us to obtain a too-good-to-be-true protocol 7’ for G,_;, which leads
to our desired contradiction.

This concludes our overview. In the rest of the paper, we formalize the ideas and ap-
proaches discussed in this section and prove Theorem 1 and Result 1 formally.

5.3 Preliminaries

5.3.1 (Multi-Party) Communication Complexity

We work in the standard multi-party number-in-hand communication model; we provide
some basic definitions here and refer the interested reader to the excellent textbooks [KN97,
RY20] on communication complexity for more details.

There are k > 1 players Py, ..., P in this model who receive a partition of the edges of
an input graph G' = (V, E)). The players follow a protocol 7 to solve a given problem on G,
say, finding an MIS. They have access to a shared tape of randomness, referred to as public
randomness, in addition to their own private randomness. In each round, P, writes a message

6In general, information cost of a protocol on two statistically close distributions can be vastly different.
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on a board visible to all parties, followed by P, all the way to P,. Each message can only
depend on the private input of the sender, content of the blackboard, public randomness,
and private randomness of the sender. At the end of the last round, the last player P, writes
the answer to the blackboard.

Definition 5.3.1. For any protocol w, the communication cost of , denoted by CC(r),
is defined as the worst-case (maximum) total length of messages, measured in bits, commu-
nicated by all players on any input. We assume that all transcripts, i.e., the set of all
messages written onto the blackboard, in m have the same worst-case length (by padding).

Communication complexity and streaming. The following standard result—dating
back (at the very least) to the seminal paper of [AMS96] that introduced the streaming
model—relates communication cost of protocols and space of streaming algorithms.

Proposition 5.3.2 (cf. [AMS96]). Foranyp > 1,58 > 1, and ¢ € (0,1), suppose there is a p-
pass s-space d-error streaming algorithm A for some problem P. Then, for any integer k > 1,
there also exists a k-party protocol m with p rounds, communication cost CC(m) < p-k-s,
and error probability at most 6, for the same problem P.

Proof. Consider the stream ¢ = oy o --- o g where o; is the input to the player P, in 7
(ordered arbitrarily in the stream). Player P; runs A on o7 and writes the memory content
on the board, which allows player P, to continue running A on oy, and so on and so forth.
This allows the players to run one pass of A using communication cost at most k- s. The
players can continue this in p rounds, faithfully simulating the p passes of the algorithm, and
at the end Py can read the answer of A from the memory and outputs it on the blackboard.

This way, m will have the same probability of success as A, uses at most p- k- s commu-
nication and p rounds of communication. |

Proposition 5.3.2 allows us to translate communication lower bounds into streaming lower
bounds. In particular, this result reduces proving Theorem 1 to proving Result 1.

5.3.2 Information Cost and Message Compression

We also work with the notion of information cost of protocols that originated in [CSWYO01]
and has since found numerous applications (see, e.g. [Weil5] for an excellent survey of this
topic).

There are various definitions of information cost that have been considered depending
on the application. The definition we use—which is a natural multi-party variant of the
standard ezternal information cost [BBCR10]—is best suited for our application.

Definition 5.3.3. For any multi-party protocol m whose inputs are distributed according to
the distribution u, the (external) information cost is defined as:

IC(m, p) :==1(G; N | R),

where G denotes the random variable for the input graph sampled from p, I denotes the set
of all messages written on the board, and R is the public randomness.
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In words, multi-party external information cost measures the information revealed by the
entire protocol about the entire graph to an external observer. The following result follows
from [BBCR10].

Proposition 5.3.4 (cf. [BBCR10]). For any multi-party protocol ™ on any input distribution

1,
IC(m, ) < CC(m).

Proof. We have,

IC(m, p) = LGN R) = H(M[R) —H(N [ G,R) < H(M|R) < H(N) < log|supp(M)| = CC(m);
® @ ©) (©)

here, (1) is by the definition information cost, (2) is by the definition of mutual information,
(3) is by the non-negativity of entropy (Fact 4.3.1-(1)), (4) is because conditioning can
only reduce the entropy (Fact 4.3.1-(4)), (5) is because uniform distribution has the highest
entropy (Fact 4.3.1-(1)), and (6) is by the definition of worst-case communication cost. |}

Message compression. We use message compression to reduce communication cost of
protocols close to their information cost in certain settings. The following result is due
to [HIMRO7] which was further strengthened slightly in [BG14]. We follow the textbook
presentation in [RY20].

Proposition 5.3.5 (c.f. [RY20, Theorem 7.6]). Suppose Alice knows two distributions A, B
over the same set U and Bob only knows B. Then, there is a protocol for Alice and Bob to
sample an element according to A by Alice sending a single message of size

D(A || B) +2log(1+D(A || B)) + O(1) (5.1)
bits in expectation. This protocol has no error.

We note that somewhat weaker bounds on the KL-Divergence in Eq (5.1) already suffice for
our purposes. Thus, to simplify the exposition, we use,

D(A || B) +2log(1+D(A || B)) +O0(1) <D(A || B) +10D(A || B) + O(1)
(as log(1 + x) < bz for every z > 0)
< Ceomp * (D(A || B) + 1), (5:2)

for some absolute constant ccomp > 1 that we use from now on in our proofs.

5.4 Disjoint-Unique-Paths Graphs and Embedding Products

Our lower bound for MIS relies on two graph-theoretic ingredients: (i) an extremal family of
graphs which can be seen as a generalization of RS graphs [RS78], and (i) a graph product
which we call the embedding product for this particular family of graphs. We now define
these constructions and establish their key properties. To continue, we need the following
basic definitions (see Figure 5.6).

69



Definition 5.4.1. For any n,k > 1, a graph G = (V, E) is called a (n, k)-layered graph if
there exists an equipartition of V into k independent sets (Vi, Vs, ..., Vi) of size n/k each,
referred to as layers of G. We additionally say that G is a strictly-layered graph if all
edges of G are between consecutive layers.

Definition 5.4.2. For any n,k > 1, a path P in an (n, k)-strictly-layered graph G is called
a layered path if it has edges between consecutive layers and exactly one vertex per layer.
For any layered path P, we define START(P) as the vertex of P in the layer Vi of G and
FINAL(P) as the vertex of P in the layer V.

o! X0 L 5 O

— E— o= 0| FINALP)
o —0 START(P) |O—— P E— g

(a) A (12,4)-layered graph. (b) A (12,4)-strictly-layered graph and a layered path

inside it.

Figure 5.6: An illustration of layered graphs and strictly-layered graphs with a layered path.

5.4.1 Disjoint-Unique-Paths (DUP) Graphs
The following definition captures the key concept we need from our extremal graphs.

Definition 5.4.3. A set of paths P in a strictly-layered graph G is called a unique path
collection (UPC) iff (i) P is a vertex-disjoint set of layered paths, and, (ii) for any pair of
vertices s in START(P) := {START(P) | P € P} and t in FINAL(P) := {FINAL(P) | P € P},
the only layered path between s and t in the entire graph G is a path in P (if one exists, s
and t are the two ends of the same path P € P).
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Figure 5.7: An illustration of a UPC in a strictly-layered graph. Neither the dashed red
edges (between the vertices of different paths in a UPC) nor the edges of the solid red path
(using outside vertices) are allowed.

See Figure 5.7 for an example of UPCs. We use UPCs to define our extremal graph
family.
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Definition 5.4.4. For any n,k,p,q > 1, a (p, q, k)-disjoint-unique-paths (DUP) graph
is a (n, k+1)-strictly-layered graph G whose edges can be partitioned into ¢ UPCs Py, ..., P,,
each consisting of exactly p layered paths Py, ..., P, € P; fori € [q].

The following result shows the existence of (p, ¢, k)-DUP graphs with p, ¢ = n'=°1) (that
is necessary for our application) and k = w(polylog (n)) (that is sufficient for our application).
The existence of such results is a-priori surprising as UPCs of size p are “locally sparse” and
restrict many edges from appearing in the graph, and yet large ¢ implies that the graph is
“globally dense”. Nevertheless, we can use the same ideas as they are used in the construction
of RS graphs [RS78] or for ‘graphs with many long disjoint shortest paths’ in [AB16] to
construct DUP graphs.

Proposition 5.4.5. For any sufficiently large n € N and any given k > 1 satisfying k <
2(1°g”)1/4, there exists a (p,q,k)-DUP graph on n vertices with the following parameters for
two absolute constants n,,n, > 0,

n n

exp (- (nn)34) " T ey (g, - (nn)?4)

Given that this result does not seem to have appeared in prior work, we provide a self-
contained proof in Section 5.4.3, which may also provide some more intuition about these
graphs.

5.4.2 Embedding Products

The next key ingredient of our construction is a graph product that treats DUP graphs as an
“outer” graph and replace their entire paths in UPCs with different “inner” layered graphs
(not necessarily strictly-layered ones). See Figure 5.8 for an illustration.

Definition 5.4.6. Let Gpyp be a (p,q,k)-DUP graph on ny vertices and layers Uy, . .., Upiq
for some p,q,k > 1. Let H :={H,; |i € [q],] € [p|} be a family of (ng, k+ 1)-layered graphs
where all the graphs in H are on the same layers Wy, ..., Wi but may have different edges.

We define the embedding of H into Gpyp, denoted by G := EMBED(H — Gpup), as the
following ((n1 - n2)/(k + 1),k + 1)-layered graph:

o Vertices: We have layers Vi, ..., Vii1 where, for every { € [k + 1], Vy := Uy x Wy;

« Edges: For any layered path P;; = (uy,ua, ..., ug1) of UPC Py in Gpup with @ € [g] and
j € [p], and any edge (x,y) € H;; between layers Wy, and Wy, , we add an edge e between
(ue,, ) and (ug,,y) to G. We say that the edge e is added w.r.t. the path P, ;.

The following lemma captures the main property of these embeddings.

Lemma 5.4.7. Let Gpup be a (p, q, k)-DUP graph for somep,q,k > 1, H :={H;; | i€ [q],j € [p]}
be a family of layered graphs with size p-q, and G := EMBED(H — Gpp). For anyi € [q], the
induced subgraph of G on vertices corresponding to P;, i.e., {(v,*) | v € P, j for some j € [p|},
is a vertex-disjoint union of graphs H; ; for j € [p] in H.
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(a) A family H including (12, 4)-layered graphs H; i and Hi 2 (remaining graphs are unspecified)
on the left and a DUP graph Gpyp with p = 2, unspecified ¢, and k£ = 3 on the right.
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(b) The resulting layered graph as the embedding of H into Gpyp — the drawing only shows the
effect of the embedding on one UPC of Gpyp and the remainder of the graph is unspecified.

Figure 5.8: An illustration of the embedding product. For simplicity of exposition, this
figure only shows a part of the final graph obtained via embedding inside a single UPC of
the DUP graph; in the actual construction, every UPC is replaced by an embedded graph.

Before getting to the proof of Lemma 5.4.7, an important remark is in order. Recall that
our layered graphs can have edges between any pairs of layers and not only consecutive ones.
As such, to be able to establish the property in Lemma 5.4.7, we crucially rely on the fact
that DUP graphs not only disallow any additional edges between vertices of a UPC, but in
fact, no layered paths can connect them also even if the paths are using vertices outside the
UPC. This is the key property of DUP graphs that is needed for our constructions.

Proof of Lemma 5.4.7. For any i € [q], let U; := {(v,*) | v € P;; for some j € [p|} denote
the vertices of G corresponding to the UPC P;. Let G; := G[U;] be the induced subgraph of
G on U;. We first prove that (i) G; contains the vertex-disjoint union of H; ; for j € [p], and
then, that (i¢) it does not contain any other edges. See Figure 5.9 for an illustration of this
proof.

Part (i). Fix j € [p] and observe that all edges of H, ; are added to G; by the embedding
product w.r.t. layered path P, ; in a way that “preserves its structure”. Formally, since
P ; = (uy,...,ury1) is a layered path (with edges between consecutive layers and one vertex

’
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per layer), the edges between layers W, and Wy in H, ; are added as edges between vertices
{ue} x Wy C Vyand {up } x Wy C Vi of G;. Also, since the layered paths of the UPC P; must
be vertex-disjoint (Definition 5.4.3), the edges added w.r.t. paths in P; form a vertex-disjoint
union of H;;’s for j € [p] in G;.

Part (ii). It remains to argue that no other edges are added to G; by the embedding
product. For a contradiction, suppose that G; contains an edge e that is not added w.r.t.
P;. As such, it must be between vertices that correspond to v € F;;, and v € F;;, for
some ji,jo € [p] (possibly j; = js), respectively. By the embedding product, the edge e is
added w.r.t. a layered path Py ; and layered graph Hy j for some ¢’ # i € [g] and j' € [p].
The layered graph Hy ; may contain any edge between layers even non-consecutive ones.
Thus, the existence of edge e implies that there is a subpath of Py that connects the
vertices u € P;;, and v € P, j, in Gyp, which is a strictly-layered graph and only has edges
between consecutive layers. This creates a layered path from START(P,;,) to FINAL(P, ,,)
(or START(P, j,) to FINAL(P, ; )) that uses one or more edges of Py j; and is thus not in P;,
which is a contradiction by the definition of a UPC (Definition 5.4.3). |}

H, _ ______ B ';‘—'—'V _____ _ Py

T
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)

e A e S O S S

Figure 5.9: The gray boxes denote the subgraphs H;; and H; 5 that are created w.r.t. paths
Py, and P, 5 in the same UPC of Gpyp. If there is an edge between vertices u and v that is
added w.r.t. another path Py ;, it implies that some subpath of Py ;; connects two vertices
in paths P ; and P, 5 together — this is because any edge of G is added “alongside” a path of
Gpup, although it is possible that it shortcuts a couple of layers in between as H;s ; may have
edges between non-consecutive layers. This in turn creates another layered path between
START(P; 5) and FINAL(P, 1), which is not allowed in a UPC, a contradiction.

5.4.3 A Construction of DUP Graphs

We now present a construction of DUP graphs and prove Proposition 5.4.5. The construction
of these graphs follows a standard approach in the literature, e.g., in [AB16], for creating
graphs with many long disjoint shortest paths. For completeness, we provide the construction
to incorporate UPCs explicitly (beyond just bounding the number of “critical paths” as
in [AB16]) and fine tune the parameters to the range that we need (which is different from
the typical range of parameters used in other applications of these graphs that we are aware
of).
We first need a basic claim on the existence of a large set of “average-free” vectors.
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Claim 5.4.8. For any {,d > 1, there exists a set A C [(]¢ with |A| > % such that for every
multi-set of t > 1 not-all-equal vectors yi, ..., y; € A, their average (1/t) Xt y; is not in A.

Proof. Let A be the largest subset of [¢]¢ such that all vectors in A have the same fy-norm.
Since the number of different values possible for squared fo-norm of vectors in [£]¢ is at most
d - £, we obtain the lower bound in the claim statement on the size of A by the pigeonhole
principle.

Let s denote the fo-norm of the vectors in A. Consider any multi-set of ¢ > 1 not-all-equal
vectors vy, ...,y € A. We have,

1< 1 (< 1 (<
I i = (Zl ol + o yj>) < (; Il + X Hyiuuyju)
i= i= 1#£j i= 1#£j
(the Cauchy-Schwartz inequality is strict for the pair y; # y; which exists as y;’s are not all equal)

1 2 2 2
:t—Q(t's —i—t-(t—l)-s):s.
The />-norm of the average is strictly less than s, hence, it cannot be in A. |

We now use the existence of the set A in Claim 5.4.8 to construct our DUP graphs.

A construction of (p, ¢, k)-DUP graphs:

(i) Set d := \/log (ﬁl) and ( := (%)Ud and let A C [(]? be the set of vectors

k+1)-(k+2)d
in Claim 5.4.8.
(ii) Fix the vertex set V = V,UVaU. ..U Vi1 with V; == [(k+2)-{]¢ for each i € [k+1].
(ii7) For every z € [¢(]? and y € A, and all i € [k], add an edge between

x+i-yeV; and x4+ (i+1)-y€ Vi

Proof of Proposition 5.4.5. The partition of the edge set into ¢ = ¢¢ UPCs of size p = |A| >
04/(d - £?) each is as follows. For every z € [(]%, we have a UPC P, := {P,, |y € A} of p
paths. Each path P, , € P, for y € A is defined as:

Poy=(@+y,z+2y, z+3y, ..., 2+ (k+1)-y),

where edge (z+i-y, x+(i+1)-y) is from the layer V; to layer V;; for ¢ € [k]. See Figure 5.10 for
an illustration. We now prove that G is indeed a DUP graph with the UPCs P, for z € [¢]<.

Firstly, any edge of the graph G is between some z +i -y and x + (i + 1) - y for z € [¢]?
and y € A and ¢ € [k]. This edge thus belongs to the path P, , in the UPC P,. Hence, the
edges of the graph are partitioned between the UPCs.

Secondly, by the definition, each P, , is a layered path. Furthermore, the paths in P, are
vertex-disjoint since, for any pair of paths P, , and P, for some y,y’ € A, their respective
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Figure 5.10: An illustration of the construction of DUP graphs. The circle z at left does
not correspond to a vertex and instead is used to define a UPC. The red path cannot exist
because it requires ys + y; + vy + y4 + y4 = 5 - y2 which cannot happen because A is average
free.

vertices in layer 4, given by  +i -y and x + i - 3/, are only the same if y = ¢/

Finally, consider z; := START(FP,,) and zf := FINAL(P, /) for some y,y’ € A; we prove
that z, has no layered path to zy in G unless y = ¢/, in which case there is only one layered
path P, , (in the entire graph G), between z, and zy.

By definition, we have
zs=x+y and zp=z+(k+1)-y.

Suppose there exists a layered path between z; and z¢. As each edge of the graph connects
its both endpoints via a vector in A, this means that there exist vectors yi, ...,y € A such
that zp — 2z, = Zle y;. This implies that

k k

x+(k+1)-y’:zf:zs+2yi:x—l—y—i—Zyi,
=1 =1

which in turn means i
1
/ _ — .
=1 <y+;y>
By Claim 5.4.8, since ¢y’ € A, the only possibility is that (y,yi,...,yx) are all-equal, which
means that they are also all equal to y’. Thus, the only possible layered path between z,
and z; is if they belong to the same path P, , € P,.

To finalize the proof, we can work out the parameters as follows. The number of vertices
is

n 1/d\ ¢
(k+1)-((k+2)-€)d:(k;+1)-((k+2)-<(k+1)_(k+2)d> ) =n,

as it should be, hence the choice of ¢ and d are consistent with n. Moreover, by the upper
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bound on k£ and the choice of d, we have,

n l/d I n n n
= ¢4 = > > > :
q="1 (((kj T 1) ] (k‘ + 2)d> ) - (l{; + 2)d+1 = 90(1)-(logn)/*-(logn)1/2 = 90((logn)?/%)’
g q q n

q
> > = > >
b= 2.d 02.d — n2/d. vlogn 2210gn/\/logn/k X /1Ogn — 96(Vlogn) — 2@((10gn)3/4)’

as desired. This concludes the proof for all graph sizes determined this way from k and ¢ by
picking 7, and 7, to match the hidden constants in the ©-notation above.

To conclude the proof, we need the construction to work for all large enough integers n
as in the statement of the proposition. However, this can be fixed easily using a padding
argument, which we postpone to Section A.3. |

5.5 A Round vs Communication Tradeoff for MIS

We now switch to proving a multi-party communication lower bound for MIS, defined for-
mally as:

Definition 5.5.1. For any integers n,t > 1, we define MIS,, ; as the communication game of
outputting any MIS of a given n-vertex graph whose edges are partitioned between t players.

We prove an almost optimal round vs communication tradeoff for MIS in the model of Sec-
tion 5.3.1, formalizing Result 1 from Section 5.1.

Theorem 9. For any r > 1 and sufficiently large n € N, any r-round (r + 1)-party pro-
tocol ™ for MIS,, .1 with any constant probability of success strictly more than zero has
communsication cost

_ 1 1+1/(27—1)
CC(W)—Q(W-H )

rlog?/%(n))

The lower bound for semi-streaming algorithms in Theorem 1, restated below, now fol-
lows.

Corollary 5.5.2. For any integer p > 1 and sufficiently large n € N, any p-pass streaming
algorithm for finding any maximal independent set with any constant probability of success
strictly more than zero has space

1
o+ 1+1/(2p1))_
(2@<plog5/6(n>> "

In particular, semi-streaming algorithms require (loglogn) passes.

Proof. Follows from Theorem 9 and Proposition 5.3.2 since the number of players and rounds
are O(loglogn) each, and hence, the space lower bound is at most smaller than the commu-

nication one by an O((loglogn)?) factor; this is subsumed by the 20®1”°(™) term of the
lower bound. |
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We define our hard input distribution in the proof of Theorem 9 in this section, and list
its main properties. We then use this distribution in the next section to conclude the proof
of Theorem 9.

5.5.1 A Family of Hard Distributions for MIS

The distributions are defined recursively as a family {G,(n)},-, where G,(n) is a hard dis-
tribution for r-round (r + 1)-party protocols on n-vertex graphs. To avoid ambiguity with
the notation for paths, we use Q1,Qs,. .., Q11 to denote the players in G,.(n). In addition,
the input to player @, for a € [r + 1] is denoted by G,.

Base case for r = 0. The base case is defined vacuously for » = 0 and 0-round “protocols”
that are supposed to solve a simple yet non-trivial MIS problem (and are hence trivially
impossible).

The distribution Gy(n) for 0-round protocols on n-vertex graphs for n > 2.

1. Let G = (V,E) be a graph on n vertices V' = {w; | i € [po]} U {v; | 7 € [po]} with
Po =n/2.

2. For each i € [po], the edge (u;,v;) is independently included in E with probability
1/2 (independent of the inclusion of the other potential edges (u;,v;), for j # ).

3. Player Q; receives G(1) := G as the input (this is the only player when r = 0).

The answer to MIS on Gy contains either one of the vertices u; or v; (but not both) with
probability half, and otherwise contains both u; and v; with the remaining probability for
each i € [py] independently. Thus, a 0-round “protocol”, namely, one that has to commit to
a fixed answer always without checking the input, can only succeed with probability 1/2P°
on Gy.

Distributions for » > 1. A graph generated by G,(n) will be an (n,2"™!)-layered graph
created by embedding many n,_;-vertex hard instances for (r — 1) rounds into (p, g., 2" —1)-
DUP graphs with b, vertices in each layer. We will determine the values of the parameters
Pry ¢, b and n,_; based on n shortly, after defining the distribution itself. Throughout, if
clear from the context or not relevant, we may omit the subscripts on p,, ¢., and b,, as well
as n from G.(n).

Distribution G,(n) for r-round protocols for r > 1.

1. Pick a fixed (p,, g-, 2" — 1)-DUP graph Gpup := (W = Wi U ... U War, Epyp) with b,
vertices in each layer and thus b, - 2" vertices in total.

2. Sample p, - ¢, independent instances H := {H,; | i € [¢.],j € [p,]} from G,_1(n,_1).

3. Create two identical copies of the graph C:'L = C:‘R := EMBED(H — Gpup)-
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4. For a € [r], player Q, receives the edges in both G and Gp, that correspond to H;ja
for i € [¢.],7 € [p-] where H,;, is the subgraph of H,; given to the a™ player in
g’r—l(nr—l)~

5. Pick ¢ uniformly at random from [g.] and let P* := P, be the t-th UPC in Gpyp,
referred to as the special UPC. Let W* C W be the set of vertices in Gpyp incident
to P*.

6. Player (Q),11 receives a complete bipartite graph between {(u,*)|u € W\ W*} in
G, and Gg, i.e., there is an edge between every pair of vertices (ui,v1) € G, and
(ug2,v2) € Gg with both u; and ug not belonging to W*.

Figure 5.11 gives an illustration of our hard distribution.
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Figure 5.11: An illustration of the distribution G, (n). The paths at the bottom correspond to
the UPC P*; each path is “replaced” with an instance H from G, (n,_1) via the embedding
product. Since the embedding product affects the entire graph, the paths in other UPCs
are also replaced by instances from G, q(n,_1), e.g., for the top (red) block (remaining
instances are not drawn). The last player ),4; receives a bipartite clique between the
vertices corresponding to W\ W* in G, and G, denoted by the top (green) blocks. Other
players @, for a € [r] receive the inputs of the a' player in all instances H sampled from
Gr—1(n,—1) when placed inside graphs G and Gp.

Definitions and Notation for Distribution G.(n)

We set up the following notation for the distribution G,(n) for » > 1. For any a € [r + 1],
let G, .(n) denote the distribution of edges in the input graph that are given to player Q.
Thus, the distribution G,(n) is a joint distribution of (G, 1(n),...,G,,+1(n)).
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An instance of the MIS,, ;1 sampled from G,.(n) is a graph G with n vertices together
with its edge partitioning between the r + 1 players. With a slight abuse of notation, we
sometimes refer to G sampled from G,(n), i.e., G ~ G.(n), as the entire instance, where the
edge partitioning between the players is implicit. Any G ~ G,(n) contains ¢, - p, instances
Hii,...,H, ,, sampled from G,_;(n,_1) that are embedded as part of both G and Gr. We
refer to these (r — 1)-round instances as the sub-instances of G. For any i € [¢,],j € [p.],
we further write ELZ 4 and ERZ j to denote the edges inserted to, respectively, Gr and Gg
as part of the embedding of H, ; into Gpup.

Among the sub-instances of any G ~ G,.(n), there are p, sub-instances that correspond
to the paths in the special UPC P*; we denote them by H* and call them the special
sub-instances of G. We enumerate these special sub-instances by H, ; for t € [¢.] being the
index of the special UPC P* = P, and j ranging over [p,].

For any j € [p,], define the special subgraphs G7 ; and G} ; as the subgraphs of Gr
and G on edges of special sub-instance H, j, i.e., with edges ELt j and Em j» respectively.

The Choice of Parameters and Their Ranges

We now specify how the parameters p,,q,,b,, and n,_; are chosen, the restriction we have
on their ranges, and their “validity” in their recursive calls (and Proposition 5.4.5).

Parameters b,,n,_;. Let ng be an arbitrarily large constant to be determined later (this
controls the probability of success of the protocols). We work with large n > ny for all
r > 1.

The distribution G,.(n) for r > 0 rounds requires that

n > (1/2) - (2ne)* . (5.3)

For r =1, ng is already defined as a constant and b; is defined from n as

b= (2 nno) (54)

For r > 1, b, and n,_; are defined from n via the following equations (recall that (a) 1 (b) =
a®)

by = (n,—1) T (1 + 211_1) ; (5.5)

2'br'n7“71:n7

which implies that
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In the distribution G,(n) for any r > 1, we call the distribution G,_1(n,-1). We will show
that when input n satisfies Eq (5.3) in G,.(n), calls to G._1(n,_1) also satisfy Eq (5.3).

For r =1, Gi(n) calls Gy(no) which satisfies Eq (5.3) for » = 0 as
(1/2) - (2n0)*" 1 = (1/2), and o> 1.

For r > 1, G.(n) calls G,_1(n,_1) and by the choice of n,_; in Eq (5.6), we have,

n 2t —1 1 2r-t—1 1 r—1
r—1= | = —_ > Z.(2 2T—1> e L .
v (01 (=) (o)1 (57 2y oo

which means the call to G,_;(n,_1) also satisfies Eq (5.3) for r—1. This gives us the following.

Observation 5.5.3. For any r > 1, if the distribution G.(n) satisfies Eq (5.3) for n, then
any distribution G,.(n') for v’ < r called recursively in G, also satisfies Eq (5.3) for r',n'.

Parameters p,,q. for r > 1. Recall that we use a (p;,q,2" — 1)-DUP graph with b,
vertices in each layer in G,.. This means the the total number of vertices in this DUP graph
is b, - 2". We define the parameters p, and ¢, as follows:

b - 2"
Pr = s

exp (- (b, - 271 -
. by - 2" '

exp(ng - (In(b, - 27))%/4)

Firstly, these bounds match those of Proposition 5.4.5 and thus we can apply the proposition
to prove the existence of the required DUP graphs in our distribution. We should also verify

that
r 1< o(log (by-27))!/*

)

which is required by Proposition 5.4.5. For r = 1, the LHS is 1 and this holds trivially. For
r > 1, we have by Eq (5.6) that

or—1 1 . gr—1 1 1
b= (5)1 (QT - 1) = (gremr ) (T - 1) = - (@no).

This satisfies the above equation because for r > 2,

log(2"—1)<r whereas (log (b, - 27 )4 > (2771 - log (ng)) /4
and thus we obtain the equation for any large constant ng (with quite some room to spare).

Observation 5.5.4. For any r > 1, if the distribution G.(n) satisfies Eq (5.3) for n, then
the DUP graphs created in G, (and in any recursive call to G, for v’ < r) with the given
parameters p, and q, do exist (by Proposition 5.4.5).
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5.5.2 Basic Properties of the Distributions {G.(n)},-,

We establish some basic properties of the distribution G, (n) for » > 1 in this subsection. We
then use these to define search predicates that reduce our task of proving the lower bound
for MIS to determining the ability of protocols in figuring out a certain predicate for graphs
sampled from G,.

The first property identifies the “real input” to the players.

Property 5.5.5. For any a € [r], the input of player Q, in G4 ~ G,.(n) is determined
deterministically by the input of the a' player in all sub-instances in H, i.e.,

Ho = {Hija |1 € larl5 € [pr]}

. The input of player Q,+1 is deterministically determined by the index t € [q,| of the special
UPC.

Proof. The choice of Gpp is fixed in G,(n) and does not include any randomness (think of it
as being “hardcoded” in the definition of the distribution). For any a € [r], given only H,,
player Q, can know the edges of G, and G that belong to its input. Similarly, given only
t, player @),1 can know what vertices of G, and Gp are in W* and thus which edges should
be added to the bipartite clique between vertices corresponding to W \ W* in Gp and Gp.

The next property shows that the distributions {G,(n)},, are product distributions — a
fact which is used crucially in our lower bound arguments.

Property 5.5.6. For any r > 0, the distribution G,.(n) is a product distribution, i.e.,
gr(n) = gr,l(n) X gr,2(n) X X gr,r+1(n)-

Proof. The proof is by induction on r. The base case when r = 0 is trivial as the entire
graph is given to (J;. Let us assume that the statement is true for » = ¢ and we prove it for
r=~0+1.

The input to players in G,y1(n), by Property (5.5.5) is determined by qpy1 - pey1 sub-
instances sampled from Gy(n,) (for players @ to Qpy1) and by t € [gey1] (for player Qo).
The distribution of each sub-instance H; ; for i € [go1] and j € [pe41] is a product distribution
of the inputs to @, for all a € [¢ 4+ 1] by the induction hypothesis. These sub-instances are
also all sampled independently of each other, thus making the collective input to players (),
to Q41 independent of each other. Finally, the index ¢ € [gy41] is sampled independent of all
other variables, implying the input to player Qs is also independent of the rest, completing
the proof. |

The next two properties together identify the key properties of special subgraphs and
their role w.r.t. any MIS of the input graph.

Property 5.5.7. The special subgraphs G7 ; and G, ; for j € [p,] are all vertex-disjoint from
each other. Moreover, the induced subgraph of Gl (resp. C~¥R) on the vertices corresponding
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to the special subgraphs contains only the edges of these subgraphs, i.e., the edges of G7 ;
(resp. Gy ;) for all j € [p,].

Proof. The special subgraphs inserted to either G, or Gy are part of the embedding product
of EMBED(H — Gpup) corresponding to the special UPC P*. Thus, by Lemma 5.4.7, we know
that they are vertex-disjoint and no other edges from any other subgraphs are present in the
vertices of the special subgraphs. |

Property 5.5.8. For any graph G ~ G.(n) forr > 1, any MIS S of G also contains an MIS
f~0r every special subgraph G7 ,,...,G7, in G or every special subgraph Gg 1, ...,Gg , in

Grg.

Proof. We consider three possible cases for the proof.

Case 1. Suppose first that there exists a vertex v € S which (1) belongs to G, and (2)
corresponds to some vertex in W\ W*. Figure 5.12 gives an illustration of this case.
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Figure 5.12: An illustration of case 1: picking vertex v in the MIS “removes” all vertices
on G that are not part of the special subgraphs as the remaining ones are all neighbor to
v (not all edges of v are drawn). Since the special subgraphs are now isolated, the MIS of
G now needs to contain a separate MIS for each of the special subgraphs in G in bottom
right (drawn in blue).

Since G,41 C G is a bipartite clique between vertices corresponding to W \ W* in Gr
and G g, we have that all vertices corresponding to W\ W* in G g are now incident on v and
cannot be part of the MIS S. The remaining vertices in G are incident on W* and thus
S also needs to contain an MIS of the induced subgraph of Gr on vertices corresponding to
W* or equivalently P* — this is because these vertices do not have any edge to G, and also
no vertex of Gy outside these can be part of S.

We can now apply the main property of the embedding product, i.e., Lemma 5.4.7,
captured in Property (5.5.7) to have that the induced subgraph of Gr on the vertices cor-
responding to the UPC P* is a vertex-disjoint union of subgraphs G ,,...,G%,, . This
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immediately implies that the MIS of this subgraph of G should be a union of the MISes of
R+ GRrp., which means the MIS S contains an MIS for each of these special subgraphs.

Case 2. Suppose the symmetric case that there exists a vertex v € S which (1) belongs to
Gr and (2) corresponds to some vertex in W \ W*. The same exact argument implies that
now S should contain an MIS for every special subgraph G7 4, ...,G} , instead.

Case 3. Finally, suppose that no vertex in S corresponds to a vertex of W\ W* in either of
Gy or Gp. This, similar to the above, implies that S should contain an MIS for the induced
subgraph of G, on vertices corresponding to W* and the induced subgraph of G on vertices
corresponding to W*. This in turn, again, as above, implies that S now contains an MIS for
every special subgraph G7 ,,...,G1, and every G y,...,G% . |

5.5.3 Search Sequences and Predicates

Before getting to analyze the distributions {G,(n)},,, we need one other set of definitions,
which capture the notion of hierarchical embeddings in our lower bounds.

At a high level, the analysis goes as follows. We are hiding the choice of the special UPC
of the instance from the first r players in the first round, then UPC of special sub-instances
from the first » — 1 players in the second round, and so on and so forth, until at the end of the
last round; at that point, we reach the “inner most” graphs sampled from G,, whose edges
are still hidden from the players, and now there is no more round to compute the answer.
Making this intuition precise is going to take work, but hopefully this provides some insight
for the following definitions.

Notation. Fix any r > 1. We use p;, ¢;,n; for 0 < j < r to denote the parameters p, ¢,n
in the instances sampled from the hard distribution for j rounds, i.e., G;, in the construction
of the hard distribution on r rounds with n vertices, i.e., G.(n).

Definition 5.5.9. Forr > 0, we define K = (k,,k,_1,..., k1) to be a valid search sequence
if ki € [ps] for each i € [r] (K =0 is the only valid search sequence for r =0). We interpret
a search sequence on a graph G = G, ~ G,(n) as:

o k. points to the kﬁh special sub-instance of G, namely, G,_y := Hy . ~ G,_1 where t,
is the index of the special UPC of G,;

o k,_y points to the k™| special sub-instance of G,_1, namely, G,_y = Hy ko~ Groo
where t,._1 is the index of the special UPC of G,_1;

o We continue like this until ky points to the ki special sub-instance of Gy, namely,
Go = Hy, 1, ~ Go where ty is the index of the special UPC of G .

o We now have a unique instance Gy of Gy defined by K.
Finally, we define the search predicate of a G ~ G.(n) and a search sequence K as:

P,.(G, K) := a string in {0, 1}"* where the i-th bit is 1 iff (u;,v;) is an edge in Go.
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Figure 5.13: An illustration of a search sequence. Here, k, picks a special sub-instance H;, j,
from G, ; (with ¢, being the index of the special UPC of the outer instance), and then
“inside” that instance, k,_; picks another sub-instance Hy_, . , from G,_o (with ¢,_; being
the index of the special UPC of the instance Hy, ), and this continues on.

Figure 5.13 gives an illustration of this definition.

Let m be any (r 4+ 1)-party communication protocol on inputs sampled from G,.(n), and
let IT = II(G) be the transcript of 7 at the end of r rounds on an input G ~ G,.(n). We say
that the protocol m solves the search predicate P, for input graph G, if only given the
transcript I (with no further access to G), P,.(G, K) can be deterministically determined for
all valid search sequences K. We shall emphasize that the search sequence K is not a part
of the input to the protocol w (and is in fact even independent of the input graph G).

The following lemma shows why search sequences are important to us.

Lemma 5.5.10. For every § € (0,1), any (r + 1)-party protocol 7 that outputs an MIS of
G ~ G,(n) with probability at least 0, also solves the search predicate P.(G, K) for every
valid search sequence K with probability at least §.

Proof. We claim that:

For any r > 0, any MIS of G ~ G,(n) uniquely determines P,.(G, K) for all valid
search sequences K.

We can then conclude the proof as follows. Protocol m will be computing some MIS of G
with probability at least §. Thus, whenever 7w succeeds, the transcript II contains an MIS
that can be used to solve the predicate P,.(G, K) for all K with probability at least § as well.

We now prove the above statement by induction on r. The base case when r = 0 is a
graph Gy consisting of ng = 2pg vertices u; and v; for each i € [py] and K = (). Each such v,
and v; pair for i € [po] is possibly an edge in Gg. If the edge does exist, any MIS necessarily
should have exactly one of u; or v; but not both, whereas if the edge does not exist, then
any MIS of Gy should contain both u; and v;. Thus, given any MIS of Gy ~ Gy, we can
determine the predicate Py(G, 0).
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For the induction step, suppose the statement is true for r — 1 and we prove it for r.
Let K := (k,,...,k1) be any search sequence. By Property (5.5.8), any MIS of G ~ G,
also contains an MIS either for every special subgraph G7 4,...,G7 , or for every special
subgraph G%,,...,Gg,, . In particular, it contains an MIS for either G7 , or Gy, . Both
these graphs are identical and correspond to the k™ special sub-instance H,, in G where
t is the index of the special UPC. As H,j, ~ G,_1, by the induction hypothesis, an MIS of
H; j,, uniquely determines

Pr—l(Ht,kM (kr—la kr—2> ) kl))

But, by definition, we also have
PT(G? K) = I[Drfl(Ht,kra (krfb krf% ceey kl))a

as k, € K is just pointing to the special sub-instance H,j, . This finalizes the proof. |

5.6 New Round Elimination

We are given a family of problems {Fr}rzo such that F, is a communication complexity
problem with (r + 1) players, Q1,Qs,...,Qr11, and the players are restricted to r-rounds.
We prove the round elimination lemma in this section for this general family of problems.

For r > 1, we are given a distribution D, over hard instances of [F,. for r-round protocols.
The problem and the distribution have the following properties:

Properties of F,:

(¢) In problem F,_;, the players @, for ¢ € [r] have a source of public randomness. Each
player @, for ¢ € [r] also has a source of private randomness.

(22) The distribution D,, D,_; are product distributions over the (r 4+ 1) players and r
players respectively, i.e., the input of (), can be sampled independently of the input
of Qp for all ¢ # 0/, ¢, 0" € [(r 4+ 1)], and similarly for D, _;.

(i77) The distribution D, is constructed by sampling g,-p, instances B; ; for i € [¢,],j € [p,]
independently from D, _, such that @, for ¢ € [r] receives the input that they would
receive in B; ; for all i € [¢.], ] € [p,].

(1v) Player @,41 has a special index ¢ € [g,], and this is the only input of Q.

v) If any r-round protocol succeeds on instance A, ~ D,, the transcript of the protoco
If d protocol d inst A, ~D,, the t ipt of th tocol
contains answers to at least p-fraction of B, ; for j € [p,| for some p € [0, 1].¢

“In the context of MIS, the transcript in fact contains answers to all B, ; for j € [p,]. Our round
elimination lemma holds even in the weaker case when only a large fraction of B; ; are solved in a successful
transcript.

Then, we prove the following theorem:

85



Theorem 10. For every 0 < ¢ < § < 1, parameter p € [0,1], and integer s > 1, the
following is true. Suppose there is a deterministic r-round (r + 1)-party protocol w, with
communication cost CC(m,) < s that solves problem F, with probability at least § for an
instance A, ~ D,. Then, for constant ccomp (from Eq (5.2)), there is an (r — 1)-round
r-party deterministic protocol m,_1 with communication cost

COlm1) < =2 - (1)

that solves problem F,._1 for any instance A,_1 ~ D,_1 with probability of success at least

This section is dedicated to proving Theorem 10.
5.6.1 The Setup for the Proof of Theorem 10

We now start the proof of Theorem 10 which is the most technical part of the paper. Fix
any r > 1 and let 7, be a r-round (r + 1)-party protocol for solving [F,. with the parameters
specified in Theorem 10. We further define (or recall) the following notation:

 Let B denote the family of smaller instances B, ; for i € [g,],7 € [p].

e D,  for ¢ € [r + 1] to denote the distribution of the input instance A, given to player
Q¢; we further use By to denote the input of ), in a specific sub-instance B € B(A).

 t to denote the random variable for the index t € [g,] of the special row of instances
picked in D,.

e B;, for any i € [g.] to denote the sub-instances (B;1, B, 2, ..., Bip,) together in A ~
D,. The sub-instances given to player @, for ¢ € [r + 1] are denoted by B; ., =
(Birg Biggs -, Bip o)

o II = (IIy,...,II,) as the set of messages communicated by the players in rounds 1
to r. Similarly, we use II,, for £ € [r + 1] to denote the messages of player @, in
round ¢ € [r], and Il., to denote all messages of ;. We use I,11;, and IM;, as the
corresponding random variables for these messages.

Our goal is to go from a r-round (r 4 1)-party protocol 7, for F, with communication
cost s and probability of success d, to a (r — 1)-round r-party protocol m,_; for F,_; with

communication cost &~ s/(¢ - p,) and success probability ~ 0 - p — e — /s/(pr - ¢,). We do

this in two steps:

o Step 1: We first shave off one player from 7. and obtain an intermediate r-party
protocol 7" with communication cost ~ s/(e - p,) and success probability ~ § - p — ¢ for
F,_1. However, 7’ still has r rounds instead of our desired (r — 1) rounds.
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o Step 2: We then shave off one round from 7’ and obtain the protocol 7,_; without
increasing the communication but by decreasing the success probability with another

~\/s/(pr - gr) term.

We implement each step in the following two subsections. We do emphasize that these
steps are not entirely blackbox and this partitioning into the two steps is more for the
simplicity of exposition (and there will be some intermediate steps as well). Figure 5.14
gives a schematic organization of these steps, in particular, the protocols we build along the
way and their properties.

(D 2) 3) 4

~ N\ N\ , N s ~
/A 0} T
r IFr [Fr— 1 T l]:r— 1 r—1 |]:r— 1
r-round r-round r-round (r — 1)-round
(r+ 1)-party r-party r-party r-party
) S , : :
cc(r)=s ic(o, %, 1) < — cc(n) S cc(n) S
Pr Pr- € Pr- €
success probability: success probability: success probability: SLCCEsSs probabll;ty:
5—e¢ o0—¢e— :
N\ 5 J N\ 5 J _ Y, I\ Pr-4r )

Figure 5.14: A schematic organization of the proof of Theorem 10: step 1 encompasses
moving from part 1 to part 3 here, and step 2 is for moving from part 3 to part 4.

5.6.2 Step 1: A Low Communication Protocol for F,_; in » Rounds

Fix r > 1, suppose we have an instance A,_; sampled from D,_;, and we want to use 7,
which is for D,., to solve F,._;. Consider the following direct way of doing this:

An r-round r-party protocol ¢ for F,_; on input instance A,_;:

1. Sample indices j* € [p,] and t € [g,| uniformly at random using public randomness.

2. For every ¢ € [r], each player @, samples <Ar7g ~D, | t=1tBs= BT_M) using

private randomness. Let A, = (A, 1, A.2,..., A, ,4+1) be the input of all players in
D, where, by item (iv), the input of the “simulated” player @, is fixed by t = ¢.

3. The players run m,.(A,) by simulating the messages of player (), in 7, given that ¢
is public knowledge.

4. At the end, to solve F,_;(A,_1), we use the answer of 7, for F.(A,). By item (v),
we know that this transcript contains the answer to B; j» = A,_; when j* € [p,] is
randomly chosen, with probability p.
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Define the distribution D" as the distribution of the instance A, obtained in the
protocol o when A,_; ~ D,_;. We claim that this is the “right” distribution.

Observation 5.6.1. Distribution D ¢s the same as D,.

Proof. We know from item (i7) that D, is a product distribution of D, ; x. .. D, ;1. Moreover,
each D, ; for i € [r] is, by item (i7i), a collection of independent instances B; ;, ~ D,_1, and
t € [gr] is chosen uniformly at random in D, to define the input of player @,;1. This matches
exactly the distribution of D***" in o, given that B,_;, used by player (), is sampled from
D,_1 by definition. |

As protocol 7, can solve I, the transcript of m,. can determine F,_;(A,_1) when the
output is correct with probability at least p, because j* is randomly chosen. By Observa-
tion 5.6.1, we know that the probability of success of ¢ in solving F,_; is the same as that
of m, for solving I, times p and is thus at least 0 - p by the statement of Theorem 10.

It seems however that we have done nothing yet: ¢ is a r-round protocol with the same
communication cost as 7., so effectively we made no progress. The silver lining is that we
can actually prove ¢ has a much lower information cost compared to m,, using a direct-sum
style argument.

Claim 5.6.2. The information cost of protocol o on the distribution D,_1 is at most

IC(0,D,—1) < — ! - I1C(m, D).
Pr
Proof. Let j denote the random variable for the index j* in o and 1 denote both the messages
of players in ¢ as well as 7, — this is because, the players in ¢ communicate exactly the same
messages as 7, (without loss of generality, we can assume @), also writes the message of Q),11
on the board, even though all players can calculate that message on their own also). And,
by Observation 5.6.1, we obtain that these messages are also distributed exactly the same
way as m, is a deterministic function of the samples from D, = D*¥". Moreover, since 7, is
a deterministic protocol, the only public randomness of ¢ is j and t. Thus,

IC(0,Dy—1) = I(A,—1;11 | ], 1) (by Definition 5.3.3)

P
:Z* (Bej ;M| t,j=17)

(by the distribution of j and since A,_; = By in o for any choice of ¢ € [g,])

_Z I(B,; ;M| t), (5.9)

where the final equality holds because of the following: the joint distribution of (B ;, I, 1)
is a deterministic function of the choice of A, ~ D" ag fixing the input A, also fixes the
sub-instance B, ; (where ¢ is the index of the special row of subinstances of A,) as well as
all the messages of protocol . = 7,.(A,) which is deterministic. On the other hand, even
given a fixed choice of A,, we can still pick j uniformly at random from [p,| as it is entirely
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independent of A,. Thus, the joint distribution of (B,;,[1,t) is independent of the event
j =7 and we can drop the conditioning. ”

The next observation is that for every j € [p,], we have By; L Bi; | t because the
sub-instances are sampled independently and, after conditioning on t, the choice of B; ; and
B« only depend on the sub-instances. Thus, we can apply Proposition 4.3.2 to each of the
mutual information terms above and get:

Pr

pr
ZH(Btjvn |t) < Z Bt,k?“ | taBt,<k)
]:

j=1
=I(B:.;M|t) (by the chain rule of mutual information in Fact 4.3.1-(7))

<I(Bes; M| t) +I(B_y.; M| Bes,t) +I(t; M)
(as mutual information is non-negative (Fact 4.3.1-(2)))

= I({Bis}ici) jepp) £ 1)

(by the chain rule of mutual information in Fact 4.3.1-(7))
=I(A,; M) (as A, fixes {Bivj}i,j ,
= 1C(n,, D,). (by Definition 5.3.3)

T and vice-versa by item (7i7))

Plugging in this bound in Eq (5.9), we conclude that,

1

IC(0,D,1) < — -1C(7,, D,). |}

Pr

We are not done however as in the next step, we really need the communication cost of
the protocol to be small and not only its information cost (see Remark 5.6.11). We do this
by “compressing” the messages of o down to their information cost. This part uses standard
ideas except for the fact that we are applying them to a multi-party protocol instead of their
typical two-party application.

In the following, we design a protocol @ by compressing the messages of o on an input
A,_1 ~ D,_; down to their information cost. To avoid ambiguity, here, for every ¢ € [r] and
i € [r], we use ¥;, to denote the message sent by player @, of ¢ in round i. We also use R,
to denote the public randomness of . We define ii,g and Rz analogously for @. Protocol @
is as follows:

A communication efficient implementation of ¢ as a protocol 7:

e For i =1 to r rounds and ¢ =1 to r players in this order:

1. Suppose the players at this point all know R, as well as

E<7; = Z<7;71, ey Z<i,r7 and Zi7<g = 2i71, ey Zi,é—la

"The conditioning on t cannot be dropped in the same manner, because at the end of the first round, all
the players know value of t, as it can be sent by @,. All subsequent messages depend on t.
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i.e., the public randomness of o and the messages that “should have been”
communicated by ¢ in the first ¢ — 1 rounds plus the ones by Q1,...,Q, 1 in
round .

2. Define the distributions
Ui,e = Zi,z | Y, 2i,<é; R0'7AT—1,£7 and Vi,Z = Zi,é | Y, Ei,<€7Ra;
notice that the difference is only that in U;, we also condition on the input of

player Q¢ in A,_4, i.e., A,_1, but in V; 4, we do not.

3. The player @), plays the role of Alice in Proposition 5.3.5, who knows both U/; ,
and V;, and all other players play the role of Bob who only knows V;,. The
players use public randomness and Alice (i.e., player @y) writes the message
of Proposition 5.3.5, denoted by @; ¢, on the blackboard which allows all players
to sample a single message

Ei,f ~ A’i,@ = Zi,ﬂ | Z:<i7 2i,<€7 AT*LE? Ro’-

This allows the players to obtain the message 3;(¢) and continue this for-loop

The fact that & is faithfully simulating the protocol o follows immediately from Propo-
sition 5.3.5 as the message compression approach has no error. We now bound the length of
messages communicated by @ in expectation.

Claim 5.6.3. The expected length of the messages communicated by the protocol T is at
most

Ccomp : (IC<07 Drfl) + 7”2),

where Ceomp > 1 s an absolute constant defined in Eq (5.2) (derived from Proposition 5.5.5).

Proof. With a slight abuse of notation, we denote ’i’ to denote the length of the messages

communicated by @ (on a particular input and realization of randomness) and ‘ii! for i € [r]

and ¢ € [r] as the length of the message X; . Thus, by linearity of expectation,

ES =Y Y5,

i=1/¢=1

Moreover, by Proposition 5.3.5, for every i € [r] and £ € [r], we have,

E [T

< . ) )
=~ Ccomp (E<i,2¢,<e,Ar1,é,Ra D(UZ,E H VZ,E) + 1)

(as the distributions of Proposition 5.3.5 are U; ¢, V;, (conditioned on the prior messages))
< Ceomp ( D(Xip | Xcis Bit, Ry Arcig || Zie | iy Bico, Ro) + 1)

(by the definition of U; ¢, B; ¢)

E
Yy B <0, Ar—1,0,Ro

90



— Coomp - (]1(2M A1y | e Tocn Ry) + 1). (by Fact 4.3.4)

Plugging these bounds in the expectation-term above implies

E ’i‘ S Z Z Ccomp * (H(ZZ,E ; Arfl,f | Z<i7 Zi,<€7 Ra) + 1>

1=1/¢=1

S Z Z Ccomp * (H(ZZ,E ; Arfl ’ Z<Z'7 Zi,<€) RU‘) + 1)
i=1 =1
(by Fact 4.3.1-(8) as A,_1¢ is a deterministic function of A,_;)

= Coomp (H({Zi,f}ie[r],ee[r} A IR)+ T2)
(by the chain rule of mutual information in Fact 4.3.1-(7))

= Ceomp (IC(U, D, 1) + r2),

by the definition of information cost of ¢ in Definition 5.3.3. [

Finally, we do a basic clean up of @ to bound its communication cost (in worst-case,
not in expectation). This step is entirely straightforward and is basically by truncating the
protocol @ whenever a player is going to communicate more than their “budget”. We only
provide the full protocol here for completeness.

Protocol 7’: the truncated version of the protocol 7 for a given parameter ¢ > 0

o Run the protocol & as is. If at any point, a player is going to send a message that
results in the communication cost of the protocol to become more than

CCO% . (IC(U, D,4)+ rZ),

terminate the protocol and return ‘fail’.

We list the properties of the protocol 7’ in the following.

Claim 5.6.4. For every € > 0, protocol 7' is a r-round r-party protocol for solving F._1 on
an instance A,_1 ~ D,_1 with probability of success at least  — e and communication cost

cC(r') < Ceome (S 4 7«2).
€ DPr

Proof. The fact that 7’ is r-round and r-party is by definition. A direct application of Markov
bound, plus Claim 5.6.3 also implies that the probability that 7’ terminates is at most e.
This in turn implies that the error probability of 7’ compared to that & and equivalently o
is at most € more. Thus, 7’ succeeds with probability at least § — . Finally,

CC(r") <

1
1 €

com 1 com
+ Coomp * <IC(O',DT_1)—|—T2> < Ceomp <-IC(7TT,DT)+T2> < Ceomp | <3+T2)’
(2) € DPr 3) 3 Pr
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where (1) holds because of the truncation step in 7', (2) holds by Claim 5.6.2, and (3) holds
since by Proposition 5.3.4, IC(7,, D,) < CC(m,), which is the parameter s in Theorem 10.

|
5.6.3 Step 2: A Protocol for F,_; in (r — 1) Rounds via Round Elimination

Up until this point, we managed to obtain a protocol 7’ which has the desired communication
cost and probability of success, but the main issue remains: it still requires r rounds as
opposed to (r — 1) rounds. In the following, we try a more nuanced way of creating an
(r — 1)-round protocol m,_; which follows the same approach as 7’ but no longer uses the
first round of messages of 7, at all — instead, the players simply sample those messages using
public randomness.

Before we proceed however, we need to establish an important property of the original
protocol m, using the fact the distribution D, is a product distribution.

Conditional Independence of Inputs Even After Messages

We can prove that the distribution of the inputs to the players in D, remains a product
distribution (see item (ii)), even conditioned on the messages of the first round of m,. This
is a direct consequence of the rectangle property of protocols (and is a standard fact, which
is proven here merely for completeness given we are conditioning on a subset of the input
and not all of it).

Lemma 5.6.5. Let II; denote all messages of m, in the first round. For any i € [q,] and
j € [p],

T
dist(B;>;, B>i» | Bi<j, 1, Bix) = [[ dist(Bi>je, Bsiss | Bi<je, 11, Bei).
/=1

We will first show some necessary independence of distributions before proving the lemma.

Claim 5.6.6. For any { € [r],j € [p], i € [¢,], and any choice of 111, B; <js, B<jx,
Bi<j—t,Bi>j<t; Bsinco L Bisje, Boiwe | T, Bi<je, Bei

Proof. We will show that the following mutual information term is zero, which immediately
implies the claim by Fact 4.3.1-(2):

I(Bi<j—¢,Bi>j<t: Bsiv<t3Bisjie, Bsi | M, Bi<je, Boiv)
<T(A—1—¢; A1 | T4, Bi<je, Boik)

(by the data processing inequality of Fact 4.3.1-(8) and Item (ii7))
=I(A 103 Ar—1e | Th<e, M50, Bi<je, Boik) (by splitting My = Ty <4, My 5¢)
<I(Ar—1—¢;Ar—10 | Th<e,Bi<je, Beiv)

(by Proposition 4.3.3 as My >y L Ar_14 | Ar—1 0,111 <0, Bi <j4, B<isx, and T 5 is now fixed)
=LA 103 A—10 | T, T, Bi<je, Boiw) (by further splitting My <o = My <, My )

SI(A—1 -5 A1 | Mo, Bi<jr, Boik)
(by Proposition 4.3.3 as My, L A,y ¢ | Ar—10, 11 <4, Bi<js, B<ix, and Iy ¢ is now fixed)
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<I(A 105 A 10 | Bi<jie, Boi)
(by Proposition 4.3.3 as My <o L A1 | Ar—1—¢, Bi<ju, Beix; M <4 is now fixed)

=0. B (byitem (i¢) all B;,’s are independent and we can apply Fact 4.3.1-(2))

Lemma 5.6.5 follows easily now.

Proof of Lemma 5.6.5. We have that,
dist(B;>j, B>ix | Bi<j, 1, B<ix)

,
= [[ dist(Bisje, Bsier | Bisj<ts Bis<t; Bi<jy I, Bi) (by chain rule)
(=1

-
= [[ dist(Bi>j.e, Bsiws | Bisji<ts Bois<t, Bi<j—t: Bi<jo, T, Beix)
/=1
(by splitting B; <; = Bj <j—¢, Bi,<j¢)

= H diSt(Bl'7>j7g, B>i,*,f ’ H17 Bi7§j7g, B<i7*), (by Claim 566)
(=1

completing the proof. |

Eliminating the First Round of the Protocol 7,

We are now ready to proceed with designing our (r — 1)-round r-party protocol ,_; for
F,_1 using 7, (and the intermediate protocol ©’ designed in the previous step). Recall the
intermediate protocol ¢ in the previous step. This protocol (and subsequent ones @ and
7') consists of two separate parts: (1) an embedding part that created an entire graph A,
from D, by placing the input A, ; ~ D,_; as one of its special sub-instances; and, (2) a
simulation part that ran the protocol m, (either directly in ¢ or indirectly in & and 7’) on
this input. In the following, we will change the embedding part (thoroughly) but stick with
the same simulation part except that we will only run those simulations from the second
round onwards. Formally,

An (r — 1)-round r-party protocol w,_; for F,_;(A,_1):

1. Sample first-round messages II; 1, ...,II;, of 7, from D, and indices j* € [p,] and
t € [g-] uniformly at random and independently using public randomness®.

2. Sample By, By <j» from D, | Il 4,...,II;,,t = ¢ using public randomness.

3. For every (¢ € [r], each player Qg sets By ;« ¢ = A,_1, and samples
(Ar,f ~ Dr ’ 1_[1,17 cee 7H1,ra t= ta B<t,*7 Bt,<j*7 Bt,j*,f = Ar—l,é)

using private randomness. Let A, = (A1, A2, ..., A, ,+1) be the input of all players
where, by item (iv), the input of the simulated player @, is fixed by t = ¢.
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4. The players run 7,.(A,) from its second round onwards, following the protocol 7’
of Claim 5.6.4.°

5. At the end, to solve F,_;(A,_1), use the transcript of 7, for F,(A,), and this will
have the answer to F,_; (B, ;-) with probability at least p for random j* (see item (v),
and 7’ generates the messages of m,(A,) implicitly).

“We emphasize that we are not sampling the message Iy ;41 in this step (as it is determined by ¢).

bProtocol o runs protocol 7, and the first round messages are sampled from the same distribution.
The simulation of protocol ¢ in protocol & can be started from the second round also, if the players already
know the messages of the first round, as is happening here. They truncate any large message from the
second round which is larger than the threshold given in 7.

Similar to step one and distribution D**** we also define the distribution D™** as the
distribution of the graph A, obtained in the protocol m,_; when A,_; ~ D,_;. Unlike before,
however, it is no longer the case that D™® is actually the “right” distribution of the input
that m, expects; for instance, we now embedded B; j~ = A,_1 without conditioning on the
messages II; 1,...,II;, in the protocol®. In particular, we can write these distributions as
the following (where the random variables on the RHS of each term is distributed according
to D,):

diSt(thj*?AT ~ DREAL) = (I—llﬂt)j) X (B<t,*a Bt,<j | I_Ilat7.j)
X (Bt,j ‘ I_I17t7j7 B<t,*7 Bt,<j> X (AT ’ |_|1,t,j, B<t,*7 Bt,<j7 Bt,j)

(5.10)
diSt(Hbj*vAT ~ DFAKE) = (n17t>j) X (B<t,*a Bt,<j | nlatv.j)
x (Byy) x H (Are | T, t,j, Bet s, Be <, Beje) - (5.11)
(=1

In the above, with a slight abuse of notation, we wrote a triple (IL,¢,5*, A,) ~ D" (or
~ D™¥E) to denote the joint distribution of all these variables when the input graph A, is
sampled from D*"*" versus when they are sampled from D™KF,

Nevertheless, we are going to prove that D™" is not that different from D**** either. In
particular, we prove the following lemma.

Lemma 5.6.7 (“distributions induced by D**" and D™** are close”).

[ dist(ILy, j*, A, ~ D) — dist(IL;, 5*, A, ~ D™)||pvq < ‘/zps. .

We will bound this difference term by term in Eq (5.10) and Eq (5.11). The first two
terms are equal in both. The next, and the main, claim bounds the difference between the

8This is inevitable: we are given A,_; ~ D,_; as part of the input and not from D,_; | II; (and we have
to sample II; instead of spending a whole round computing it). So, even though clearly in the protocol 7.,
II; £ By j» can happen, these two variables are always independent in D™ F.
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third terms. This is yet another application of direct-sum style arguments along the lines
of Claim 5.6.2, although fundamentally different as we need a much stronger guarantee (that
only holds for the first round of the protocol 7,.). We emphasize that the following claim
is talking about 7, and not m,_; (as the variables in RHS of Eq (5.10) and Eq (5.11) are
distributed according to m,.).

Claim 5.6.8.

[ s
]E B ;X H B B 3 == | = ) — B 5% < .
M1t Bere, By e 1 t,j | 1L, <t Byt =1,]=7 ) t,j lltva < 2pr 0

Proof. We follow the standard plan of bounding the KL-divergence of the above distributions
and applying Pinsker’s inequality (Fact 4.3.10) at the end. In this lemma, all variables are
with respect to the protocol 7, on the distribution D,. The only exception is that of j which
is chosen uniformly from [p,] (and is not defined explicitly in D, beforehand).

By item (iz), the first r players do not have any information about random variable t,
and thus their messages in the first round cannot reveal too much about all of the special
sub-instances, and in particular B, j«. The last player knows t but has no access to any of
the sub-instances, so should not be able to reveal anything about the special sub-instances.
Overall, the first message cannot change the distribution of B, j«, for a random chosen ¢ € g,
and j* € [p,] by much. Our proof formalizes this idea to get a bound on the KL-Divergence.
In the following, we denote

I < o= (111, 0. .o I ),

i.e., the first-round messages of all players except for the last one.

For every i € [¢.] and j € [p,],
Bi,j 1 B<i,*7 Bi,<j7 t= Z?J = j7 (512)

because sub-instances are chosen independently in D, from each other, as well as the special
UPC selected by t; the choice of j is also independent of the entire graph. We can now use
this and have,

D(By ;+
n17t7j78<t,*7Bt,<j* ( 7

— E ]D)(Bt,j* | H17B<t,*7Bt,<j*7t = t?J = j* || Bt:j*

M1,t,j, Bt By < j*

H1, B<t,*7 Bt,<j*7t = t?j - j* || Bt,j*)

B<t,*7 Bt,<j*7 t= t?J = .]*)
(the distribution is the same by Eq (5.12))
— ]E D(Bt,j* | HLST’ B<t,*; Bt,<j*7 t — t,_] - j* || Bt,j* | B<t,*7 Bt,<j*7t — t,_] - k)

nl,§T7t7j7 B<t7*7 Bt,<j*

(because 11 ;1 is fixed by ¢ and II; <, because it fixes the input of Q, 41 by item (iv))
= I(My, <5 Bej | Bt Beoy 1)) (by Fact 4.3.4)

In words, the change in the KL-divergence of the distribution of the sub-instance B j« from
its original distribution by the messages of first round is bounded by the information revealed
by II; <, about this sub-instance.

95



To bound this mutual information term, we use the following simple observation:

Observation 5.6.9. We have, for any i € [¢.],7 € [p],

II<,,Bi;,Bcis,Bicj Lt,j.

This observation holds because the sub-instances B; ; for i € [¢,] and j € [p,] are sampled
independently of t and j in distribution D,., and this independence continues to hold even
conditioned on messages by the rectangle property. Nonetheless, we show this formally with
a mutual information based proof.

Proof of Observation 5.6.9. We have,

I

—~

<, By Boiw: Bicjity)
I(B<g+;t,]) (by Fact 4.3.1-(8) as Il<, is fixed by all the sub-instances)
0 (as the sub-instances are independent of t and j, by Fact 4.3.1-(2))

IAIA

Fact 4.3.1-(2) now completes the proof. |

We now bound the information term as follows:

H(nl,gr ; Bt,j ‘ B<t,*7 Bt,<j» ta.j) =E

E 1M 1By | Bare,Bryr t =1 = )]

(by the definition of conditional mutual information)
- E I[(I_ll’g»r , Bt,j*

oy Bt Bt,<j*)}
(as (M <, Bt jx, Bays, Bi<j+) are all independent of t, j, see Observation 5.6.9)

1 1 qr  Pr
ST 5D 5% (PR AT

QT pT t=1 j*:]_
(as the distribution of both t,j is uniform and independent of each other)

1
N Gr * Py . ]I(I_ILST 7 {Bi’j}ie[‘h]aje[pr])
(by the chain rule of mutual information in Fact 4.3.1-(7))
< SI(5 A
~ GrDr ( )
(by the data processing inequality of Fact 4.3.1-(8) and item (ii7) on inputs of players)
1
= -1C(m,, D,)
dr - Pr
(by the definition of external information (Definition 5.3.3))
1
< - CC(m,) (by Proposition 5.3.4)
qr - Pr

which is s/(g, - pr) as s is the total communication cost of 7,. We thus have,

S
D(Byj+ | Iy, By <js, Bays || Bejr) <

M1, t,j, By, <jx, B<t,x qr * Dr

(5.13)

96



We can finish the proof as follows:

|(Byj« | 11, Bi<js Bers) — Bije||tva

nl»tzjz Bt,<j*7 B<t,*

< E {\/1/2 - D(Byj+ | My, By <jx, Bt || Bij+)

n17t7j7 Bt,<j*7 B<t7*

(by Pinsker’s inequality of Fact 4.3.10)

< \/1/2. E [D(Bt’j*

M1, 1,5, By, <jx, Bty

H17 Bt,<j*7 B<t,* || Btaj*)

(by Jensen’s inequality as 4/ is concave)

s
< ; by Eq (5.13
Vg p by Ba (5:13)

concluding the proof. [

In the following claim, we bound the fourth terms of Eq (5.10) and Eq (5.11) by showing
those distributions are actually equivalent. This is a direct corollary of the conditional
independences we established earlier in Lemma 5.6.5. The statement of the following claim
is written in a rather indirect way, by stating the distance is zero instead of simply claiming
the two distributions are equivalent, to make its application in the later part of the proof
completely transparent.

Claim 5.6.10.

n17t1j7B<t,*7Bt,<ijt,j
T

H (Ar | Hlataj*a B<t,*7 Bt,<j*> Bt,j*) - H (Ar,ﬁ | Hla t;j*a B<t,*7 Bt,<j*7 Bt7j*7€) ||tvd = 0.
/=1

Proof. The distribution of A, conditioned on t = t, Bo; ., By <j+, By j« is a function of sub-
instances

{Bej}js v and Bijtintjepp

this follows immediately from item (ii7). Moreover, these distributions are independent of
t = ¢ even conditioned on [y, since t = ¢ fixes Iy, (again by item (éi7)) but the rest of
My <, is independent of t = ¢ — however, the sub-instances are only a function of I <, and
thus remain independent of t = ¢t. Finally, j = j* is independent of the entire graph; hence,
we have,

(AT | H17 ta j*7 B<t,*7 Bt,<j*7 Bt,j*) - (Bt,>j*7 B>t,* | H17 B<t,*) Bt,<j*7 Bt,j*)

r r

H (AT,Z | Hh ta j*7 B<t,*a Bt,<j*7 Bt,j*,f) - H (Bt,>j*,f7 B>t,*,é | H17 B<t,*7 Bt,<j*7 Bt,j*,f) .
/=1 (=1

The two RHS are now equal by Lemma 5.6.5, proving the claim. |

Lemma 5.6.7 now follows from Claim 5.6.8 and Claim 5.6.10 and the chain rule (upper
bound) for total variation distance (Fact 4.3.8).
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We can now conclude the proof of Theorem 10, by showing that the protocol m._; can
solve F,._; with the desired probability.

Proof of Theorem 10. Suppose we sample an instance A,_; ~ D,_; and run protocol 7’ of
step one in Section 5.6.2 on this instance by creating the messages and instance (IIy, A,.) ~
DREAL: then, by Claim 5.6.4,

Pr (7?' succeeds in solving IFT_1> >0-p—-e, (5.14)

Ar—1~Dr—1
(TTy,5* A )~ DRERE

for the parameters § and ¢ in the lemma’s statement.

On the other hand, what we are actually doing in 7,_; is to sample A,_; ~ D,_; but
then run 7’ of step one on this graph by creating messages and instance (I1;, A,) ~ D™K®
instead. Thus,

Pr (777«—1 succeeds in solving IFT_1> = Pr (71'/ succeeds in solving FT_1>.
Ap—1~Dr—1 Arflf\/Drfl

(Hl 7.j* 7A7”)NDFAKE

(5.15)

Nevertheless, the RHS of this equation and the LHS of the above one are quite close to each
other by Lemma 5.6.7 so we should be able to extend the first equation to the second one
as well. Formally,

Pr <7r' succeeds in solving Frl)
Ar—lNDr—l

(ITy,5*,Ap)~DFAEE

> B PrD <7r' succeeds in solving Frl) — ||(TTy, j*, A,.) ~ D — (114, 5%, A,) ~ D™ ||4va
r—1~4pr—1
(Iy,5* Ay )~DREAL

| s
>0-p—c— .
2pr'qr

(by Eq (5.14) for the first term and Lemma 5.6.7 for the second one)

(by Fact 4.3.5)

Plugging in this bound in Eq (5.15) implies that m,_; solves F,_; with the desired probability.

Also, again, by Claim 5.6.4, we have that m,_; has communication cost
CCOIH S
CC(m,_) < Some., ( + r2>.
€ DPr

Finally, we can fix the randomness of 7,_; by an averaging argument to obtain a deterministic
algorithm with the same performance. We now have the desired deterministic (r — 1)-round
r-party protocol for F,._;, concluding the proof. |

Remark 5.6.11. The reason we needed the message compression arguments and the protocols
o and 7' of step one, instead of working with the protocol o right away is the very last step
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of the proof above. Had we directly used o, then, in the last step, we should have bounded the
information cost of & on the new distribution D™ * instead of D***" — while, by Lemma 5.6.7,
these two distributions are statistically close, this does not imply that the information cost
of @ on D™ will be small also, which stops us from applying the induction hypothesis.

5.7 Using New Round Elimination

In this section, we use Theorem 10 to analyze the lower bound for distributions {G,} ., in
this section, and conclude the proof of Theorem 9. By Lemma 5.5.10, we need to focus on
the ability of protocols for solving the search predicate. The following lemma captures our
lower bound for this task.

Lemma 5.7.1. For any r > 1, any r-round protocol w that given G ~ G.(n) (for n,r
satisfying Eq (5.3)), can solve P, on input graph G with probability of success at least

o (14 )

has communication cost

CClm) 2 s:(n) := ng2 - (2P0 - 40 - CcomI))r]: ((r + 1)1)2 - e3rm®o(m) (<n) T (1 " 27"1— 1)> '

We do note that ignoring all extra (and lower order) terms in the lemma (that are needed
for a proper inductive argument), the lemma simply says that obtaining any probability of
success better than 2770 (an arbitrarily small constant) requires roughly n!*/2" =1 commu-
nication.

We prove Lemma 5.7.1 inductively using the round elimination argument: if we have a
“very good” r-round protocol, then we should be able to eliminate its first round and also
obtain a “good enough” (r — 1)-round protocol; keep doing this then eventually bring us
to a “non-trivial” protocol for the r = 0 case, which we know cannot exist. The following
lemma—which is the heart of the proof—allows us to establish the induction step.

We establish that the problelm P,., obeys the properties required of D, in Theorem 10.

Claim 5.7.2. The problem of solving a predicate P, in graphs G ~ G.(n) (for n,r sat-
isfying Eq (5.3)), and P._y on graphs G' ~ G._1(n._1), for n,_y from Eq (5.6) obey the
properties (1) to (v) expected of D,.

Proof. Property (i) holds by definition. Property (i7) holds by Property (5.5.6) of G,(n).

Property (iii) is true by the definition of G,(n), specifically, line (2) in the description
of G,(n). Moreover, Property (5.5.7) ensures that the independence of the subinstances is
preserved, as the subgraphs H; ; for j € [p,]| are vertex disjoint. Property (iv) is true by line
(5) in the description. This is stated in Property (5.5.5) explicitly also.

The last property (v) is given by Lemma 5.5.10. This lemma proves that for every valid
search sequence K = (k,, k,_1,...,k1), the MIS uniquely determines P.(G, K). For any
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subgraph H;; for j € [p,], for any valid search sequence K’ = (k/_,,...,k}) for Hy;, we
have:
]P)Tfl(Ht,j? (k;—b T kll)) = ]P)T(Gv (jv k;—b T k,l))v

hence the transcript can be used to solve P,_;(H, ;) also for all j € [p,]. Hence, property (v)
holds with p = 1. |

A simple corollary of Claim 5.7.2 and Theorem 10 gives us the following round elimination
result for G.(n).

Corollary 5.7.3. For every 0 < ¢ < 0 < 1 and integer s > 1, the following is true.
Suppose there is a deterministic r-round (r 4+ 1)-party protocol w, with communication cost
CC(r,) < s that solves predicate P, with probability at least § for a graph G ~ G.(n) (for
n,r satisfying Eq (5.3)). Then, for constant ccomp (from Eq (5.2)), there is an (r — 1)-round
r-party deterministic protocol m,._1 with communication cost

Ccom S
CC(TI’T,1> S ?p . (]; + 7'2)

that solves P,y for G' ~ G,_1(n,_1) (for n._1 from Eq (5.6)) with probability of success at
least
[ s
0—¢e— .
2]77»  gr

We now use Corollary 5.7.3 to complete the proof of Lemma 5.7.1 (restated below). At this
stage, the main arguments have been made and the remainder of the proof, for the most
part, is a tedious calculation based on the parameters set in Eq (5.6) and Eq (5.8).

5.7.1 Proof of Lemma 5.7.1

Lemma (Restatement of Lemma 5.7.1). For any r > 1, any r-round protocol 7 that given
G ~ G.(n) (for n,r satisfying Eq (5.3)), can solve P, on input graph G with probability of

success at least
r
27P (1 4+ —
( - 20 (r+ 1))

has communication cost

COlm) 2 sr(n) = ng? - (2¢0 - 40 - Ccompyl' ((r + 1)1)2 - e3rm®o(m) (<n) T (1 " 2T1— 1)) '

Proof. Given that there is a distribution over G' and we are working with communication cost
(which is a worst-case measure), it suffices to prove Lemma 5.7.1 for deterministic protocols;
the result for randomized protocols then follows immediately by the easy direction of Yao’s
minimax principle (namely, by fixing the randomness of the protocol to its “best” choice
using an averaging argument). We prove the lemma using induction on r.
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Base Case. We prove the base case when r = 1. Assume towards a contradiction that
there exists a protocol m for Gi(n) which uses communication

1 2

. n s
ng - (270 - 40Ccomp) - (2!)2 - e30™°()

CC(m) < s1(n) =

and success probability at least 2770 - 41/40. We will use Corollary 5.7.3 on m to get a
0-round protocol.

We know that a O-round protocol cannot change the prior distribution of Py(G, () for
G ~ Go(ng) which is uniform over {0,1}. Thus, the probability that the 0-round protocol
can solve the predicate Py is 2770 as it returns a fixed answer to Po(G, () independent of G.

We use Corollary 5.7.3 on 7 with the following parameters (from Eq (5.8) for r = 1):

B 1 . 2b1 . 2b1
T160-20 VT exp(n, - (20034 T exp(n, - (In(20,))3/4)”

€

We get a 0-round protocol 7y, which cannot communicate any bits. We will just analyze
the probability of success of my. We have,

si(n) 1 ‘nz.exp(np-ﬂn(?bl))?’/‘*),exp(nq-(ln(%l))”“)
P nd- (200 - A0ceomp) - (21)2 - 3070 () 2, 2,
=s1 :1/171 :1/(11
1 (2 : blno)Q

- - exp((n, + ) - ¥4 (2by) — 3In¥(m))

164020 - Coopyp 403 -1
(by choice of by = (n/2ng) from Eq (5.4))
1
< - exp(—21n"/
< o (2 )

(as m, = O(1),n, = O(1), 2b; < n, and O(In**(n)) < In®%(n) for large n)

1 2
< (1602100> ) (taking a loose but sufficient upper bound)

Thus, by Corollary 5.7.3, the probability of success of 7 is at least,
41 1 1 81 1

>%

40-27%0  160-270  160-200 80 .2
——— ———

£

s1(n)/(p1-q1)

which is a contradiction. This proves the induction base for » = 1.

Induction Step. We now prove the induction step wherein we assume the statement is
true for r — 1 and we prove it for » > 1. Suppose towards a contradiction that there exists
a protocol m, with probability of success

1 T
=g (1 )
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for solving [P, as in the lemma statement, but with communication cost CC(w,) < s,(n) for
the parameter s,(n) in the lemma statement. Now, recall from Eq (5.5) and Eq (5.8) that
any graph sampled from distribution G, has the following parameters:

2r—1
n:2'br'nr—1:2'(nr—1)T<1)7

or—1
b= () 1 (14 5—)

or—1
by - 2" (neo1) T (14 5=) - 2 (5.16)
br = - = ,
exp(n, - (In(by - 27))*4)  exp (n, - (rin2 + ln( b))
br * 2T (nr 1 (1 + Qr— 1 1) 2T

T exp(ng - (08(b: - 2 exp (ny - (rIn2 + log (b))

We use Corollary 5.7.3 on protocol 7, with parameter

1
© 200 .40 - (r +1)2

to get a protocol m,_y for P,y over G,_1(n,—1). We want to analyze the communication cost
and probability of success of this protocol. We start by getting an upper bound on s,.(n)/p;.

se(n) ()1 (1+55) eXp( (rIn2 + In(b,))**)
P n3 - (270 - 40Ceomp)” - (1 + 1)1)2 - 37 In%/5(n) b, - 2"
=5, =1/pr

2" .

27 () 1 (23711> 1

E T “(rIn2+1In 3/4 _ 3p1n%/6

ng - (270 - 40Ceomp)” - ((r +1)N)2-27 b, €xXp (77p (rln (b)) 3rln (n))

(by the choice of n,_; from Eq (5.16) and moving around the terms 2" and b, in the denominator)

275 - (n,1) 1 (2 — 2r)
= _ _ . (rin2 + 1n(b 3/4 ] 5/6
12 (27 - A0ceomp)” - (r + D)2 28 O (1 - (rm2 +I(5,))"* = 3rIn*°(n))

(by the choice of b, from Eq (5.16) and writing it in the exponent of n,._;)
= - : - (rin2+1n(b,))** — 3r In®°
n2 - (290 - 40Ceomp)” - ((r + 1)1)Z - 27 exp (7719 (rin2+In(b,)) rin (n))
(by canceling the terms in the exponent of n,_;)

(np—1) T (1 + ﬁ)

ng - (2P0 - 40Ccomp)” * ((r + 1)1)2 - 27

(as 27T = O(1), b, <n by Eq (5.16), , = ©(1) by Proposition 5.4.5, and r < Inn by Eq (5.3))
(np—1) T (1 + ﬁ)

~ nd - (270 - 40Ceomp)” - ((r+ 1)1)2 - 27

- exp (O(ln3/4(n)) —3r 1n5/6(n)>

- exp (—(3r —1) ln5/6(n)> :
(as O(log**(n)) < In*%(n,) for large n)
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By Corollary 5.7.3, the communication cost of 7,_; is at most,

CC(WT,l) < Ceomp . (sr(n) + r2>
€ Dbr

Ceomp ' ( 2 (n'r—l) ) (1 + ﬁ) - exp (—(37" . 1) 1n5/6(n))>

IN

£ ng - (2P0 - 40Ccomp)” * ((r + 1)1)2 - 27
s.(n)/p, from above and since r? is (much) smaller than this bound by Eq (5.3))

(ny-1) 1 (14 =i »
(n% - (200 4occomp<>T ((r+ 1))!)2 Cor—1 exp (_(3T —2)In / (”)>)

(by our bound on

= Ccomp - 2P0 - 40 - (7”—1— 1)2

=1/e
(by our choice of € and canceling the 2-term in the nominator via 2" in the denominator)
n1) T {1+ 5=y
= ( ) ( 2 1) - exp (—(37’ —1) 1115/6(71))

ng - (270 - 40¢comp)" "t - (r1)2 - 271
(by canceling the extra terms via the ones in the denominator)

(1) 1 (14 5=

T 03 (200 - 40Ceomp) L - (r1)2 - 271 L @3 (=D ¥ O(nr)
(by dropping an extra 210 °(n-1)_term and using the fact n,_; < n)

= Sr—l(nr—l)-

Thus, the communication cost of m,_; is less than the bounds of the induction hypothesis

for r — 1.
It remains to bound the probability of success of m._;. By Corollary 5.7.3,

sr(n)
DPr - Gr

Pr(m,_1 solves P._1) > 6 —e —
r 1 sp(n)

1
> — |1 _ _ '
— 2po ( * 20(r + 1)> 2r0 - 40(r 4+ 1)2 Dr* Gy
(by the choice of € and § earlier in the proof)

We thus only need to bound the last term to conclude the proof.
We can upper bound this last term as follows:

s) _ et (b ets) (—r — ) (n)) - 20 (2 + 1))
Drodr = 12 (270 A0Ceomp) - ((r + 227 P b2

=1/qr

(by our upper bound on s,.(n)/p, established above and the choice of ¢, in Eq (5.16))
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exp (—(37" — 1) In*%(n) + Ny - (rln2+1In br)3/4)
ng - (2P0 - 40Ccomp)” + ((r + 1)1)2 - 22
(by the choice of b, = (n,_1) 1 (1 + ﬁ) in Eq (5.16) and moving around the terms)
exp (—(37“ — 1) In*%(n) + O(In** n))

ng - (270 - 40ccomp)” - ((r + 1)!)% - 22
(as b, <n by Eq (5.16), n, = ©(1) by Proposition 5.4.5, and » < Inn by Eq (5.3))

exp(—(3r — 2) In®%(n)) ‘
= nd - (2P0 - 40Ceomp)” - ((r 4+ 1)1)2 - 22

1 2
< <2p0 -40-(7“—1—1)2) ‘

(using a crude upper bound sufficient for the analysis using In*® > r by Eq (5.3))

(as O(In**(n)) < log®(n) for large n)

Thus, the probability that m._; solves P,_; is at least

1 14 T 1 - 1 (1 n r— 1)
2po 20(r + 1) 2po . 40(7“ + 1)2 2po . 40(7“ + 1)2 2po 20r )

But, now 7,1 is a (r — 1)-round protocol with communication cost CC(m,_1) < $,—1(n,_1)
and probability of success strictly larger than 1/2P° - (1 + (r — 1)/20r) which contradicts
the induction hypothesis for » — 1 (recall that by Observation 5.5.3, n,_; and (r — 1) also
satisfy Eq (5.3) and thus we can indeed apply the induction hypothesis). This implies that
our choice of the protocol 7, was contradictory, completing the proof. |

5.7.2 Concluding the Proof of Theorem 9

Theorem 9 follows from combining the results in the previous section and the following
argument.

Lemma 5.5.10 implies that MIS,, .., is as hard as solving P, (G, K) for G ~ G, and every
valid search sequence K. Lemma 5.7.1 then shows that, for the r-round protocol 7 in the
theorem statement, there is a lower bound of

CC(m) > s:(n) := ! ’ ((n) T (1 * 2T1— 1))

1 (290 40ceomp)” - ((r + 1) - 3 70)

for solving P, on an n-vertex input graph G ~ G,(n) with probability of success at least

1 14 r < 21 _ 21
2po 20(r +1)) = 20-2r0 = 20 - 2(n0/2)~1

for any r > 1. We choose ng to be a large enough constant to handle any constant probability
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of success strictly larger than zero. Thus, for MIS,, ,;, we obtain a lower bound of

1 14+1/(2—1)
Q(?@(rln5/6(n)) o )

bits on the communication cost of the problem for any r-round protocol as long as n >
(no)? .

This concludes the proof of Theorem 9. |
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6 Matchings in Streams

The maximum matching problem is arguably the most studied problem in the semi-streaming
model and has been considered from numerous angles (this list is by no means a comprehen-
sive summary of prior results):

o single-pass algorithms [FKM 05, GKK12, Kap13, Kap21, ABKL23],
« constant-pass algorithms [KMM12, EHM16, KT17, Kon18b, KN21, Ass22, KNS23],

e (1—e)-approximation algorithms [McGO05,AGT1,EKMS12,AG18,Tirl8 GKMS19,ALT21,
FMU22, AJJ*+22, Ass23],

 random-order streams [KMM12, Kon18h, ABBT19, GKMS19, FHM*20, Ber20, AS23b],
« dynamic streams [Kon15, CCHM15, AKLY16, CCE*+16, AKL17, DK20, AS22],
« weighted or submodular matchings [FKM*05,CS14,CK14,CGQ15,PS17,BDL21,LW21],

« matching size estimation [KKS14,EHL*15,BS15,MV16,CIMM17,MV 18, AKL17, KMNT20,
AKSY20, AN21, AS23b),

 and, exact algorithms [FKM"05, GO16, AR20, L5720, CKP*21la, AJJ"22].

In this chapter, we focus on proving multi-pass graph streaming lower bounds for ap-
proximate matchings in both insertion-only streams and dynamic streams.

Insertion-only Streams

The question of understanding the approximation ratio achievable by multi-pass semi-streaming
algorithms for matchings was posed by [FKM™'05] alongside the introduction of the semi-
streaming model itself. Moreover, [FKM"05] also gave a (2/3 — ¢)-approximation algo-
rithm for this problem in O(1/e) passes, which was soon after improved by [McGO05] to a
(1 — &)-approximation in (1/£)°(1/%) passes. A long line of work since then [AG11, KMM12,
Kap13, EKMS12, KT17, AG18, Kon18b, Tirl8, ALT21, FMU22, AJJ*22] has culminated in
semi-streaming algorithms with poly(1/¢) passes for general graphs [FMU22] and O(1/&?)
passes for bipartite graphs [ALT21] (there are also algorithms with pass-complexity with
better dependence on e at the cost of mild dependence on n, namely, O(logn/e) passes
in [AC18,AJJF22, Ass23] or for finding perfect matchings in n*4+°(1) passes [AJJ722]; see
also [LSZ20]).

The lower bound front however has seen much less progress with only a handful of results
known for single-pass algorithms [GKK12 Kap13, AKL17,Kap21] and very recently two-pass
algorithms [KN21, Ass22 KN24]. But no lower bounds beyond two-pass algorithms are known
for constant factor approximation of matchings in the semi-streaming model (lower bounds
for computing exact maximum matchings up to almost ©(logn) passes are proven in [GO16];
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see also [AR20, CKP*21a]). It is worth noting that in the much more restricted setting of
polylog(n)-space algorithms, [AN21], building on [AKSY20], proved an (1/¢)-pass lower
bound for estimating the matching size.

Let 8 € (0,1) is the largest parameter so that an n-vertex graph with n® edge-disjoint
induced matchings of size ©(n) exist (see Section 4.2.1). This is our first result:

Theorem 2 (restated). Any (possibly randomized) semi-streaming algorithm for (1 — €)-
approximation of even the size of maximum matchings requires

et/

passes over the stream. The lower bound holds for the entire range of € € [n~%Pw) O (Bys)].

The current known values of ¢ are:

1 log™
Q) < fu < 1-0( 2",
loglogn ) (rrx+02) [FHS15] logn

so in the case where [y = (1), our result gives an (log(1/¢))-lower bound on the number
of passes. More recently, we proved the same result unconditionally for outputting a (1 —¢)-
approximate matching.

Theorem 3 (restated). Any (possibly randomized) semi-streaming algorithm that outputs
a (1 —¢e)-approzimation of mazximum matchings requires Q(log(1/¢))-passes over the stream.

Our lower bound result provides the first pass-approximation lower bound for (small)
constant approximation of matchings in the semi-streaming model, a longstanding open
question in the graph streaming literature.

The techniques of Theorem 2 are based on analyzing communication protocols for com-
pressing (hidden) permutations. Prior work in this context [CKP*21a] relied on reducing
such problems to Boolean domain and analyzing them via tools like XOR Lemmas and
Fourier analysis on Boolean hypercube. In contrast, our technical contribution is a hardness
amplification result for permutations through concatenation in place of prior XOR Lemmas.
This result is proven by analyzing permutations directly via simple tools from group repre-
sentation theory [HGGO09] combined with detailed information-theoretic arguments. We not
go further into the proof of Theorem 2, as the techniques are mostly disjoint from the rest
of this thesis. We only focus on Theorem 3 in this chapter.

Dynamic Streams

In the dynamic graph streaming model, the edges in E are defined by a sequence of
insertions and deletions in a stream o := (oy,...,0x) of length N which is often assumed
to be some poly(n). Each entry o; of the stream is either inserting a new edge (u;,v;) to £
or deleting an already inserted edge from it. The goal is to make one or a few passes over
the stream, use a limited memory—ideally, O(n-polylog (n)) bits, same as semi-streaming
space—and compute the answer to a given problem on the graph G at the end of the last
pass.
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o The first such algorithms for matchings were obtained in [AGM12] alongside the intro-
duction of the dynamic graph streaming model itself. The authors in [AGM12] observed
that the prior techniques of [LMSV11] (in the MapReduce/MPC model) also imply an
O(log n)-pass semi-streaming algorithm for 2-approximation of maximum matching in dy-
namic streams.

« In the same work, [AGM12], building on [AG11], further improved the approximation ratio
of the algorithm of [LMSV11] to (1+¢)-approximation for any fized ¢ > 0 using O(log(n))
passes on general graphs and O(logn) passes on bipartite graphs.

o The algorithms of [AGM12] were subsequently improved in [AGI15] to an O(logn)-pass
algorithm for (14 ¢)-approximation even on weighted (general) graphs. Very recently, this
algorithm was simplified and slightly improved in [Ass24]. Yet another algorithm with
similar guarantees for unweighted bipartite graphs was obtained in [AJJ22].

« In addition, some generic reductions from general to bipartite [McGO05, Tirl8] or weighted
to unweighted matchings [GKMS19, BDL21] developed over the years can be applied to
the algorithms of [LMSV11] to obtain O(logn)-pass algorithms for (1 + ¢)-approximation
for fixed € > 0.2

o In parallel to the line of work on multi-pass algorithms, a series of work studied single-pass
algorithms for this problem [Konl15 CCHM15, AKLY 16, CCE"16, AKL17,DK20,AS522]. In
particular, [AKLY16] proved that any O(1)-approximation of matchings via single-pass
algorithms requires n?~°") space and [DK20] improved this to an optimal Q(n?) space
lower bound.

This constitutes the state-of-the-art for matchings in dynamic graph streams:

For semi-streaming algorithms on dynamic streams, O(1)-approximation to maz-
imum matching is possible in =~ logn passes and not possible in a single pass.

Closing this huge gap between upper and lower bounds for dynamic streaming matchings
has been a longstanding open question in the graph streaming literature. This is precisely
the contribution of our work: we fully settle the pass complexity of O(1)-approximation of
maximum matching in dynamic streams by improving both the upper and lower bounds for
this problem. This thesis only focuses on our lower bound result.

Theorem 4 (restated). Any randomized semi-streaming algorithm for O(1)-approzimation
of mazimum matching in dynamic streams with constant probability of success requires £2(loglogn)
passes. The lower bound holds even on (unweighted) bipartite graphs.

Let us move to the proof of our results.

!Technically, the algorithms of [LMSV11, AGM12], and some subsequent ones, use n'*'/P-space in O(p)
the bigger picture, we ignore this lower-order term improvement and refer to these algorithms as O(logn)
passes still.

2These algorithms generally have a (much) worse dependence on the parameter ¢ compared to the ones
in the bullet point above, but for constant € > 0, their guarantees are still asymptotically the same.

passes. This translates to an O( )-pass algorithm in semi-streaming space. Yet, to keep the focus on
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6.1 Insertion-only Streams

Our multi-pass lower bound for approximate maximum matching follows from the ideas
of [KN24] and the optimal multi-pass lower bound for maximal independent set in Chap-
ter 5. We reuse the preliminaries section of Maximal Independent Sets for the insertion-only
streaming lower bound also (the definitions and tools from Section 5.3). The new round
elimination theorem Theorem 10 of Chapter 5 will be used to prove the statement. As this
result is quite short, and the techniques were already described in Chapter 3, we skip a more
detailed overview and move directly to the proof.

Using the connection between communication complexity and streaming (see Proposi-
tion 5.3.2), our result is implied by a p-round communication lower bound for approximate
matching. To that end, we construct a hard distribution for p-round protocols by using
a graph product that embeds “many” (p — 1)-round hard instances into an RS graph as
in [KN24]. This combinatorial construction is the only new technical contribution of this
result.

Now, we state the communication lower bound that we prove in this section.

Theorem 11. For any p € N, 0 < € < 1, and sufficiently large integer n > 1, any p-round
(p + 1)-player protocol 7 that outputs an (1 — €)-approzimate mazimum matching with

<1 1—26.\"
“~1 3725,/

where &y is the constant from Proposition 4.2.2, and has at least (2/3) probability of success
has communication cost

CC(’]T) _ nl—O—Q(l/(loglogn)sP)‘
We can easily prove Theorem 3 now.

Proof of Theorem 3. Let A be a semi-streaming algorithm that gets an (1 — ¢)-approximate
maximum matching in p-passes and O(n) space with probability of success at least (2/3).
By the connection between streaming algorithms and communication protocols Proposi-
tion 5.3.2, A gives rise to a protocol for approximate matching with the same guarantees.

Using Theorem 11, we know that the space required by such an algorithm is at least

P+ (1/(loglogn)®r) _ w(nlog®n),

for any constant ¢ when p = o(loglog n/logloglogn), which is more than the space used by
A. Therefore, the approximation ratio of such an algorithm should be:

1 [(1—26\"
< - = = p=Q(log(1
sl (3+25rs) p = Qlog(1/2)),
for constant d,5 from Proposition 4.2.2. |

We prove Theorem 11 by first recursively constructing a family of distributions {Qp}p>0
of graphs where each G, is a hard distribution for p-round protocols that output a matching
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Figure 6.1: An example of the embedding product on RS graphs. The RS graph from
Figure 3.7 is used and there are totally 12 many smaller graphs. We show three such graphs

on the right. The shaded circles indicate vertices which are groups of three. Each edge is
replaced by a specific bipartite graph from the given family.

with an approximation ratio larger than (1 — 1/3P) (see Section 6.1). Then, we show that
Theorem 10 is applicable to directly prove the result.

Before describing the hard distributions, we first provide a useful embedding of a family
of r -t many bipartite graphs within an (r,¢)-RS graph. This can be seen as replacing every
edge of the “outer” RS graph with one of the “inner” graphs of the family®.

Definition 6.1.1. Let Gy be a balanced bipartite (r,t)-RS graph on 2n; vertices Ly U Ry
for some r;t > 1. Let H := {H;; | i€ [t],j € [r]} be a family of balanced bipartite inner
graphs where all graphs in H are on the same 2ny vertices Ly, U Ry, but may have different
edges.

We define the embedding of H into G,s, denoted by G := EMBED(H — G.s), as the
following (2 - ny - ng)-vertex balanced bipartite graph:

e Vertices: We have vertex sets Loy, := Lys X Lin and Rey := Rys X Rin;

o Edges: For anyi € [t] and j € [r], let e;; = (u,v) be the j™ edge of induced matching
M in G.. Then, for any edge (wp,wg) € H;;, we add an edge f between wvertices
(u,wr) € Lem and (v, wg) € Rem to G. We say that the edge f is added with respect to the
edge e; ;.

See Figure 6.1 for an illustration.

The following lemma captures the main property of these embeddings, which crucially
relies on the matchings in a RS graph being induced and edge disjoint.

Lemma 6.1.2. Let Gy be a balanced bipartite (r,t)-RS graph for some r,t > 1, let

H:={Hi; |ielt],jelr}

3RS graphs are the counterparts of graphs with many disjoint unique path collections from Chapter 5.
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be a family of balanced bipartite graphs and let G := EMBED(H — G,s). For any i €
[t], the induced subgraph of G on vertices corresponding to M®, i.e., {(v,*) | v €
e for some e € M}®}, is a vertex-disjoint union of graphs H; ; for j € [r] in H.

Proof. For any i € [t], let V; := {(v,%) | v € e, ; for some e; ; € M}*} denote the vertices of
G corresponding to the induced matching M. Let G; := G[V;] be the induced subgraph
of G on V;. We prove the result in two parts: (i) G; contains the disjoint union of H; ; for
J € [r], and (ii) it does not contain any other edges.

Part (i). Fix j € [r] and observe that all edges of H, ; are added to G; by the embedding
product with respect to the edge e;; = (u,v) in a way that “preserves its structure”. For-
mally, the bipartite edges of H, ; between vertices L;, and R;, are added, with a one-to-one
correspondence, between the vertices {u} X Li, C Ley and {v} X Ry C Ren of Gy. Further-
more, since the edges of the matching M}® are vertex-disjoint, the edges added to G' with
respect to the edges of M}® form a vertex-disjoint union of H; ; for all j € [r] in G;.

Part (ii). It remains to argue that no other edges are added to G; by the embedding
product. Towards a contradiction, assume that G; contains an edge f that is not added with
respect to an edge of M[®. This implies that f is added with respect to an edge e; j; = (u',v’)
of Gy for some ¢ # i € [t] and 7' € [r], and that u/,v" must each be an endpoint of edges in
M;®. This, however, is a contradiction since ey j is an edge of M;® that is edge disjoint from
M;®, and M® is an induced matching. [

As previously mentioned, the distributions are defined recursively as a family {Qp}p>0
where each G, is a hard distribution for p-round (p+1)-player protocols. We use @1, Qa,. .., Qpt1
to denote the players in G,. In addition, for any input graph G and any a € [p + 1], the
input to player @, is denoted by G(a).

Base case for p = 0. The base case is defined for p = 0 such that protocols with 0
rounds of communication are required to solve a simple yet non-trivial matching problem
(and is hence trivially impossible). Formally, the distribution is as follows and is illustrated
in Figure 6.2:

The distribution Gy(n) for 0-round “protocols”.

1. Let G be a balanced bipartite graph on 2n vertices. G is made of 7y = (n/2) vertex
disjoint gadgets, each defined as follows:
(a) Let H = (L, R, E) be a gadget on vertices L = {uy,us} and R = {vy, v}

(b) With probability 1/2, the edges (u1,v1) and (ug, v2) are included in £ (a parallel
gadget). Otherwise, the edges (u1,v2) and (ug,v;) are included in E (a cross
gadget).

2. Player ) receives G(1) := G as the input (this is the only player when p = 0).
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(a) A cross gadget. ) A parallel gadget.

X

(c) An example of a graph sampled from Gy(n) with n = 6, two cross gadgets
and one parallel gadget.

Figure 6.2: The hard distribution Gy(n) and the gadgets.

We can immediately see that any graph sampled from G, is made up only of a single
perfect matching of size 2 - rp = n. Learning a single edge of a gadget reveals the type of
gadget, i.e., whether it is a parallel gadget or cross gadget, and thus also reveals the other
edge. Furthermore, to learn the type of a gadget, any O-round “protocol”, which has to
commit to an answer without knowing the input, can not do better that random guessing.

Distributions for p > 1. The hard distribution G, for p-rounds will be a (2n)-vertex
balanced bipartite graph constructed by embedding “many” hard instances for (p— 1)-rounds
sampled from G, ;(n,—1) into a balanced bipartite (r,,%,)-RS graph with 2b, vertices (see
Eq (6.1) and Eq (6.2) for the parameters). The distribution is as follows and is illustrated
in Figure 6.3:

The distribution G,(n) for p-round protocols for p > 1 and sufficiently large
n € N.

1. Pick a fixed balanced bipartite (r,,t,)-RS graph G,s on 2b, vertices L,s U R,g, from
Proposition 4.2.2.

2. Sample 7, - t, independent instances from G, ;(n,_;) denoted by H :=
{Hij i€ [ty],J € [rp]}-

3. Create the graph G := EMBED(H — Gi) on vertices Lem U Rem (as in Defini-
tion 5.4.6).

4. For a € [p], player @, receives the edges in G that correspond to subgraphs H; j(a)
for all i € [t,] and j € [r,] where H, ;(a) is the subgraph of H;; given to the a'"
player in G,_1(n,_1).

5. Pick ¢* uniformly at random from [t,] and let M in G, be the special matching.
Let V* C L,y U Ry be the set of vertices in G, incident to M;?.

6. Player ()p41 receives an arbitrary auxiliary perfect matching AM**  from
{(uy %) | u € (Lem U Rem) \ V*} to new sets of vertices L., and Rau.x (each of size
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Figure 6.3: An illustration of the distribution G, for p > 1. When p = 1, the smaller
instances are as in Figure 6.2. Only the smaller instances in the special matching are shown.
All edges of the outer RS graph are replaced also. The shaded circles represent groups of
vertices.

The parameters n,_; and b, are chosen such that:
n=npr- (20— 1), b= (ny1) T ((loglogn, 1)), (6.1)

Using the family of RS graph in Proposition 4.2.2 for the construction of the distribution
Gp(n), we get the following parameters for p > 1:

3 1 crs/ loglo
"= (2 + (5rS> “bp - My, Tp "= <2 a 5rs) by, by = bprS/l Bloets, (6.2)

Lastly we define a new parameter k., that will be used repeatedly in the calculations.

126,
3420,

RTS

(6.3)

Notation. For any a € [p + 1], let G,.(n) denote the distribution of edges in the in-
put graph that are given to player @),. The distribution G,(n) is a joint distribution of
(Gpa(n), - Gppia(n)).
An instance sampled from G,(n) is a graph G together with its edge partitioning (Gi,
.., Gp11) between the (p + 1) players. With a slight abuse of notation, we sometimes refer
to G sampled from G,(n), i.e., G ~ G,(n), as the entire instance where the edge partitioning
between the players is implicit. Any G ~ G,(n) contains r, - t, instances Hy,..., Hy,,,
sampled from G, 1(n,_;) that are embedded into Gy to give G. We refer to these (p — 1)-
round instances as the sub-instances of G. For any i € [t,], 5 € [r,], we further write E;; to
denote the edges inserted to G as part of the embedding of H; ; into Gis.

Among the sub-instances of any G ~ G,(n), there are r, sub-instances that correspond
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to the edges in the special matching M}?; we denote them by H* and refer to them as the
special sub-instances or subgraphs of G.

Any G € G,(n) has r, many special subgraphs. Each special subgraphs is an instance
sampled from G,_1(n,—1), which has its own corresponding r,_; many special subgraphs
that are instances sampled from G,_5(n,_5). Continuing this gives us r,, - 7,1 - ... many
special subgraphs sampled from Gy, which is each made up of ry many (either parallel or
cross) gadgets with 2 vertex disjoint edges each, i.e., a matching of size 2. We define these
gadgets/matchings as the ultimate gadgets

M = {Mj*p,jp,l,...jo tJp € [Tp]ajp—l € [Tp—l]a .y Jo € [rol}

whose union we denote as M* and call the ultimate induced matching (see Prop-
erty (6.1.5) below).

We need some key properties about any input graph G sampled from G,(n) for p > 1.

Property 6.1.3. For any p > 0, the distribution G,(n) is a product distribution over the
(p + 1)-players.

Proof. When p = 0, there is only one player, and Gy(n) is a product distribution trivially.
Let us assume that G,_1(n,_1) is a product distribution for the induction hypothesis.

In distribution G,(n), we know that the input of )11 is independent of the input of all
the other players, as they receive one induced matching i* from [¢,] uniformly at random.
The r, - t, instances from G,_1(n,_;) are given to the other players, and they are sampled
independently of each other. As distribution G,_1(n,_1) is a product distribution, the input
of these players is independent of each other. |

Property 6.1.4. The special subgraphs of G are all vertezx-disjoint. Furthermore, the sub-
graph of G induced by the vertices corresponding to the special subgraphs consists only of the
edges of these subgraphs, i.e., the edges of G for all j € [ry)].

Proof. Recall that, by definition, the vertices corresponding to the special subgraphs are the
vertices of G that correspond to the matching M3, i.e., {(u,*) | v € V*}. Let G* be the
subgraph induced by these vertices.

We have by Lemma 6.1.2 that the edges of G* N G are exactly the edges of a vertex-
disjoint union of the special subgraphs H;« ; for j € [r,]. Finally, G*N G = G* since the only
edges not in G are the edges of the auxiliary matching M** each of which is incident to at
most a single vertex of {(u,*) | u € V*} and thus can not be in G*. |}

We can extend this property to all the ultimate small gadgets also.

Property 6.1.5. The ultimate gadgets M* in G are vertex-disjoint and their union forms
an induced matching M*, namely, the ultimate induced matching, of size (k)P - n.

Proof. We first show by induction that the special gadgets M* are vertex-disjoint and that
M* is an induced matching of size 2 -1, - 7rp_1 ... - 1.
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Base Case (Gy). By construction, the only edges of any graph G ~ G, are exactly
the o many vertex-disjoint gadgets that make up G, which are the ultimate gadgets of M*.
Furthermore, each gadget is made up of 2 vertex-disjoint edges and thus their union is an
induced matching M™* of size 2 - 1.

Inductive Step (G,). For the induction hypothesis, assume that the statement holds
for graphs sampled from G,_1(n,_1). By definition, any graph G ~ G,(n) has special sub-
graphs H« j ~ G,_1(n,—1) for j € [r,]. By the induction hypothesis, the union of the ultimate
gadgets M of each H;« ; form an induced matching M} of size 2-7),_1-...-ro. We also have
that the union of the special gadgets M* in G is M* = U;¢,,] M.

The vertices of M} and M} are disjoint by Property (6.1.4) for j # j', 5,7 € [ry].
As each M7 is an induced matching, their union M™* is an induced matching in G of size
Ty (2-7p_1 ... 1)

Finally, using the parameters in Eq (6.1) and Eq (6.2), we have that

IM*| =21y -1p_q1-... 79
= (1/2=6,5)P - (bp ... b1) - 1o (since 2 - ro = ng)
= (1/2=8:)(by - ..+ b2) - (3/246:) -y (as ny = (3/2+ dys) - o - by)
= (1/2 —0,5)P(3/2 + 0ys) P -n (repeating the above two steps (p — 1) more times)

p
s =k

by definition of ks in Eq (6.3) as required. |

_ (1/2 — O

Property 6.1.6. Any graph G ~ G,(n) for p > 0 has a perfect matching of size n.

Proof. The proof is again by induction.

Base Case (Gy). Graph G ~ Gy(n) is made of (n/2) gadgets on four vertices each.
Each gadget has a perfect matching by construction, and the union of these matchings gives
a perfect matching of G.

Inductive Step (G,). For the induction hypothesis, assume that the statement holds
for graphs sampled from G,_1(n,_1). By definition, any graph G ~ G,(n) has special sub-
graphs H j ~ G,_1(n,-1) for j € [rp]. Let M* for j € [r,] be the perfect matching of the
inner instance H;+ ;. We pick the following edges in our matching.

MauxU U Mjm

JE[rp]

The vertices of M** cover all vertices of G' not incident to any special subgraph H;« ; by
construction. We also have that the subgraphs H; ; are vertex-disjoint by Property (6.1.4).
Thus, taking the union of these matchings is sufficient to give a perfect matching of G. |}

Property 6.1.7. Let G be the subgraph of G induced by the vertices which are not incident

115



to the ultimate matching M*. Then, G has a vertez cover of size

(1 = (hws)?) - .

Proof. For the base case of the induction on p, we see that all the vertices of G ~ Gy(n)
are incident to some edge in M*. This is because M* contains all the edges of all the (n/2)
gadgets of GG. There is a vertex cover of size 0 trivially.

Inductive Step (G,). Now, suppose that the statement holds for graphs sampled from
Gp—1(np—1). Again, we look at the special subgraphs H;« ; ~ G,_1(n,_1) for j € [r,]. These
graphs are vertex disjoint by Property (6.1.4), and they have a vertex cover Vji“ that covers
all the edges not in M7 (the ultimate matching of H;. ;). The vertex cover we pick contains:

Vertices of G which matching M does not touch and U ij.

JE[rp)]

First, we argue that this subset of vertices covers the required edges. Any edge in M?"*
is covered by the first part, as M*"™ only incident to vertices not corresponding to M. Any
other edge in G which is not added because of M;? is also covered by the first part. We
know V1n is a vertex cover of the subgraph of H;« ; with vertices not touched by M} by the
1nduct10n hypothesis. As M* = Uje[,,| M}, we are done

It remains to analyze the size of our vertex cover. By the induction hypothesis, the size
is exactly:

Tp - (1 - (Klrs)pfl) -n,_1 + Number of vertices of G not touching M=

(from each of the r,many H;. ;)

1 — 20, s
=n- (1 — (Kys)? <3 n 25“) + Number of vertices of G' not touching M:
(by Eq (6.1), Eq (6.2))
1 — 26,
:n.(l (Kps)? <3+25> 2(b, —1p) - Mp_1
1 - 261-5 2 + 461‘3 .
=n- (1 (Kps)? (3 n 25rs> (3 n 25rs> n (again by Eq (6.1), Eq (6.2))
:n-(l pl “Res + (1 — Rys) -1

=n-(1- ( )p) :
which completes the proof. |

Property 6.1.8. For positive ¢ < (k)P, any (1 — e)-approzimate matching of G ~ G,(n)
contains at least an (1 — (e/(kws)P)) fraction of the edges of the ultimate matching M*.

Proof. Let M be a (1 — ¢)-approximate maximum matching of G. By Property (6.1.7), G
has a perfect matching of size n which implies that M has at least (1 — ¢) - n edges.

The size of the largest matching that does not use any edges of M* is at most the vertex
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cover of G from Property (6.1.7) by Konig’s theorem. Therefore, the size of such a matching
is at most,

n- (1 — (k)?).
Hence, M must contain edges of M*. In particular, we have that M contains at least,
>(1—¢)-n—(1—(ks)) n

((Fes)? —€) om0

many edges of the ultimate matching M*. Finally, by Property (6.1.5), the number of edges
in M* is (k)P -n. The matching M contains at least (1 — e - (1/(kys)?)) fraction of the edges
of the matching M*. |

These properties tell us that any protocol for f-approximate maximum matching with
B = (1 —¢) with its input distributed according to G,(n) necessarily learns at least (1 —
e/(kys)P) edges of M*. Now, suppose the goal was to use the output of the protocol and
determine the edges of a uniform random gadget from M*. Learning any one of the two
edges of the gadget would reveal the other edge also (be it a parallel gadget or a cross
gadget). Thus, any (1 — e)-approximation reveals at least (1 —¢/(ks)P)/2 ultimate gadgets.
We formalize this intuition by using search sequences and predicates to point to ultimate
gadgets. Large matchings will be used to solve these predicates.

Let J := (jp, Jp—1s---,Jo) where j; € [r;] for 0 < ¢ < p be a search sequence that
identifies a ultimate gadget Mj := M7 , . € M* of an input graph G ~ G,(n). We
define the search predicate as

0 if the special gadget M7 is a parallel gadget and

PP(GJ ‘]) = { e
1 if it is a cross gadget.

For any (p + 1)-player protocol 7 on input G sampled from G,(n), we say that 7 solves
the search predicate P, for the input graph G if, given only the transcript of messages
communicated in 7 and a uniform random search sequence J = (ji, ..., jo) (hidden from the
protocol and with no further access to G), P,(G, J) can be deterministically determined. It
is important to note that J is not part of the input to the protocol and is probabilistically
independent from the graph G.

Lemma 6.1.9. For every 0 < 7 <1 and constant 0 < & < (ks)?, any p-round (p+ 1)-player
protocol w for (1—¢)-approximate maximum matching on input G ~ G,(n) that succeeds with
probability at least T and with communication cost s can be altered and then used to solve
the search predicate P, for a uniform random search sequence J with probability at least

(7/2) - (2 = &/(ks)")
with communication cost s + O (nlogn).

Proof. Let M be the (1 — ¢)-approximate maximum matching of G that is output by the
protocol m and can thus be determined from its transcript. We use the output to solve PP, as
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follows: If M contains at least one edge of the ultimate gadget M7; € M*, we can correctly
determine P, (G, J). Otherwise, we output P,(G, J) = 0, which is essentially a random guess
for G ~ G,

When the protocol outputs a matching, we need to explicitly identify what edges from
the ultimate gadgets and the ultimate induced matching have been sent in the transcript.
We do this by recording the edges of M?"™ explicitly at every level: in the first round, player
(Q)p+1 additionally communicates the edges M*™ goven to them (M*™ from the definition of
Gp(n)) that identifies the r, many special subgraphs sampled from G, 1(n,-1). In the next
round, (), outputs the M** matchings from all r,-many special subgraphs sampled from
Gp—2(ny_2). Continuing this way, we know that the edges in M which have not been revealed
as a part of M*"™ at some level, are from the ultimate induced matching.

To output these auxiliary edges explicity, one edge takes O(logn) communication and
there are totally only n edges, as they form a matching. Hence, this adds at most O(n logn)
factor to the communication.

Let us analyze the probability of success of this strategy. We have three cases:

(1) When 7 succeeds, which happens with probability 7, and the transcript identifies
the gadget that J points to, the protocol can solve the predicate exactly. By Prop-
erty (6.1.8), we know that the transcript contains at least (1 — e/(kys)?)-fraction of
the edges of M*. The probability that it contains at least one edge from a randomly
chosen J is also at least (1 — &/(kys)P).

(17) When 7 succeeds, but it does not identify the gadget that J points to, which happens
with probability at most 7 - (£/(kys)?), we output a random guess. This succeeds with
probability (1/2).

(77i) When the algorithm fails, which happens with probability (1 — 7), we may as well
assume our answer is wrong since the transcript can contain edges that are not present
in the graph.

Hence, the total probability of success is at least:
T (L—¢e/(ke)’) + 7(e/(krs)") - (1/2) = (7/2) - (2 —¢/(rrs)"). 1

With that, to prove Theorem 11, it is enough to only consider protocols that solve the
search predicate and, thus, we prove the following:

Lemma 6.1.10. For every constant integer p > 1 any p-round protocol w that, given input
G ~ G,(n,) and a uniform random search sequence, solves predicate P, with probability at
least

L P

1
TS @)

has communication cost

1 . 1+1/(21oglog ny)3P
(14dccomp(p +1)2) ) 7

CC(r) > (
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where Ceomp S the constant from Eq (5.2) and c¢,s is the constant from Proposition 4.2.2.

The proof of this lemma is by a direct application of Theorem 10.

Claim 6.1.11. The problem of solving a predicate P, on input graph G ~ G,(n) obeys the
properties (i) to (v) required to apply Theorem 10 with p = (1/2) - (2 — &/ (Kws)P).

Proof. Property (i) holds by the communication model we consider. This model is described
in Section 5.3. Property (ii) is proven in Property (6.1.3). Property (iii) is given by
the description of G,(n), specifically line (2) which describes how the smaller instances are
sampled.

Property (iv) is given by line (5) in the description of G,(n), as the input of @, is fixed
by index i*. Lasty, (v) is given by Lemma 6.1.9. This lemma proves that for a uniformly valid
search sequence J = (j,, jr—1, .-, Jo), the transcript determines P,(G, J). For any subgraph
H;. j for j € [p,], for any valid search sequence J' = (j;,_,,..., ;) for special subgraph H;- ;,
we have:

PP*I(HVJW (j}gfl? s 7.]1)) = PP(G7 (j7.j;717 ce 7]1))7

as the ultimate gadget that (7, j,—1,. .., jo) points to is present in special subgraph H;« ; and
the sequence (j,—1, ..., jo) reveals this gadget in H;« ;.

Therefore, for a uniformly random j, and a sequence (j]’gfl, ..., J1), the transcript can
be used to solve P, on this sequence with probability at least (7/2) - (2 — &/(kys)?), with

p=(1/2)-2—=¢/(rs)"). 1

A simple corollary of Theorem 10 with p = (1/2) - (2 — ¢/(ky)P) and Claim 6.1.11 gives
the following round elimination lemma for P,(G, J) for graphs G ~ G,(n).

Corollary 6.1.12. For every p > 1, suppose there exists a deterministic protocol w that
solves P,(G, J) for G ~ G,(n) and uniformly random J with:

(1) Probability of success of 7 in outputting a matching: T with 0 < 7 < 1,
(i) Constant 6,5 from Proposition 4.2.2,

(23i) Constant € such that ™ outputs a (1 — €)-approzimate mazimum matching when it
succeeds, with € < ((ks)?/4),

(tv) Parameter p, which is the probability with which transcript of ™ can be used to solve a
smaller instance from G,_1(n,_1), when it is successful with p = (1/2) - (2 — &/ (Kys)?)

(v) Parameter n associated with Theorem 10, 0 <n < 1,

(vi) Communication cost of m is at most s, for some s € R.

Then, for constant Ccomp, there exists a deterministic (p—1)-round p-player protocol 7,_1 that,
gwen input Gp_1 ~ G,—1 and a uniform random search sequence J', solves P, _1(Gp,_1,J")

with probability at least
B
I I wrs
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and communication cost

where Ceomp > 1 s an absolute constant defined in Eq (5.2) (derived from Proposition 5.5.5).

We can use Corollary 6.1.12 to prove the lower bound in Lemma 6.1.10.

Proof of Lemma 6.1.10. We prove the lower bound for deterministic protocols, and use they
easy direction of Yao’s minimax principle to extend the bound to all randomized protocols.

Before proving the result by induction, we give the following useful bounds for every

log logny—_1)3

constant p > 1: Using the parameters in Eq (6.1), Eq (6.2) and since b, o1 , we
have that
3 1
n, = <2 + 5rs) by - Mp_1 Tp = (2 — 6rs) by
3 ’ 1
B (2 + (5IS> - (np-1) 1 (loglog np71)3 - (2 a 5rs) - (np-1) 1 (loglog npfl)s
_ bcrs/log log by (64)
3\ 1/(2-loglogng,_1)
> (n;lfgllognpl)s) ’ (since loglogb, < 2-loglogn,_1)
>n, (for large enough n,_1)
Let s, := (m)p : n;“l/(?loglognp))gp (as in the statement). It then follows that
Sj _|_p2 — 1 ’ . nl/(QIOglognp)gp . @ +p2 (6 5)
Tp (144Ccomp (p+1 P Tp .
1/(2loglogny)3P 3/2 + 5rs . 2
(144ccomp p+12)) (1 j2—5,) TP

144ccomp p+1)2

144ccomp p+1)2

-
“
“
“
“

(
(144ccomp p+1)2
(
(

144ccomp p+1)2

)
)
)
7)
7)

(from the parameters above)

b/ C1sos ) (31 86,) oy +p? (for b < 1/4)

1/(210g10gnp 1) (3+86rs> Np_1 +p2
(since loglog n, > loglogn,_1)

oglogng,_ (p—=1)
cpp/Qlesrosme T (385 ) 4

(since logn, < 2log(n,—1) - (loglogn,_1))

1/(2loglog ny—1)3P—1)
-12-n,0 “Mp—1.

(since p* = o(n,—1) and s < 1)
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We also have that

/(2loglog ny))3P . @ . l 6.6
144ccomp p+1)2 " " lp o0
TL /(2loglog ny))3P . Mp . 1
14leccomp p + Tp = Np—1 n?)—l
(as t, > n,_, from Eq (6.4))
n

1-— 25rs (np,1)3
(from Eq (6.1) and Eq (6.2))

1
np—l) : 7(7%_1)3

/2loglogny))*? <3+25r5>. 1

144ccomp p+1)2
(as 0y < 1 and logn, < log(n,_1) - (2loglogn,_1))

ol 5)
<(; )
(o)

< 7) O

(; ) (0

1) 6.7
144ccomp p+1 - (np-1) (6.7)
1
“\Bpo+n) for 1 W
(13]7(]7 + 1)) ( or large enough n, 1)

With these bounds, we are now ready to proceed with the inductive argument.

Base Case (1-round). Towards a contradiction, let m; be a l-round deterministic
protocol that, given input G ~ Gj(n;) and a uniform random search sequence, solves Py
with probability at least 2/3, as in the statement, and communication cost CC(m;) < sy,
which is strictly less than the statement. We use Corollary 6.1.12 with n = 1/(12) to get a
protocol with probability of success at least:

by our bound on (s;/(t171)) above. This protocol is deterministic, and uses 0-rounds to solve
predicate Py on input graph Gy ~ Gy and a uniform random search sequence. Regardless
of the communication cost, this is a contradiction for O-round protocols as they cannot do
better than random guessing. Therefore, 7; must have communication cost CC(m) > sy.

Inductive Step (p-round). Now, suppose that the statement is true for (p — 1)-round
deterministic protocols. Let m, be a p-round deterministic protocol that, given input G~G,
and a uniform random search sequence, solves P, with probability at least 2 5+ as in the

3(p+1)’
statement, and communication cost CC(m,) < s,. By Corollary 6.1.12 Wlth n=1/(6p(p+1))

and the above bounds, there exists a (p — 1)-round deterministic protocol that, given input
Gp ~ Gp_1(np—1) and a uniform random search sequence, solves IP,_; with probability at
least

1 P 1

2t 12(p+1) 12p(p+1) /(27 )
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p _ D B 1
12(p+1) 12(p+1) 13p(p+1)
(p—1)

12p 7

+ (from Eq (6.6))

_|_

|
N|[— N —

and communication cost

C S
CC B comp  °p 2
(1) < 2 (2 407)

1 p .12 n1+1/(210g10g”p71)3(?’—1)
(144ccomp(p + 1)2) b1

< o 12000+ 1)
(from Eq (6.5))

1 o 14+1/(2loglogn,—1)3@—1)
N\ Qe y) o
comp

This contradicts the induction hypothesis and, hence, 7, must have communication cost

CC(mp) = sp. i
We now explicitly complete the proof of Theorem 11.

Proof of Theorem 11. Let 7 be any p-round (p+1)-protocol for (1—¢)-approximate maximum

matching with
1 — 20,4

T 3420,

probability of success 7 = (2/3) and communication cost s (as in the statement).

e < (1/4) - (kw)?, Krs

By Lemma 6.1.9, protocol 7 on input G ~ G,(n) can be made into a protocol 7’ with
communication cost s+0(nlogn) that, given input G and a uniform random search sequence,
solves the search predicate PP, with probability at least
1 1 7 1 D

§~(2——):—>—+

2
(2=&/(r)") > 3 Y1272 Rer)

-
2
for r=2/3 and € < (1/4) - (ks)?. Therefore, by Lemma 6.1.10, protocol 7" has communica-
tion cost
1 " 11/
(144ccomp(p +1)?)

for p = o(loglog n/logloglogn), as ccomp is a constant. Finally, by rearranging, we have that
CC(r) = 5 = pi+o( /gl g

2loglogn)3P __ n1+Q(1/log10gn)3p
- )

CC(n') = s+ O(nlogn) > (

6.2 Dynamic Streams

We move to the proof of Theorem 4. Again, we skip a detailed overview as the key points
were mentioned in Chapter 3 already.
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6.2.1 Preliminaries
The technical preliminaries specific to Theorem 4 is given in this section.

Notation. We use S,, to denote the set of all permutations over [n] for any n > 1. For
any permutation o € S,,, we use (i) to denote the element in [n] that ¢ maps ¢ to for each
i € [n].

For any matrix Z of dimensions m x n for integers m,n > 1, we use Z[i, j] to denote the
value at row i and column j for i € [m],j € [n].

For a graph G = (V, E) and any vertex v € V, we use N(v) to denote the neighbors
of v and degv := |N(v)| to denote its degree. For any U C V, we use G[U] to denote
the subgraph of G induced on vertices in U. We further use u(G) to denote the maximum
matching size in G.

6.2.1.1 Two-Party Communication Complexity

We work in the standard two party communication model; we provide some basic definitions
here and refer the interested reader to the excellent textbooks [KN97,RY20] for more details.

There are two players Alice and Bob who receive input from X and Y respectively. The
players jointly compute some function f with domain X x ). The players follows some
protocol 7 to compute f. They have access to a shared tape of randomness, referred to as
public randomness, in addition to their own private randomness.

Alice first sends a message to Bob, followed by a message from Bob to Alice and so on.
The last player who receives a message has to output the answer. The total number of rounds
is the total number of messages passed between Alice and Bob. Moreover, the message sent
by any player only depends on their private input, the communicated messages so far, the
public randomness, and the private randomness.

Definition 6.2.1. For any protocol w, the communication cost of , denoted by CC(r),
is defined as the worst-case (mazximum) total length of messages, measured in bits, commu-
nicated by the players on any input. We assume that all transcripts, i.e., the set of all
messages sent by any player, in m have the same worst-case length (by padding).

Using [AMS96], again we can relate the communication cost to the space of streaming
algorithms, similar to Proposition 5.3.2 for the two-party model also.

6.2.1.2 Information Cost and Message Compression

We also work with the notion of information cost of protocols that originated in [CSWYO01]
and has since found numerous applications (see, e.g., [Weil5] for an excellent survey of this
topic). There are various definitions of information cost that have been considered depending
on the application. The following definition due to [BBCR10] is best suited for our purpose.

Definition 6.2.2. For any two-party protocol m whose inputs are distributed according to
some distribution u, the (internal) information cost is defined as:

IC(m, p) :==I(X; 1| RY) + I(Y; M| R, X),
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where X, Y denote the random variable for the inputs X,Y sampled from p, Il denotes the
random variable corresponding to the communicated messages, and R is the public random-
ness.

Since a single bit of communication can only carry one bit of information, we can upper
bound information cost by the communication cost.

Proposition 6.2.3 (cf. [BBCR10]). For any protocol m on any distribution p, IC(m,u) <
CC(m).

We also use message compression to reduce communication cost of limited-round proto-
cols close to their information cost. The following is a simplified version of [JPY 16, Theorem
3.4].

Proposition 6.2.4 ([JPY16, Theorem 3.4]). Forr > 1, anye € (0,1), and input distribution
i, any r-round protocol w can be simulated with error at most € in r-rounds by a protocol 7’
with communication at most

Copy - (r/e IC(m, 1) + 7"2/6)

for some absolute constant c;py > 1. The simulation by 7' uses a source of public randomness
that is independent from any randommness used in 7.

6.2.2 A Hard Distribution

We begin the proof of Theorem 4 in this section with the communication problem and the
corresponding hard distribution. We restate the result here for convenience.

Theorem 4 (restated). Any semi-streaming algorithm that given any n-vertex graph in a
dynamic streams, outputs an O(1)-approximation to the mazimum matching problem with
any constant probability of success requires Q(loglogn) passes.

There are two parts to the proof.

We prove Theorem 4 using the connection between streaming and communication models
(Proposition 5.3.2). Our proof consists of two separate parts proven in the subsequent
sections.

Part 1 (Information Theory). In Section 6.2.2, we define a new two-party communi-
cation problem for r-round protocols called Augmented Hidden Matrices (AHM,., see
Definition 6.2.7) and prove the following lower bound on its communication complexity
in Section 6.2.2.1.

Lemma 6.2.5. For any sufficiently large n,. € N, positive integer r = O(loglog(n,)),
positive number o < 1 — n;l/Q’" and constant c,py > 1, any r-round protocol that
successfully solves AHM,.(n,., o) with probability of success at least

1 14+ T
2 20 Capy - (r+1)
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must have a communication cost of at least

=) 1 (14 507) -1 (527) (Comr - czif(%%ra-)g; + D)

Part 2 (Combinatorics). In Section 6.2.3, we construct graph instances corresponding
to the AHM,.(n,, @) problem. We prove the following connection between any p-pass
dynamic streaming algorithm for approximate maximum matching and AHM, where
r = 2p — 1 in Section 6.2.3.3.

Lemma 6.2.6. For any sufficiently large n, € N, integers p,s > 1, and number
B > 1, let A by any p-pass s-space dynamic streaming algorithm that computes a [3-
approximate maximum matching on a (4n,.)-vertex bipartite graphs with probability of
success at least 1 — 1/poly(n). Then, forr =2p—1 and a = 1/(4- 8- 1), there exists
an r-round protocol w for AHM,.(n,., a) with probability of success

suc(m) > ; : (1 + 315>

and communication cost

CC(m) <r-s+O(r-n,log(n,)).

We now prove Theorem 4 using the above two lemmas.

Proof of Theorem 4. Without loss of generality, we can solely focus on proving the lower
bound for semi-streaming algorithms that succeed with high probability instead of constant
probability. This is due to the following standard reduction.

Simply run a constant probability of success streaming algorithm in parallel O(logn)
times and consider all the outputs; then, spend one more pass to filter out all the ones that
output an edge that does not belong to the graph (because they failed), and among the rest,
output the largest matching. This way, we still obtain a semi-streaming algorithm with just
one more pass (which is negligible in this context) and a high probability of success. As
such, in the rest of the proof, we focus on high-probability-of-success algorithms.

For sufficiently large n € N, integers p, s > 1 and any constant 8 > 1, let A be any p-pass
s-space dynamic streaming algorithm that computes a S-approximate maximum matching
on any (4n)-vertex graph with probability of success at least 1 — 1/poly(n).

By Lemma 6.2.6 with r =2p — 1 and « = 1/(4 - 8 - r), there exists an r-round protocol
7 for AHM,.(n, o) where

suc(rm) > ; <1+315> and CC(m) <r-s+0(r* - nlogn).
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By Lemma 6.2.5 with n, = n and ¢,py = 3, we have that CC(7w) > s, since

suc(w)21-<1+1> 21-<1+r>.
2 36) = 2 20-8-(r+1)

Then, by combining the bounds on CC(7) and re-arranging the inequality, we obtain the
following lower bound on the space of A using the fact that c;py and [ are constants (and
thus a = ©(1/r)):

5 > % — O(nlogn)

B r-2 (a/(1—a))? 1
=7 (1 b 1> (1=t (2r - 1) Tom P80 () r o Clrlesn)
> ()1 (14 5 ) 70 = Ofnlogn), (6.8)

Overall, by considering A with p = o(loglogn) and thus r = 2p — 1 = o(loglogn), we
have that the space used by the algorithm is s > n - polylog(n) using Eq (6.8). Therefore,
any dynamic streaming algorithm that uses n-polylog(n) space, namely, a semi-streaming al-
gorithm, to compute an O(1)-approximate maximum matching must use €2(loglogn) passes.

|
Augmented Hidden Matrices

For any r > 1, the AHM,.(n,, ) problem is defined recursively using b*> many instances of the
AHM, _1(n,_1, @) problem where n,,b,.,n,_1 € Nand a € (0,1). The output of any instance
is a single bit, pointed to by a search sequence (to be defined soon).

Definition 6.2.7 (Augmented Hidden Matrices). The Augmented Hidden Matrices problem,
denoted by AHM,.(n,, ), is defined as follows (see Figure 6.4 for an illustration):

o For r=0. Alice does not receive any input, i.e., A® =0, and Bob receives a single
bit B®) € {0,1}. There is no communication and Alice has to output B,

o Forr > 1. Start with b? instances of the players’ inputs in AHM,_;(n,_1, «), denoted
by (AEZ_I), Bf;_l)) fori,j € [b.]. Alice receives A" = X where X is a b, X b, matriz
such that X[i, j] = Bi(j"j_l) fori,j € [b,]. Bob receives the input B") = (oy,00,Y) where
Ox,0c € Sy, are permutations of [b,] and'Y is a b, X b, matriz such that, fori,j € [b,],

(ATY.BEY) if by - a < 0w(i) # 00() < b
Vi, j] =AY if by - a < ox(i) = 00(j) < by,
1] otherwise.

Alice starts the communication. After all the messages are sent, the player receiv-
ing the last message is given a search sequence, which is a tuple of r integers,
(kX KXy, ... kY) with kf € [bi - (1 — «)]. This player must output the solution to

ry Vr—1»
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AHM,_; instance (Agj}*l),Bl-(fj*l)) where oy (i) = 06(j) = by, - a + k using the search
sequence (ki i, ki o... kT) .

We expound more on the defintion of AHM, problem, and give some useful terminology
next.

For r = 0 case, we set ng = 1, and AHMy(1, «) is also denoted by AHM(1). This is a
base case that is trivially hard for O-round protocols.

For each of the b2 many AHM,_; instances (A=Y Br—1Y) used in an instance of AHM,,
the roles of Alice and Bob are swapped, i.e., Alice holds B"~Y and Bob holds AT~V Out of
these instances, we call the set of the k,. := b,-(1—«) many AHM,._; instances (AZ(Z-_I), Bi(fj_l))
where b, - a < 0y(i) = 0c(j) < b, as the special sub-instances in an instance of AHM,..
Since each special sub-instance identifies another set of k._; many AHM, 5 special (sub-
)sub-instances, recursively applying this for all special sub-instances of AHM,. identifies a set
of k., - k,_1-... -k many AHM, special base instances, where each one corresponds to a
single bit B,

It is useful to point to the number of special base instances explicitly for later.

Observation 6.2.8. In any instance of AHM,.(n,., ), there are k, - k._1-...- k1 many special
base instances where k; = b; - (1 — «) for each i € [r].

Furthermore, we call the set of k? — k. many AHM,_; instances (Agjfl), Bi(;-*l)) where
by - < oy(i) # 0c(j) < b, as the off-diagonal sub-instances in an instance of AHM,.. We

define some more notation to point to the sub-instances.

Notation. In any instance of AHM,., denoted by (A, B("), we use the following notation.
We denote each of the k, many special sub-instances as (A", Bi™c) = (A(Tj_l),Bi(fj_l))

i?

where o (i) = 0¢(j) = b, - a+ k and i,j € [b,] for k € [k.]. We collectively denote these
special sub-instances as (A%"¢ B**) where

ASPEC — (A?PEC A;PEC . AZPEC) and BSPEC — (BTPEC BSPEC . BZPEC)‘
We denote the collection of the k? — k, many off-diagonal sub-instances as (A°"", B'") where
A = (AT bpa < 0u(i) £ 00(j) S b)) and B = (B 1 bra < 0w(i) # 00(j) < by).

(r—1

We let B*™" be the remaining b7 —k? sub-instances B; ; ) where or(i) < braorog(j) < b

Search Sequences. After all the messages are sent, the search sequence given to the
player who receives the last message is always uniformly random and independent of
the players’ inputs. That is, a search sequence (k*, k*_,, ..., k?) is chosen where for i € [r],
k¥ is chosen uniformly at random and independently from [b; - (1 — a)]. The solution to any
instance of AHM,. given (k¥, kr_,, ..., k}) is the same as the solution to the uniformly chosen
special sub-instance (A", Bii®) on the search sequence (kj_y,..., k7). Continuing this
until the last index k7 in the search sequence ultimately identifies a uniform random special
base instance, i.e., an instance of AHMg, whose solution is the solution to the AHM,. instance.
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Our definition of the AHM, (n,, @) communication problem is non-standard as the uni-
formly random search sequence, which is a part of the input, is given to the final player
at the very end of a protocol. In particular, the search sequence is crucial to defining the
output of the problem, but does not form part of the input held by the players throughout
the protocol.

Although the search sequence defines the communication problem in a non-standard way;,
the easy direction of Yao’s minmax theorem is still applicable. Thus, we prove Lemma 6.2.5
by considering deterministic protocols for AHM,.(n,., ) where the players’ inputs (AT, B(")
are sampled from the hard distribution (which we define shortly).

Remark 6.2.9. The definition of AHM,.(n,,«) (Definition 6.2.7) always includes the uni-
form random search sequence, which is independent of the players’ inputs and how they
are distributed. However, when referring to the AHM,.(n,., «) problem, we do not explicitly
mention the given search sequence if this is clear from context.

oc(1) oc(2) oc(br)

or(1)| B B
by -«

ox(2)| B | B

B | B |AB|AB|AB|AB|AB

B B |AB|AB|AB|AB|AB

B B |A,B|AB|A,B|A,B|A B by - (1 —a)

B B |A,B|A,B|AB|AB|A B
or(by)| B B |AB|AB|A,B|A,B|A,B

Figure 6.4: An illustration of AHM,.(n,., ) where b, = 7, k* = 2, and a = 2/7, i.e., b, - = 2.
In this figure, the b, x b, matrix is presented after applying the respective permutations of
rows and columns using o and o., which are held by Bob (alternatively, think of oy and
oc as identity permutations here). In each position of the matrix, the corresponding input
is either a complete instance of AHM, _1(n,_1, @) denoted by (4, B) = (AT~ BCr=D) or a
partial instance of AHM,_;(n,_1,a) denoted by B = B"~Y) due to the asymmetry of the
construction. All of the B’s are held by Alice, all of the A’s are held by Bob, and Bob further
holds the B’s corresponding to B°™, which are bolded and underlined. The shaded instances
are the special sub-instances (AS"¢) BS""¢) i.e., the ones in the diagonal of the bolded box.
The remaining B’s belong to B**"  i.e., the ones not in the bolded box. Given the search

sequence (k¥ k> ,,..., kT), the goal is to solve the the instance identified by k} = 2 (shaded
in green, and denoted by (A5, B3™)), using the search sequence (k*_;,..., k7).
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Next, we fix the parameters of the problem, and then define our hard distribution
D, (n,, a).

Parameter Choices. For all » > 1, it is sufficient for us to consider the AHM, problem
for parameters that satisfy the following conditions:

Ny = nNp_1 - by

b, = () 1 (;T_ll) (1-a)1 (2 . 1) 69)
ey = (ny) (22__11) /(1—a)t (’“2; 2:11 - 1) .

From now on, we only consider AHM,.(n,., &) with these parameter choices.

Hard Distribution D, (n,,«) for AHM,(n,, a):

« For r = 0. Sample B € {0, 1} uniformly and independently. We also use Dy(1) to
denote this distribution.

« For r > 1. Sample the b? instances <A§3—1)7 B,;(fj_l)) from D,_;(n,_1, «) independently
for each i, j € [b,] where b, n,_; are as defined in Eq (6.9). Sample the permutations
Or, 0c € Sp, uniformly and independently.

Recall that the distribution of the search sequence was already defined to be uniformly
random, and independent of all other inputs.

We have the following obvious observation.

Observation 6.2.10. Any 0-round protocol (wherein Alice outputs the answer) for solving
AHM (1) succeeds with probability at most 1/2 when the input is sampled from Dy(1).

The proof of Lemma 6.2.5 relies on a round-elimination argument that shows that if there
is a good deterministic protocol for AHM,.(n,., &) under the input distribution D,.(n,., «), then
there must be a good deterministic protocol for AHM,._1(n,_1, &) under the input distribution
D,_1(n,—1,a). We prove the following key lemma in Section 6.2.2.2.

Lemma 6.2.11. For any r > 1, sufficiently large n, € N, a0 € (0,1), and integer s > 1,
suppose there exists a deterministic r-round protocol m, for AHM,.(n,., ) with

CC(m,) <s

and probability of success at least 0 when the input is sampled from D,(n,,a). Then, for any
e € (0,1), there exists a deterministic (r — 1)-round protocol m,_; for AHM,_y with

CCO(m,1) < cppy - (1/e) - (ki + 7‘) ,
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and probability of success

| S
SUC(Tf'Tfl) 2 0—¢e— m

when the players’ input is sampled from D,_1(n,_1, ).

With that, we have the main tools required to prove of our lower bound for AHM,.(n,., «).
6.2.2.1 The Lower Bound for Augmented Hidden Matrices: Proof of Lemma 6.2.5

Proof of Lemma 6.2.5. We prove this result by first assuming the existence of a determin-
istic r-round protocol 7, for AHM, that is ‘too good to be true’ (w.r.t. the statement of
the lemma) on inputs sampled from D,(n,,a). Then, by iteratively applying the round-
elimination argument in Lemma 6.2.11, we ultimately obtain a deterministic O-round pro-
tocol my for AHMg that is trivially ‘too good to be true’ on inputs sampled from Dy(1)
(given Observation 6.2.10), a contradiction. Formally, we prove this by induction on r.

Base case for r = 1. Suppose that there exists a deterministic 1-round protocol m; for
AHM; (n1, o) with communication cost

2 2
nl‘Oé

CJPY ° CiDV ° 802 * 8

CC(Wl) < 81 =

and probability of success

1 1
> (14—
suc(my) > 5 ( + 0. CADV)

when the input is sampled from D;(ny, ). Then, using Lemma 6.2.11 with ¢ = 1/(160-c,py),
we obtain a deterministic O-round protocol 7y for AHM((1) which has no communication cost
(since no messages are communicated) and succeeds with probability

(m0) > 1 <1 N 1 ) 1 n3 - a?
SUC( 7T - — —
0/ = 2 40 ° CADV ]_60 * CADV Cpr * 02 * 802 ° 16 * b% * a2

ADV

1+ ! ni (si >1)
: — — P S — sice ¢
80 * CADV C%DV ° 1602 ° b% "=

1 .
. (1 i 1600ADV) (since by = n; by Eq (6.9))

vV
N~ N =

when the input is sampled from Dy(1). This, however, contradicts Observation 6.2.10 and
thus proves the result for the base case when r = 1.

Inductive step for r > 2. Having proven the base case, we now prove the result for
any r > 2 given the result holds for » — 1, i.e., the inductive hypothesis. Suppose that there
exists a deterministic protocol 7, for AHM,.(n,., @) with communication cost

R e

2 —1/) (Cpy - Bpy - 802)" - ((r+1)13

CC(r,) < s, = (n,) (1 * o
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and probability of success

r

<1+20-cADV-(r+1)>

when the input is sampled from D, (n,., ). Then, using Lemma 6.2.11 with e = 1/(40 - cxpy - (r + 1)?),
we obtain a deterministic (r — 1)-round protocol 7, for AHM,_1(n,_1, o) with cost

suc(m,) >

w\}—l

CCO(m—1) < Copy - (40 - capy - (P + 12 - 7) - (8, /kr +7) (6.10)
and probability of success

T 1
20-CADV-(T—|—1)>_40-CADV-(T—|—1)2_ 2.b2-a?

1
suc(mp_1) > 5 (1 + (6.11)
when the input is sampled from D,_;(n,_1, @).

We now argue that protocol 7,_; contradicts the result for » — 1, namely, the inductive
hypothesis. In particular, we show that CC(m,_1) < s,_; and

suc(m,_q) > ; : (1 + M) :

20 'CADV T

The rest of the proof is a careful but rather tedious calculation of the values we obtain using
the above reduction for the communication cost and probability of success of the protocol.

To bound the communication cost, we first reiterate the relation between n, and n,_;
from Eq (6.9) as follows:

1 () = et (=) -t (5o 1) gy

et (gmmg) 00t (et ) e

Next, we use this to simplify the expression for the term s, /k, in Eq (6.10).

_ 1 re2r (04/(1—04))2 1
p=01 (g 0- () (Corv Bpe SO (r+ D)) b, (1= )

Sp 1/kr

:nr.(m)T( 1 )'(1—G)T<T.2T—1>-( (a/(1—a))?

2r — 1 2r—1 Cipy * Gy - 80%)™ -+ ((
1 r-2" (a/(1— )
=1 () (2f - 1) (1=a)t (27“ 1 1) ey - 2y 802 - ((r + 1)1)?
(as n, =n,_1 - b, by Eq (6.9))
/e
(Copy - GRpy - 802) - ((r+ 1)1
(by Eq (6.12))

r—+1))3
)2
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where the exponent of (1 — «) in the above equation is
(r—2)-277'41 7.2

@—D-@i-1) -1
_(r=2)- @ - +14r—2  (r—1)-2741

1

Tr =

-1 @ i-1 -1

1 r—1
= ((r—1)2"+1 ) e —
2 1 <(T JZ 1t )+2r1—1)
(r—1)
= (Tl —

2r — 1 2"+ +2H—1>
B (7,_1) (22r—1_2r+2r—1_1+1>
21 2r-1 -1

(7, _ 1) (22r—1 _ 2r—1)
-1 2r-1—1
(r—1)-201

-1 -1

Therefore, we have that

s _ 1 (-1 2 (/1 — )

?T - (nr—l) T (1 + 2r1_1> ' (1 N a) T ( 2r-1 1 > . (CJPY : CiDV ' 802)r ’ ((’l“ + 1)!)3
1

Cipy * Copy - 802+ (r + 1)3°

= Sp—1"

By plugging this back into Eq (6.10), we obtain

1
CC(m,_) < . (40 - . 1)2. 7). -
() < o (0 Cap e (74 L77) <81 qw-gw-aﬂ«r+n3+r>
1 .
< m cSpo1 + A0 Cypy - Capy - (1 + 1) (using r <7+ 1)
< Sy, (as 7t < s,_; for r = O(loglogn) and o < 1 — nfl/%)

which is our desired bound on the communication cost of 7,_;.

To bound the probability of success, we first reiterate the following useful relation from
Eq (6.9):

by = () T <222__11> (1-a)t (% —2>
= (n) 1 (1+2rl_1)-(1—a)T (2C'_2T1)/<1—a)2. (6.13)

132



Using this, we now simplify the term s,/(2-0? - @) in Eq (6.11).

> :(nT)T<1+ ! ).(1—04)T<T'2r).( (a/(1 — )" 1

202 a? 2r —1 2 — 1) (Copy - By - 802) - ((r+ 1)1)3 212 - a2
b? - o2 1
_ - . by Eq (6.13
(Cuev - Gy 8O ((r + D 252 - 02 (by Eq (6.12))
1

2 (Cpy - By - 802)7 - ((r + 1)1)3 .

By plugging this back into Eq (6.11), we have that

1 r 1 1
suc(me_1) > = - |1+ - -
(1) 2 5 < 20 - capy - (7 + 1)) 40 - capy - (7 + 1)2 \/2 oy - 2y 802) - ((r + 1)1)3

1 r 1 1

> —- 1+ — —

(since cjpy > 1 and 2- ((r+1)!1)2 > (r+ 1)* for r > 1)

1 r 1

= — . 1 —|— —
2 20 * CADV ° (T‘ + 1) CADV ° 80 ° (T‘ + 1)2
1 T 1

=_. |14+ _
2 20 * CADV * (T’ + 1) 40 * CADV * (T + 1)2

S 1 <1 " r—1 >

2 20 - Capy -1/

which is our desired bound.

Overall, we have that the deterministic protocol m,_; constructed from 7, using Lemma 6.2.11
contradicts the lemma for » — 1 (inductive hypothesis) and thus the lemma must hold for
deterministic r-round protocols when the input is sampled from the distribution D, for every
r > 1. Finally, by the easy direction of Yao’s minmax principle, the same result holds for
any (even randomized) r-round protocol for any instance of AHM,. (given a uniform random
search sequence). |

6.2.2.2 The Round Elimination Argument: Proof of Lemma 6.2.11

We now get to the main part of the argument, which is the proof of Lemma 6.2.11, restated
below.

Lemma 6.2.11 (restated). For any r > 1, sufficiently large n, € N, a,d € (0,1), and
integer s > 1, suppose there ezists a deterministic r-round protocol m, for AHM,(n,, ) with

CC(m,) <s

and probability of success at least d when the input is sampled from D, (n,,a). Then, for any
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e € (0,1), there exists a deterministic (r — 1)-round protocol w,._y for AHM,_y with

CCO(mr—1) < cppy - (r/e) - <l{i + r) :

| S
SUC(Trrfl) Z 0—¢e— m

when the players’ input is sampled from D,_q1(n,_1, ).

and probability of success

Starting with a deterministic r-round protocol m, for AHM,(n,,a) where CC(7,) < s
and suc(m,) > 0 under D, as in the statement of Lemma 6.2.11, we construct a deterministic
(r — 1)-round protocol m,_; for AHM,_;(n,_1, «) that proves the lemma in three steps:

(i) (Input Embedding) Construct a randomized r-round protocol (") under D,_; with
success probability the same as . under D,., i.e., SUC(7T£1)> > ¢, and internal information
cost less than the communication cost of m,. by a k, multiplicative factor, i.e.,

IC(’Tﬁ(ﬂl),IDrfl) S k’i

(i) (Message Compression) Construct a randomized r-round protocol 7(? under D,_;
with success probability less than that of 7{") under D,_; by at most an additive e
factor, i.e., suc(m?) > 6 — ¢, and with communication cost similar to the internal
information cost of (Y under D,_1, i.e.,

r

CC(TH("Q)) < Cwpy - (IC(W£1)7D7‘—1) + T) < Cpy - g : (S + T') .

e k.

(i17) (Guessing the First Message) Construct a deterministic (r — 1)-round protocol
mr_1 under D,_; with success probability less than that of 7T§2) under D,_; by at most

an additive ~ /s/(b? - a2) factor, i.e, suc(m.—1) > 6 —e —/s/(2- b2 - a?), and with

communication cost no more than that of 7(?), i.e.,

CC(W?“*l) < CC(WT(»Q)) < Cypy g : (/: + T) .

Step (i): A Low Information Cost Protocol via Input Embedding

We construct a low information cost r-round protocol 7! for AHM,_; by considering an input
(A= Br=1) ~ D,_i(n,_1, ) and embedding it in a simulated input instance (A", B() ~
D,(n,,a) for AHM, such that its output can be used to solve (AT~Y B=1)  Then, the
players simulate a run of the protocol 7, in r rounds using the simulated input.

To simplify the exposition, we disambiguate the players in the construction of 7(! (and
mr—1 later in step (iii)). We use Alice and Bob to denote the players in the input instance
of AHM,_; where Alice holds A* = A=Y and Bob holds B* = B"~Y. On the other hand,
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we use QQx and @y to refer to the players in the simulated input instance of AHM, where
player Qx holds A = X and player Qy holds B"™ = (oy,00,Y).

An r-round protocol 7! for AHM, ;(n,_1,a) on input (A* B*) ~ D,_i(n,_1,a)

where (k}_,,k_,, ..., k) is the given uniform random search sequence:

(a) Using public randomness, independently sample a uniform random search index k* €
[k;]. Then, jointly sample the following from D, (n,, a):

e The uniform random permutations oy, o of [b];

« Bob’s part of all the k? — k, many off-diagonal sub-instances

BOFF — (B(Til) : bT o< 0R<i) 7£ Uc(j) < br>;

i?j
o Alice’s part of k* — 1 many special sub-instances AZ = (A" 1 1 < k < k*);
« Bob’s part of k, — k* many special sub-instances B = (Bf™ 1 k* < k < k).

Let i*, j* € [b,] be such that ox(i) = 0c(j) = b, - @ + k*, which both players can
compute since oy, 0¢, k* are sampled using public randomness.

(b) Bob takes on the role of player Qx and sets X [i*, j*] = B*. Bob privately samples X
from D, (n,,«) conditioned on all the random variables from step (a) and X[i*, 5],
i.e., the remainder of Qx’s input A®.

(c) Alice takes on the role of player Qy and sets Y[i*, j*] = A*. Alice privately samples
Y from D, (n,, a) conditioned on all the variables from step (a) and Y'[i*, j*], i.e., the
remainder of player Qy’s input B,

(d) The players Qx (= Bob) and Qy (= Alice) simulate a run of protocol =, in r rounds
using their respective inputs A" = X and B") = (o, 0¢, Y) and starting with player
Qx.

(e) At the end of the protocol, the player that receives the final message gets the uniform
random search sequence (kX_,,k’_,, ..., k§) and then returns the answer of 7, on the

* * * *
search sequence (K*, k’_ 1, ko, ..., k}).

Observation 6.2.12. In protocol 7V, (A™), B")) in the simulation of w, is sampled from
Dy(n., ) and (K*, kX_y, kX_o, ..., k§) is a uniform random search sequence.

Proof. The input to the simulation of 7, is (A™, B") where A" = X and B™ = (o, 0¢,Y).
All variables of the input are jointly sampled from D,(n,,«) except for Alice and Bob’s
embedded instance (A*, B*) ~ D,_1(n,_1,a) where X[i*,j*] = B* and Y[i*, %] = A*.
Since the instance of AHM,_; corresponding to (X[i*,5*], Y[i*, j*]) is independent of all
other variables in the distribution D, (n,, «), all other variables are jointly distributed ac-
cording to D,(n,,«). It remains to show that (X[i*, j*|, Y[i*, j*]) distributed according to
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D,_1(n,—1,a), which is required in D,(n,,«). This is immediate from the embedding as
(X[, 7], Y%, %)) = (A%, B*) ~ Dra (o, @)

Each search index in (k}_,, kX o, ..., k) is uniformly sampled. Then, since k* € [k,]
is also uniformly sampled, we have (k*, kX_, kX 5, ..., k) is a random search sequence as
required.  |j

With this observation, we have that Alice and Bob have successfully simulated =, for
AHM,.(n,, ) on the correct distribution, as the search sequence (k* k¥ |, k¥ o, ..., kj) is
uniformly random and the players’” inputs are distributed according to D,(n,,«). Since the
messages communicated by the players are exactly the messages of the simulated protocol
7., the communication cost of W,{l) is the same as 7. Although the communication cost is
large, we now show that its internal information cost (about input (A*, B*)) is smaller by a

multiplicative k, factor.

Notation. We use A*, B* to denote the random variables corresponding to the input in-
stance of AHM,_; given to Alice and Bob, which are distributed according to D,_;. We use
1 to denote the random variable corresponding to the set of messages sent by both Alice and
Bob. For i € [r], II; denotes the message sent in round ¢ and ; denotes the random vari-
able corresponding to II;. We use A°"" B k*, ASPEC BSEC to denote the random variables
corresponding to A", B, kx| ASTEC = (AJTFCLASRC L ARTEC), BSTRC = (BT, ... BiX™),
respectively.

The following claim proves that information cost of 7(!) about its input sampled from
D,_y is 1/k, times smaller than the information cost of 7, about its own input sampled from
D,.

Claim 6.2.13. In protocol 7r7§1), we have that

r o

1
IC<7T(1) Dr71<nr717 a)) < kT ’ IC(ﬂ-T7 Dr(na Oé))
Proof. By the definition of internal information cost (Definition 6.2.2),

IC<7T(1) ,Dr71<nr717 04)) = H(A* ) I_I ‘ Or,0c;, BOFF) k*a Bfl?*ca Afl?*ca B*)

r o

public randomness of 7r§1)

* . OFF | * RSPEC ASPEC A%
+I(B*;N| oy, 00B K B AL ).

(6.14)

(1)

public randomness ;.

Each mutual information term corresponds to the amount of information communicated by
each player about their input, and we bound them separately.

For Alice’s mutual information term in Eq (6.14), we have that
I(A*; 1 | oy, 0, B, k*, B, ASEC, BY)
_ kl . ke%}ﬂ(A* 11| 0, 00, B K = b, B ASEC BY)
(by the definition of conditional mutual information and the uniform distribution of k*)
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1
= E . Z ]I(AZPEC 1 | OR,0c¢, BOFFa k* = k? ngECaAkac)

T kelky]
(as A* = AP B* = B§™™ in protocol 7! when k* = k)
1
= E ’ Z ]I(AZPFC7|_| | O-R7O'CaBOFFaB§]?CaAS<PISC);
T kelky]

the last part holds because the joint distribution of (AZ}° BYFC oy, o, B, I1) is indepen-
dent of the value of k*. In particular, if we sample any input (A™ B®) from D,(n,q)
(which does not include k* = k), the values of o, o, B™ AT BSEC are fixed and the
value of M is also fixed as 7, is deterministic. Hence, the distribution of k* remains uniform
over [k,] irrespective of the instance (A, B(M). Continuing the bounding of Alice’s mutual
information term, we have that

1
— - Z I(AY™ 5 | o, 00, B, BILC, AZES)
T kelkr]
1 . .
S . Z H(AZPEC : I—l ’ ox, O, BOFF, BSPEC’AS<P]§:C)
T kelky)
(by Proposition 4.3.2 as B L A}™C | oy, 0, B, AL by the definition of distribution D,.)
1 ) .
— kT . H(ASPEC 7 I—l | UR7 0_07 BOFF, BSPEC)
(by the chain rule of mutual information, Fact 4.3.1-(7))
S ]j‘ . ]I(ASPEC ’ I—I ‘ O_R’ O-Ca BOFF, BSPEC’ BREST)

(by Proposition 4.3.2, as AS®¢ | B*™T | BS**¢ g g, B°™ by the definition of distribution D,.)

=) -

. ]I(ASPEC7 ROFF M | O, Oc, BOFF’ BSPEC7 BREST) (as BOFF ig ﬁxed)

S . ]I(ASPEC, AOFF, BOFF, O-Ra O-C 7 I—I ‘ BOFF, BSPEC’ BREST)

o

(by the chain rule (Fact 4.3.1-(7)) and non-negativity of mutual information (Fact 4.3.1-(2)))

1
= (BT n | AM),

(recall that input of Qy (resp. Qx) simulated by Alice (resp. Bob) in 7(!) is B (resp. A"))

For Bob’s mutual information term in Eq (6.14), following a similar argument, we have

* . OFF [ RSPEC ASPEC A*
I(B*; M| og, 00, B k*, BLE, AZLE, AY)

1
= = 30 LB | o, 00 BT K = K BIEL AT
T kelky]
(by definition of conditional mutual information and A*, B* and the uniform distribution of k*)
1 ‘
= X UBYN | oy, 0, BT B ATE)

kelkr]
(as in the previous case for Alice, for any k € [k,|, (k* = k) L (BL}°, AZLC, o, 0, BO™))
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S X Z H(BiPEC ’ I—I | O-R,O-C, BOFF’ BS>PkI;DC’ SPEC)

1

Ky kelky]

(by Proposition 4.3.2, as A% L B | o, o, B, BLC by the definition of distribution D)
1 ' A SPE
k.i . ]I(BSPhC ’ I_I ’ O-R, 0,07 BOI‘P7ASPEC)

(by chain rule of mutual information, Fact 4.3.1-(7))
S k‘]‘ . H(BSPEC ’ rl | 0_R7 o-c,AOFF, BOFF’ASPEC)

(by Proposition 4.3.2, as A°™" | B¢ | oy, o, B, AE¢ by the definition of distribution D,.)

< i . H(BSPEC BOFF BREST . I—I | o O-C AOFF BOFF ASPEC)
— k? ) ) i R ) ) )

(by the chain rule (Fact 4.3.1-(7)) and non-negativity of mutual information (Fact 4.3.1-(2)))
1
= I(AM 0 BM).

T

(recall that input of Qx (resp. Qy) simulated by Bob (resp. Alice) in 7(V is A® (vesp. B())

With both these bounds, we can upper bound the LHS of Eq (6.14) and obtain

1C(r), D, 1) < - (B 1| A) + T(A) 11| BO)))
1

where the last step follows since the messages communicated in 7r7§1) are exactly the mes-
sages communicated in the simulation of 7, and since (A", B") ~ D, in ©{!) by Observa-
tion 6.2.12. |

We now obtain the following main lemma of this step of the argument:

Lemma 6.2.14. Protocol 7r1(n1) is an r-round protocol for AHM,_1(n,_1, a) where Bob speaks
first with communication cost at most s, probability of success at least 6, and internal infor-
mation cost at most s/k, when the input is sampled from D,_1(n,_1, a).

Proof. In protocol 7Y, the instance (A™, B(") used to simulate 7, is constructed with-
out any communication, so the total number of bits communicated in 7(! is at most the
total number of bits communicated in 7., which is CC(m,) < s as in the statement of
Lemma 6.2.11. Bob takes on the role of )x in the simulation and thus Bob speaks first.

By construction, protocol m{!) outputs the same answer as 7, since the solution to

(A" B() ~ D, on search sequence (k*, k* |, k* ,,..., k%) is the same as the solution to the
input (AjSFC, Bit*°) = (A*, B*) ~ D,_; on the search sequence (k}_,,k’ o, ..., k%). There-

fore, 71) succeeds with probability at least §. Finally, the bound on the internal information
cost of (1) follows from Claim 6.2.13 and the fact that the communication cost of 7,, namely,
s, is an upper bound of its internal information cost. |
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Step (i7): A Low Communication Cost Protocol via Message Compression

In this step, we compress the communication cost of 7(!) using standard message compression
techniques. As a direct corollary of Proposition 6.2.4, we get the following:

Corollary 6.2.15. For any 0 < ¢ < 1, there exists an r-round protocol ® for AHM,_1(n,_1, @)
where Bob speaks first with

CO(m?) < eypy - (1/€) - <]:T + r> :

and probability of success at least 6 — e when the input is sampled from D,_1(n,_1, ).

Proof. We use Proposition 6.2.4 on protocol (! to get protocol 72 such that the simulation
fails with probability at most €. Then, we have that

CO(®) < e+ (/e 10D, Dyt) 4 12/2) < - (/) - (2 +7)
(by Lemma 6.2.14)
The simulation of 7(!) using compressed messages fails with probability at most ¢, so 7(?
succeeds with probability at least § — e, as desired. |

Since this step only compresses the messages sent in Wﬁl), protocol 7r,(,2) is constructed in
the same way as 7(!) with an additional message compression step that uses an independent
source of public randomness. In particular, 7(?) is a simulation of 7, on an instance of AHM,
sampled from D,, but with communication cost smaller by a ~ k, multiplicative factor and
with a slightly smaller probability of success.

Step (iii): An (r — 1)-Round Protocol via Guessing the First Message

In this final and the most important step, we take the 7-round protocol 7(? for AHM,._; where
Bob communicates first and we eliminate the first message by making the players guess it
using public randomness, thus beginning the protocol from the second round. Therefore,
we obtain an (r — 1)-round protocol m,_; for AHM,_; where Alice communicates first as
required. This alters the joint distribution of the input and thus affects the guarantees of
the protocol (as in Corollary 6.2.15), but we will show that the effect is small.

An (r—1)-round protocol 7,_; for AHM,_; on inputs (AT~Y BC~D) ~ D, (n,_1,q)

where (k}_,,k_,, ..., k) is the given uniform random search sequence:

(a) Using public randomness, jointly sample the first message I[1; and the search index k*

from the protocol 7(2). Then, jointly sample the following from D, (n,., o) conditioned
on IIy, k*:

o The uniform random permutations oy, o of [b,];
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« Bob’s part of all the k? — k, many off-diagonal sub-instances

BOFF: (B( b Oé<0'R< )750'@(]) Sbr>;

(2%

o Alice’s part of the £* — 1 many special sub-instances A¥[" = (A7 1 <k <

k*);
« Bob’s part of the k., — k* many special sub-instances B = (B 1 k* < k <
k).

Let i*, j* € [b;] be such that oy(i) = 0c(j) = b, - o + k*, which both players can
compute since oy, 0, k* are sampled using public randomness.

(b) Bob takes on the role of player @y and sets X[i*, j*| = B*. Bob privately samples X
from D, (n,,«) conditioned on all the random variables from step (a) and X[i*, 5],
i.e., the remainder of Qx’s input A,

(c) Alice takes on the role of player @y and sets Y[i*, j*] = A*. Alice privately samples
Y from D, (n,, «) conditioned on all the variables from step (a) and Y'[i*, 5], i.e., the
remainder of player Qy’s input B,

(d) The players Qx (= Bob) and Qy (= Alice) simulate protocol 7 using

their respective inputs A™ = X, BM = (oy,0.,Y) and the search sequence
(k* kr_ 1, kr_o, ..., kT). They use II; as a guess of the first message sent from Qx to

@y and thus only simulate 7 — 1 rounds of 7(?) starting with the second round, i.e.,
player ()y communicates first.

Observe that, similar to the construction of 7(?) (which is identical to 7(}), except for the
message compression), protocol m,_1 embeds the input for AHM,_; sampled from DT 1 into
a simulated instance (A", BM) of AHM,. Then, the players simulate a run of 7(? using
(A, BM) where, to remove the first round of communication, the first message is guessed
using public randomness. However, due to the random guessing of the first message, the
simulated instance is no longer distributed according to D,.(n,., «) (recall Observation 6.2.12),
i.e., the guarantees of 7r,(,2) do not hold for 7,_;. Despite this, we show that the simulated
instance and first message are statistically close to being distributed as they are in 7(?) and
thus similar guarantees hold.

Let D™** denote the joint distribution of (A7) B™ My k*) as it is in m,_; and let DA
denote the joint distribution of (AT B M, k*) as it is in 7(?). Let

.— OFF * SPEC SPEC
Ra = (l—ll,G'R, Oc, B Jk y P>kro Mk )

denote the public randomness used in step (a) of m,_;. We show in Claim 6.2.16 that the
distributions D™ and D**** only differ in the way that the input (A*, B*) = (AJL®¢, BiL™)
is sampled.
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Claim 6.2.16. We have that

D™ = dist(R,) x  dist(AR™, Bi™)  x dist(A%, ATEC | Ry, ASEEC) x dist (BT, BYEC | R,, BIE™),
DU = dist(R,) x dist(AZ™, BiE™ | R,) x dist(A%, ATEC | Ry, AJRPC) x dist(B™T, BSES | R,, BYE™©).

Proof. We first consider (A B(™ M, k*) directly as it is sampled in 7,_;. The random
variable R, in 7,_1 is jointly sampled in step (a). Then, Alice and Bob embed (A*,B*) ~ D,
as AS"C = A* and B™ = B*, ie., (AR, BiX*°) ~ D,_1, which is not conditioned on R,.
Finally, Bob and Ahce privately sample the remamder of X and Y (and thus the remainder
of A" and B("), respectively, which is only conditioned on R, and their respective embedded
inputs. This defines DX,

We then obtain D***" from D™*F by including all previously sampled random variables
in the conditioning of the subsequently sampled random variables. That is, we obtain

DA = dist(R,)
x dist(AY%, BiY™ | R,)
% dlSt(AOFF ASPEF ‘ R AQPE(‘ @PE(*)
)y FPASKk* as

x dist(B™", BE | Ry, BRZC, A% AT,

It is easy to verify that this is exactly the distribution of (A7), B™ My k*) as it is in 7(?).
Finally, we simplify the third and fourth terms in D***" to show that they are identical

to the corresponding terms in D™¥® which follows directly from the claims that

OFF SPEC SPEC SPEC SPEC REST OFF SPEC SPEC
(AP ASTEC) | | Ro, AREC and  BYEC, BRSST 1L AT ASEC | R, BYYEC,

respectively. To prove these claims, it is sufficient to bound the corresponding mutual infor-
mation terms as follows:

]I(AOFF7ASPEC SPEC ‘ Ra’ SPEC)

>k*

S ]I(AOFF7 ASPEC BSSPE*C BREST | Ra’ASPEC)

>k*

(by the chain rule (Fact 4.3.1-(7)) and non-negativity of mutual information (Fact 4.3.1-(2)))
= [(A”", AT BES, BT | My, o, 00, B k", BEE, AZY)  (by the definition of R,)
< H(AOFF ASPE(‘ BSPEC BREST I_ll | Ox, Oc BOFF k* SPEC S_PE(‘)

— y PASk* 9 E<kr ) R Cy ) s E>k* o Tk

(by the chain rule (Fact 4.3.1-(7)) and non-negativity of mutual information (Fact 4.3.1-(2)))

— H(AOFF, AS>PE*C : BSSPI:Z*C’ BR,EST ‘ UR,7 0_07 BOFF, k*, S>P|::*Ca SSPEZ*C>
(as M is fixed by BO™ BREST BSPEC)
=0, (by Fact 4.3.1-(2) and construction of distribution D,.)

]I(BS<PIE*C7 BREST : AOFF7 ASZPE*C ‘ Ra; ii’EC)
S H(Bka*c, BREST7 I_Il ;AOFF7 Agl?*c ’ O-Rj 0_07 BOFF, k*, gtj*c, 2"&:‘*0)
(by the chain rule (Fact 4.3.1-(7)) and non-negativity of mutual information (Fact 4.3.1-(2)))
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— ]1( S<PkE*C, BREST 7 'AOFF7 AS>_PE*C | UR, o-c, BOFF7 k*7 BS>_PE*C7 SSPE*C)
(as My is fixed by BR*ST B BS"EC)
= 0. (by Fact 4.3.1-(2) and construction of distribution D,.)

This completes the proof. |

We note here that the simulated instance (A, B(™) in D" is sampled according to
D, (n,,«) (recall Observation 6.2.12). However, this is not true in D™** since (A*,B*) =
(ARERC BJERC) is sampled according to = D,_; instead of D, | R,. Thus, to bound the total
variation distance between D*"*" and D"™"* we show that the information revealed by the
random variable R, about the input (A*,B*) in 7(¥, i.e., under distribution D****  is not
too large. We need an independence claim (Claim 6.2.17) and then a crucial bound on the

information carried by the first message (Claim 6.2.18).

Claim 6.2.17.
AS;DE*C J_ BiEEC | I_ll, OIR, UC) BOFF7 k*7 BS>P|::*C7 EDE*C.
Proof. Again, we bound the mutual information between the terms. Let Rcomp represent

the independent source of public randomness used in the message compression in step (ii).
Then,

AT (B [ 1y, 00, B B, BYE)
< T(AZE s B, T | o, 00, B K, B, BEY)
(moving Ny by chain rule in Fact 4.3.1-(7), and non-negativity of mutual information Fact 4.3.1-(2))

< T(AZE s B, B Reomp | 7w, 07¢, B k*, BEEY, BEK)
(by data processing inequality in Fact 4.3.1-(8), My is fixed by B*™", B B R.omp)
= I(AZS; B, B | oy, 0, B k™, B, BEY)
(since Reomp is an entirely independent source of randomness)

<0. | (by Fact 4.3.1-(2) and construction of D,.)

The following claim is the heart of the entire proof.

Claim 6.2.18. For any k € [k,],

S
SPEC , OFF SPEC SPEC
H<Bk 7|_|1 | Or,0¢, B 7B<k y P>k ) S b2 062'
T

Proof. Let pg, pc be the inverse of oy, 0., and let pg, po denote the random variables corre-
sponding to pg, pc respectively. For ease of exposition, we represent any permutation p on
[b,] as an ordered set S := {p(¢) : ¢ € [b,]} with the ordering that p(¢) < p(¢') for ¢ < ¢'. Us-
ing this representation, we allow for partial definitions of permutations, i.e., ordered subsets
T C S. In particular, we require the following partial definitions of py and pc:

e Let Thow be an ordered set
Trow = {pu(0) | br-a < €< b 0 £ b+ k)
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of size b, - (1 — a)) — 1, which is the set of rows that corresponds to B except for the
row corresponding to Bi"". Let Tyow denote its random variable.

e Let T, be an ordered set
Teor = {pe(0) | by - < £ < by 0 # by -+ K}

of size b, - (1 — o) — 1, which is the set of columns that corresponds to B°™ except for
the column corresponding to B}™°. Let T, denote its random variable.

We give an illustration of these definitions in Figure 6.5.

oc(1) oc(br)

or(1)

by - (1 —a)

by -« by - (1—a)

Figure 6.5: An illustration of the partial definitions Troy and Ty, for an instance of
AHM,.(n,,«) where b, = 7, o = 2/7, and k = 2. In this figure, the b, x b, matrix is
after applying the respective permutations of rows and columns using o, and o held by
Bob. In each position of the matrix, the corresponding input is the B’s from each instance
of AHM,_;(n,_1, «) that is held by Alice. Tyow and Tco, are partial definitions of the permu-
tations pg and pc, i.e., the inverses of o; and o, respectively. Tyow corresponds to fixing the
rows filled red and T, corresponds to fixing the columns filled blue, which implies fixing
positions filled purple. The unfilled (white) positions remain unrestricted by Trow, Tcor, i-€-,
the green outlined special position B could still (uniformly) be in any of the unfilled
positions when conditioned on Tyow, Teor (instead of oy, o¢).

This now allows us to write the indices i, j € [b,] of the instances corresponding to BS™*°

and B using pr, pc; Thow, Toou:

(¢) For any £ € [k,], Bj"™ is the same as the random variable B, ,.a+¢),0(b,-a+¢) Where we
omit the superscript » — 1 as it is clear from context;

(17) BO™, BYPC, BYPC is the union of combinatorial rectangles formed by

(TROW X TCOL): (TROW X {pc(br co k)})7 ({pR(b’r‘ co k‘)} X TCOL)'
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Finally, let Z be defined as,
Z - (BOFF’ BSPEC BS;),?C)

<k >

With these at hand, we can start bounding the mutual information term in the claim. Firstly,
it is easy to see that,

SPEC . OFF SPEC SPEC\ __ SPEC .
H(Bk 7”1 ’ O-Rvo-CvB 7B<k 7B>k; ) _H<Bk JI_Il ‘ UR7007Z)7

by definition of Z.

We need the following intermediate claim for our proof.

Claim 6.2.19.
diSt(szEca M,z | Og, Uc) = diSt(BZPEC> M,z | Trows Teors pR(br co k), pc(br Co A k))

Proof. Let py([b. - o]) and pc([b, - a]) denote the random variables py (i) and p(i) for all
i € [b, -] respectively. We know that random variable o7, is fixed by py, as they are inverses
of each other. Random variable py is in turn fixed by all the values each element of [b,] is
mapped to, i.e., pg(i) for i € [b,].

Hence, it is sufficient to argue that,

(BzPEcv My, Z) 1 pR([bT ) a])a pc([br : 04]) ’ Trow, Teor, PR(br -+ ]‘C), pc(br o+ k),

to prove the claim. We know that B}"",Z is the random variable corresponding to the
instances in A" inside the combinatorial rectangle

(Trow U{Pr(br -+ k)}) X (Teor U{pc(by - + k) }).

The entirety of this rectangle is fixed by the conditioning.

Proving the claim amounts to proving that the joint distribution of Bi(;-*l) for a fixed set
of positions of A" (the ones inside the rectangle fixed by conditioning), and the transcript
M, is independent of the permutation of the rest of the positions of A, This is true because
Qx, who sends [, does not have access to either of the permutations py or p (held by

QY)‘ I Claim 6.2.19

We can continue to bound the mutual information now.

I(By™ ;M | 0w, 00, 2)
= H<BZPEC T ‘ Z, Trow, Toows pR(bT' Co A k)a pc(br Co A k)) (by Claim 6~2~19)

= @ ET ) ]I(B?:EC Ty ’ Z, Trow = Trow, Teor = Toor, pn(br co k)? pc(br -+ k))
~(Tron: Teor)

(by definition of conditional mutual information)

1 . .
S a2 E Z I(Bi; ;M | Z, Thow, Teor, Pr(by - + k) =1, po(by - o + k) = j)

1) b2 a? (Twow,Teo) .
(1) " Af('ll}:zw ‘F(:Zi) Z?[bT]\TrtoxVa
’ ]e[br}\TCOL

144



1

= E
(2) b% . 042 (Trow,Tcor)
~(Trow, Tcor)

Z ]I(B’i7j T | Za Trow = ROW 5 TooL = TCOL)

S [br]\TRow NIS [br] \TCOL
1

® b2 - a? I(Bi; ;M1 | Z, Trow, Teor)

1€[br]\Trow,J €[br\ Tcor

where (1) holds by the definition of conditional mutual information since, conditioned on
any Trow = Trow and Teop = Toon, the values of pp(b. - a + k) and pe(b, - a + k) are
uniformly chosen from [b,|\Thow and [b,]\Tco. (each of size b, - a4 1), respectively; (2) holds
because, conditioned on any choice of Trow = Thow and Teo, = oo, the event po(b,-a+k) =
J, Pr(by -+ k) = i is independent of (B; ;, My, Z); and (3) holds by the linearity of expectation
and the definition of conditional mutual information.

We re-index both the sets [b,]\ Trow and [b,]\ Tcor as [b, -+ 1] for ease of exposition just
for this final part of the proof. We know that B, ; for any 7, j € [b,] are sampled independently
of each other in distribution D,. Hence, using Proposition 4.3.2, we have that

1
b2 . o2 Z ]I(Bi,j ) I_Il ‘ Z, TROW7 TCOL)

1€[br]\Trow,J€[br\Tcor,

1
< b2 . 2 Z ]I(BiJ ; rll | Bi,>ja B>i7 27 TROW7TCOL)

1€[br-a+1],j€[br-a+1]
1
- m : H(Bl,lv ] Bl,br~a+17 82,17 ey Bbr~a+1,br-a+1 ; I—Il | Z7 TROW7 TCOL)
(by chain rule of mutual information, Fact 4.3.1-(7))
1
< -
T b2-a?
(by the chain rule (Fact 4.3.1-(7)) and non-negativity of mutual information (Fact 4.3.1-(2)))

< an = (as I(B™; My | Z, Trow, Teor) < H(My) < s by Fact 4.3.1-(1))
T "

: ]I(B(T) T ‘ Z, Trow, TCOL)

This proves the claim. |

We now use these claims to show that the information revealed by random variable R,
about the input (A*, B*) is not too large in DR,

Claim 6.2.20. s

I(AZEC, B s R,) < oo
Proof. First, by chain rule of mutual information (Fact 4.3.1-(7)), we have that
I(AREY, BREC; R,) = I(BRe™ s Ra) + I(ALE 5 R, | BREE).

We can prove that the second term is zero as follows: Let Reomp represent the independent
source of public randomness used in the message compression in step (iz). Then,

I(AE™ ;R, | BY)
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= I(AZE Ty, o, 00, B k™, BEES, AL | BREEY) (by expanding R,)
]I( SPEC O_R’ 0_07 BOFF k* SPE;C) flf]*c ’ BSPEC) + ]I(ASPEC | BSPEC O-RJ 0-07 BOFF7 k*7 S>PE*C7 S<PE*C)
(by chain rule in Fact 4.3.1-(7))

— 0+]I(ASPEC I_ll ‘ BSPEC O'R,O'C,BOFF,k*, S>PIE*C7 S<P|E*C>-
(by Fact 4.3.1-(2) and construction of D,.)

]I(ASPEC BREST BS<PkE*C Rcomp | BSPEC GR7007 BOFF7 k* BS>PE*C7AS<PIE*C>.
(by data processing inequality Fact 4.3.1-(8) as Iy is fixed by B*"° B B**" Riomp)
H(ASPEC BREST BS<PE*C | BSPEC O-R,70-C7 BOFF k* BS;E*C AS<PkE*C)
(since Reomp is an entirely independent source of randomness)

= 0. (by Fact 4.3.1-(2) and construction of D,)

Therefore, an upper bound on I(B{f*“;R,) is an upper bound on I(A{Z*° BX"™:;R,). We
have,

]I(BSPEC )
< I(BE™ 5 Ry, BEY)
(by the chain rule (Fact 4.3.1-(7)) and non-negativity of mutual information (Fact 4.3.1-(2)))
= I(B" Ty, o, 0, B k*, BEC, ATEC BEEY) (by expanding R,)
— I[( SPEC O-R, Uc, BOFF k* BSI:Z*C g’f*c S<PE*C)
+ I(BE; My | o, 00, B, k™, BEES, AT, BEK)
(by chain rule in Fact 4.3.1-(7))
— 0+ (B s Ty | o, 0, B, K, BYEC, AT, BEEC)
(by Fact 4.3.1-(2) and construction of D,.)

< ]I(BSPEC I_Il | O'R,O'( ’ BOFF k* S>PE*C S<PE*C)
(removing A¥C in the conditioning by Proposition 4.3.3 and Claim 6.2.17)
1

= Z I(B™ My | o, 0, B, k* = k, BSEC, BSEC)

>k >
kelkr]
(by the definition of conditional mutual information)
1 ,
= e Z I(By™ ;M | o, 00, B, BS>PI§C7 S%l)IqEC)

T k€[ky]
(as event k* = k is independent of (B¥*¢, B T}, oy, o) (see proof of Claim 6.2.13))
s

by applying Claim 6.2.18 to bound each term, completing the proof. |

We are now ready to show that D**** and D*"*" are statistically close.

Lemma 6.2.21.
s

DREAL _ DFAKE <
H i < \J5 g2

Proof. Firstly, we use weak chain rule over total variation distance (Fact 4.3.8) using the
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definitions of distributions D™X® and DRFAL established in Claim 6.2.16 to obtain

DA = Dy < B dist (AR BEE | Ry = R) — dist (A", BEE™)luva

1
E \/ 5 - D(dist (AT, BI™ | R, = R) || dist (A", B{E™©))

~ R~R,
(by Pinsker’s inequality in Fact 4.3.10)

1
S ﬁ E D(dlst(ASPEC SPEC | R — R) || dlst(ASPEC SPEC))

(by Jensen’s inequality as the function /- is concave)

\/_ \/H ASPEC SPEC; a)

(by the relation between mutual information and KL-divergence in Fact 4.3.4)

< /#, (by Claim 6.2.20)
. e . a

proving the lemma. |

Finally, we complete the proof of the main round-elimination argument.

Proof of Lemma 6.2.11. By construction, we know that the total communication of protocol
T,_1 is upper bounded by the communication of protocol 7(? (since the messages of the
former are a subset of the ones for the latter). Using Corollary 6.2.15, we get that the
communication of m,_; is at most

CC(my 1) < ooy - (1/e) - (]: + 7’) |

Furthermore, by construction, protocol m,_; is an (r — 1)-round protocol where Alice com-
municates first.

We know, again from Corollary 6.2.15, that the probability of success of 7(?) is at least
§ — ¢ when the simulated input (A™ B() is sampled from D,, i.e., the random variables
follow distribution D**4*, However, in 7,_1, due to the fact that we sample the first round
message at random, the simulated input is only statistically close to being sampled from D,.,
i.e., the random variables follow distribution D***. Therefore, the probability of success of
m._1, using Fact 4.3.5, is bounded as follows:

suc(m,_1) > Pr (ﬂ,(?) succeeds on input DREAL> — || D" — DM g
s
>0—e— | ——
- 2:02-a2

Lastly, to get a deterministic protocol out of m,._;, we use an averaging argument and
fix the random bits of m,_; so that we have the same performance guarantee over the input
distribution D,_1(n,_1, ). This gives us the desired (r — 1)-round deterministic protocol
for AHM,_(n,, @) when the players’ inputs are sampled from D, _(n,_1,«), and the search
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sequence is uniformly random. |

6.2.3 Reduction to Bipartite Matching in Dynamic Streams

In this section, we prove the connection between maximum bipartite matching in the dynamic
streaming model and the Augmented Hidden Matrices (AHM,.) problem, which is presented
as Lemma 6.2.6. We repeat this lemma for the convenience of the reader here.

Lemma 6.2.6 (restated). For any sufficiently large n, € N, integers p,s > 1, and num-
ber 5 > 1, let A by any p-pass s-space dynamic streaming algorithm that computes a (-
approzimate maximum matching on a (4n,)-vertex bipartite graphs with probability of success
at least 1 — 1/poly(n). Then, forr =2p—1 and o = 1/(4- - 1), there exists an r-round
protocol ™ for AHM,.(n,., o) with probability of success

1 1
suc(m) > 5 (1 + 3@)

CC(m) <r-5+O(r-n,log(n,)).

and communication cost

The key to proving Lemma 6.2.6 is to construct a bipartite graph G = (LU R, Eins\ Fqel),
which is defined by edge insertions Ei,s and deletions Fye, from any input instance for AHM,.
with the following property. An O(1)-approximate maximum bipartite matching in G' can
be used to solve AHM, on the search sequence with a non-trivial advantage over randomly
guessing the answer.

6.2.3.1 The Bipartite Graph Construction using AHM,

Let us first recall the important aspects of AHM,.. Tt is defined recursively using b? many
AHM,_; sub-instances, which are denoted (Al(fj_l), BZ-(Z_U) for ,7 € [b.] (see Figure 6.4 in
Section 6.2.2). An instance of AHM, identifies k, many special sub-instances (A%**¢, BS*°).
Each of these has its own k,_; many special (sub-)sub-instances and, continuing this, ul-
timately corresponds to the k, - k._q - ... -k many special base instances, where each one
corresponds to a single bit as they are instances of AHM,. Then, given the uniform random
search sequence, which is provided at the end of a protocol, solving AHM,. requires solving a
uniform random special base instance.

We begin by showing how the base instances (or bits) are represented in our graph. We
will use the following basic bipartite graph construction on four vertices, called a bit graph,
to encode bits in our construction of G.

Definition 6.2.22 (Bit Graph). Given a bit x € {0,1} and a graph G = (L U R, E) with
L ={l1,0} and R = {ry,r2}, graph G is said to be the bit graph of x if

o« E={("rY), (2 r")} when z =0, and E = {(¢*,7?),(¢*,7")} when x = 1.

The bit x can be identified by either of the edges in E. See Figure 6.6 for an illustration.
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EQ — o ,’,.2 62 7,2
(a) When the bit « = 0. (b) When the bit z = 1.

Figure 6.6: An illustration of the bit graph on vertices corresponding to a bit x € {0, 1}.

With that, given an instance (A", B() of AHM,.(n,, a), we give the following recursive
procedure that separately encodes A and B as the edges of a bipartite graph on the
vertex sets L and R, where,

L={6,0t€n]} and R={r},r2|t € n]}
For ease of notation, we let
L) ={¢,¢ | (i—1)-ny<t<i-m_}CL

for i € [b], and we let R[j] C R for j € [b,] be defined similarly. The edges we add
corresponding to the sub-instance (Agz_l), Bi(fj_l)) will be only across vertices in L[i] and
RI[j].

We also use 1(¢) and 0(¢) to denote the ¢ x ¢ matrix of all ones and all zeroes, respectively.
The construction of the graph is as follows.

EDGES(r, Z, L, R) where Z € {A"), B™ 1(n,),0(n,)} with |L| = |R| = 2n,:
« Forr=0.

— When Z € {0, 1}, return the edges of the bit graph corresponding to Z.
— When Z = (), return the empty set of edges.

e Forr>1.

— When Z € {1(n,),0(n,)}, return the edges

U EpCES(r—1,Z7', L[], R[j])

i,5€[br]

where 7’ is the n,_; X n,_; matrix with all its entries the same as the entries
in Z.
— When Z = A" return the edges
r—1 . .
U EDGES(r— 1731‘(,3' ) L[i], R[j]).

1,7€[br]
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— When Z = B, return the edges”

r—1 . .
(U evesst— 1 BY Y Ll R))
i,5€[br]
br-a<og(i)#oc(d)<br
r—1 . .
o( U et 145 L RD)).
i»je[b’f]

br'a<0'n (i):Uc (])SbT

If r is even, in addition to the above, return the edges

U (EpGES(0, 1(n,—1), L[], R[j]) U EDGES(0, 0(n, 1), L[], R[j]))|

i,5€[br]
or(1)<br-a or oc(3)<br-a

See Figure 6.7 for an illustration.

®This procedure ignores A°™" = (Agg_l) 2y - < og(i) # oo(g) < by).

Note that this procedure does not yet define the graph GG. However, it allows Alice and
Bob to construct edges (insertions or deletions) from their respective inputs, which we now
show can be done without any communication.

Claim 6.2.23. For any r > 0, given an instance (A", B") of AHM,(n,, ), Alice and Bob
can compute EDGES(r, A", L, R) and EDGES(r, B, L, R), respectively, without any commau-
nication.

Proof. The proof of the claim is by induction on r where the base case when r = 0 is
trivial, i.e., both EDGES(0, A®), L, R) and EDGES(0, B, L, R) can be constructed without
communication.

For any r > 1, the player holding A" has access to all BZ-(;*D for 4,j € [b;]. Thus, the
player can construct the required set of edges EDGES(r — 1, BZ-(Z-_I), Lli], R[j]) for all 4, j € [b,]
without any communication by the induction hypothesis. The player holding B has access
to permutations oy, 0. and the following:

. BZ(Z_1) for b, - a < oy (i) # 0c(j) < b, and thus the player can construct construct the
required (r—1)
r—1 . .
EDGES(T— 1,B7j 7L[2]7R[]]>

%

without any communication by the induction hypothesis; and

. Agj;l) when b, - @ < 03 (i) = 0¢(j) < b, and thus the player can construct

EpcEs(r — 1, AV, L[i], R[j])

without any communication, again, by the induction hypothesis.
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(a) An illustration of Alice’s edges  (b) An illustration of Bob’s edges corresponding to B("). The

corresponding to A, An orange vertex groups are represented after the permutations oy, o¢

edge between L[i] and R[j] for each  held by Bob. Each orange edge represents the edges cor-

i,7 € [by] represents the set of responding to each off-diagonal sub-instances B°™ held by

edges corresponding to the input Bob. Each blue edge represents the edges corresponding to

BZ.(Z._U held by Alice. the special sub-instances ASTEC held by Bob. Each dashed
gray edge represents the set of no edges when r is odd and
the set of all possible edges when r is even.

Figure 6.7: Illustrations of Alice’s edges EDGES(r, AT L, R) (Figure 6.7a) and Bob’s edges
EDGES(r, B") | L, R) (Figure 6.7b). In both illustrations, the nodes on the left and right
corresponds to vertex groups L[i] and R[j] for each i,j € [b,], respectively. An edge be-
tween vertex groups L[i] and R[j] represents the set of edges corresponding to the instance

(A7) BT,

Additionally, when r is even, this player constructs
EDGES(r — 1,1(n,_1), L[], R[j]) and EDGES(r —1,0(n,_1), L[i], R[j])

when oy (i) < b, -« or 0¢(j) < b, - a, which is trivial and does not need any communication
since it only requires the knowledge of oy, o¢. |

Using the above recursive definition, we obtain the main procedure for constructing a
bipartite graph G from any instance (A", B(") of AHM,.(n,, a).

One player will be solely responsible for adding edges to G, and the other player only
deletes edges from G. The particular roles of Alice and Bob depends on the parity of r.

GRAPH(A™, BM) for instance (A, BM) of AHM,(n,, a):
« When r is odd, Alice inserts the edges Fiy,s = EDGES(r, A", L, R) and Bob deletes
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the edges Egqe = EDGES(r, B L, R);

« When 7 is even, Bob inserts the edges Fy,s = EDGES(r, B"), L, R) and Alice deletes
the edges Fgo = EDGES(r, A" L, R).

Return graph G = (L U R, Eiys\ Eaa). See Figure 6.8 for an illustration of G.

Lo (by)] | (e ) | R[7c (b))

Figure 6.8: An illustration of a graph G = GRAPH(A™), B() constructed from an instance
(AT BM) of AHM,.(n,,a). The nodes on the left and right corresponds to vertex groups
L[i] and R[j] for each i,j € [b,] and are ordered after applying the permutations oy and
o¢, respectively. An edge between vertex groups L[i] and R[j] represents the set of edges
corresponding to the instance (Az(fj_l), Bi(;-_l)), where a lack of edge implies that all edges
inserted have also been deleted, i.e., the off-diagonal sub-instances (A°"™", B°*"). Each purple
edge represents the edges that correspond to each special sub-instance in (AS*° BS**¢). The
remaining thick gray edges represent the edges corresponding to sub-instances in B*s". The
box represents the subgraph of GG induced by the vertices L5 U R, See Figure 6.4 for a

comparison to AHM,..

Now, let us show that the instances we create are indeed valid graphs.

Claim 6.2.24. For any r > 0, the graph G = (L U R, Eyys\Eqe) = GRAPH(AM, BM) s q
valid graph, namely, Eqe C Eiys-

Proof. By construction, the player that inserts the edges and the player that deletes the
edges depends on the parity of r. When r is odd, Ei,s = EDGES(r, A", L, R) and Fq =
EDGES(r, B™), L, R), and when r is even, the roles are reversed. Hence, we prove the claim
by induction on r where, when r is odd,

EDGES(r, B" | L, R) C EDGES(r, A L, R),

152



, and when r is even, the vice-versa holds.

When r = 0 (even case), there are no edge deletions since EDGES(0, A, L, R) = (), so
the claim vacuously holds. When r > 1, we consider the cases where r is odd and even
separately.

Odd r. We consider the following groupings of the edges separately:

e When b, - a < 0(i) # 0c(j) < by, the edge set EDGES(r — 1, Bfg_l), L[i], R[j]) held by
Bob is directly contained in the edges EDGES(r, A7) L, R) held by Alice.

e When b.-a < oy (i) = 0¢(j) < b, Bob holds the edge set EDGES(r—1, A "V L[], R[j])
and Alice holds the edge set EDGES(r — 1, Bl(z b Lli], R[j]). Immedlately by the in-
duction hypothesis, since r — 1 is even, we have that EDGES(r — 1, Af;zfl), Li], R[j]) C
EDGES(r — 1, Bi(f"j_l), L[i], R[j)).

Even r. Here, we have three different cases:

e When b, - a < ox(i) # 00(j) < b,, the edges EDGES(T — 1, BV L[i], R[j]) held by
Alice are directly contained in the edges EDGES(r, B, L , R) by Bob.

e« When b, - a < 03(i) = 0c(j) < b, by the induction hypothesis as r — 1 is odd, we
have that EDGES(r —1, Bf;_l), Lli], R[j]) € EDGES(r —1, Agj}_l), Lli], R[j]) and are thus
contained in EDGES(r, B, L, R).

e When og(i7) < b, - a or 0¢(j) < b, - e, the edges EDGES(r — 1, B(Tfl) , L[i], R[j]) are
trivially a subset of EDGES(r — 1, 1(n,_1), L[i], R[j]) UEDGES(r — 1 O(n,. 1), L[i], R[j]),
which are all included in EDGES(r, B, L, R) since r is even.

Overall, we have that Fq, C Ejys for any choice of r > 0 and thus G = (LUR, Ejs\ Fael) =
GRAPH(A™M BM) is a valid graph. |

With that, we have that the players can take an instance (A, B™) of AHM, and con-
struct a valid graph G = (LU R, Eiys\ Eqe) without any communication. In the next section,
we will show some structural properties of G that relate it to (AT, B(").

6.2.3.2 Properties of the Constructed Graph

We need some notation before we begin proving the desirable properties of our construction.
We define the following sets of special vertices: For i, 5 € [b,],

L™ .= L[i] when oy (i) = b, - a + k and R} := R[j] when o¢(j) =b,-a+k
for all k € [k,], and

[SPEC . U LZPEC and RSPEC . U RzPEC'
ke(kr] ke[kr]
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See Figure 6.8 for an illustration of the special vertices. In the following claim, we show

that the special vertices do, in fact, correspond to the special sub-instances (A", BS"5¢) of
(A, BO)Y.

Claim 6.2.25. For r > 1, the subgraph of G = GRAPH(A™ B™M) induced by the vertices
LSTFC U RSPFC s exactly the vertez-disjoint union of graphs GRAPH(AY™, Bi*™) for all k €

(]

Proof. We only prove the claim when r is odd, as the case when r is even follows similarly.

Observe first that the only possible edges between L and R°""¢ are the edges between
L[i] and R[j] corresponding to (Ag"j*l), Bi(fjfl)) for any ¢, j € [b,] with b,-a < 01 (4), 0¢(j) < by
Considering only these edges, we split our analysis into two cases:

e When b, - a < oy(i) # 0c(j) < b,, Alice adds the edges corresponding to Bi(fj_l), which
is exactly the set of edges deleted by Bob. Hence, none of these edges are present in

G.

e When o4(i) = 0c(j) = b, - o+ k for k € [k,], Alice adds the edges corresponding

)

to BZ-(;_U, whereas Bob deletes the edges corresponding to Ag’rj—l . As r — 1 is even,

these edge insertions and deletions exactly correspond to GRAPH(AZ(Z_U,BZ(;_U). It

then follows that the subgraph of G induced by L[i] U R[j| = L™ U R{™ is an exact
copy of GRAPH (A}, BiF").

Finally, for any ki,ky € [k,], L U R;"™ is disjoint from L"* U R;’*°. Hence, the
subgraph induced by L*"¢UR is a vertex-disjoint union of the graphs GRAPH(A;™, B{F™)
for k € [k,], proving the claim. ||

To highlight another key structural property in our construction of GG, recall from Obser-
vation 6.2.8 that any instance (A", BT™) of AHM, defines k, - k,_; - .. .-k, many special base
instances. We identify these special base instances and their corresponding sets of special
base vertices in L and R using the tuples in [k,]| X [k,—1] X ... X [k;]. Formally, we have the
following notation:

Notation. Any tuple s = (s,,s,-1,...,s1) identifies the special sub-instance (A5, B"™°)
of (A", B™), then the special sub-instance (AS"C, BS"*%) inside (ASP™C, BS*™)  and so on
until finally pointing to a single special base instance (A", B5**). We denote this special
base instance as (A%, BY). Furthermore, we use (A*, B*) to denote the collection of special
base instances (A%, BY) for all s = (s,, $p_1,...,51) € [kr] X [kr_1] X ... X [k1].

Any tuple s = (s, s,_1, ..., s1) also identifies the sets of vertices L{™° C L and R™™ C R,
then the sets L} C L™ and R} C R, and so on until identifying the sets of special
base vertices L3*¢ C L3’*" in L and RJ™ C RJ* in R. We denote these two sets of special
base vertices as L} and R}. We further define

LY = U L* and R = U R,

SE[kr]X [krfl]X...X[kl] 86[]{:7«} X[kT,ﬂ X... X [k:l]
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With this notation, we can now show that the special base vertices L* U R* correspond
to the special base instances (A*, B*) using Claim 6.2.25.

Corollary 6.2.26. Forr > 1, the subgraph of G = GRAPH(A™, B! induced by the vertices
L* U R* is exactly the vertez-disjoint union of the bit graphs GRAPH(AL, BY) for all s €
(k] X [kp1] X oo X [k

Proof. We prove this by induction on 7.

Base case for r = 1. For every s; € [ky], we have the following directly from the above
definitions:

Ly =LY Ry = R}, AL = AT, By = B
Therefore, L* = L% and R* = R*"*°. Then, by Claim 6.2.25, we have that the subgraph
induced by the vertices L* and R* is a vertex-disjoint union of graphs

GRAPH(AS™ BYY™) = GRAPH(A]

S17?

B;,)
for all s; € [ki]. Furthermore, for each s; € [k], GRAPH(A] , B ) is a bit graph since it
corresponds to the special base instance (A , BJ ), which is an instance of AHM,.
Inductive step for r > 2. Let H®*" := G[L*U R*| be the subgraph in the statement. It
will also be useful for us to consider the subgraph H*""° := G[L3""U R®"™™]. Since L* C L3¢

and R* C R°"®°  we have that,
HBASE — G[L* U R*] — HSPEC[L* U R*]

Now, by Claim 6.2.25, H%" is a vertex-disjoint union of subgraphs H"*¢ := GRAPH(A™", B"™)
for s, € [k,|. Therefore, we only need to show that, for each s, € [k,], the subgraph HJ"™°,
when restricted to the vertices in L* U R* is exactly a vertex-disjoint union of the bit graphs
GRAPH(AX, BY) for all s € {s,} X [k,—1] X ... X [k1].

Since the only vertices of L* U R* that are in H; ™™ are exactly its special base vertices,

what we want immediately follows from the induction hypothesis applied to H;"* for each
sr €k

We can also show that these graphs have perfect matchings.

Claim 6.2.27. For r > 0 and any (A", B"), the graph G = GRAPH(A™, B") contains a
perfect matching, i.e., of size 2n,.

Proof. We prove this claim by induction on r where the base case when r = 0 is trivial,
i.e., we have that GRAPH(A(®) B©®) is a single bit graph, which has a perfect matching by
Definition 6.2.22.

When r > 1, let H = G[L*"°U R**"] be its subgraph induced on the special vertices. By
Claim 6.2.25 and the induction hypothesis, we immediately have that H contains a perfect
matching. Hence, it remains to argue that there is a perfect matching in the subgraph

Hl — G[L\LSPEC U R\RSPEC].
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By definition of the special vertices, L\ L***° corresponds to L[i] where oy (i) < b, -« and,

similarly, R\ R%"* corresponds to R[j] where o.(j) < b, -« for i, 5 € [b.]. Then, to show that
there is a perfect matching in H’, it is sufficient to argue that

G[L[i] U R[j]] for each i, j € [b,] where o, (i) = 00(j) < b, - &

has a perfect matching since these are vertex disjoint graphs that cover all of L\L*" and

R\ R, We consider the case when r is odd and even separately.

Odd r. By construction, Alice adds edges corresponding to Bz(z-*l). In order to obtain

(r=1) p(r—1) "
GRAPH(A;; 7, B,

need to delete the edges corresponding to Al(vfjfl) since r — 1 is even. Instead, Bob deletes no
edges so G[L[i{] U R[j]] is a superset of GRAPH(AEZ»_I), ng_l)
a perfect matching.

), which has a perfect matching by the induction hypothesis, Bob would

), which implies that it also has

Even r. By construction, Alice deletes the edges corresponding to Bi(’rj_l). In order to
obtain GRAPH(AZ(-TID, Bi(;-*l)), which has a perfect matching by the induction hypothesis,

Bob would need to add the edges corresponding to Agj—l) since r — 1 is odd. Instead, Bob
adds a superset of these edges since he adds all possible edges

(EDGES(r — 1,1(n,._1), L[7], R[j]) U EDGES(r — 1,0(n,_1), L[i], R[j])).

Therefore, GRAPH(AZ(Z-_I), BV is a subgraph of G[L[i] U R[]] and has a perfect matching.

i
|

Finally, using these key structural properties, we show that any graph G has a perfect
matching and that any [S-approximate maximum matching in G includes many edges that
correspond to the bit graphs of the special base instances.

Lemma 6.2.28. Forr > 1, any B-approvimate mazimum matching M in G = GRAPH(AM B1))
identifies the bits of at least
n. - (1/8 — 2ar)

many special base instances in (AT B)).

Proof. By Corollary 6.2.26, we know that the edges in H = G[L* U R*] are able to identify
the bits of the special base instance. Therefore, we first obtain a bound on the number of
edges in M that must have both endpoints in L* U R*, i.e., the number of its edges in H.

Observe that the number of edges in M that are not in H have at least one endpoint not
in L* U R*, i.e., there are at most |(L U R)\(L* U R*)| many such edges. Therefore, M has
at least

|M] = [(LUR)\(L"UR")]

edges in H. Then, by definition of the special base vertices L* U R* and the choice of
parameters in Eq (6.9) and Observation 6.2.8, we have that

’L*‘:’R*|:2.]%.]{;1_1.___.]@1IQnT,(l_ay

156



and
(LURN\(L*"UR")| =4n, —4n, - (1 — )" =4n,.(1 - (1 — a)").

Now, by Lemma 6.2.27 and since M is a S-approximation, we have that M is of size at least
2n,./ 3, which gives us the following bound:

M| — |(LUR\(L* UR")| > 2n,/8 — 4n,(1 — (1 — a)")
= 4n,(1/28 — 1+ (1 —a)").

Finally, by Corollary 6.2.26, the only edges in H are the edges of the vertex-disjoint
union of the bit graphs GRAPH(AY, BY) for s € [k,] X [k,—1] X ... x [k1]. By Definition 6.2.22,
each bit graph is a matching of exactly two edges, each of which can be used to identify the
underlying bit of the special base instance. Therefore, in the worst case, every two edges of
M in H identifies a single bit of a special base instance and thus at least

2n,.(1/26-1+(1—-a)")>2n,(1/286—-1+1—a-1) (by Bernoulli’s inequality)
=n, - (1/8=2a-7)
many such bits are identified by M. |

6.2.3.3 A Protocol for AHM,(n,, ) using a Dynamic Streaming Algorithm

Using the above graph construction and its key properties, we can now construct a protocol
7 for any instance (A", BM) of AHM,(n,,a) that simulates a run of any p-pass s-space
dynamic streaming algorithm A for g-approximate maximum matching on the bipartite
graph G = GRAPH(A™  B"). We then use this protocol to prove Lemma 6.2.6.

A protocol 7 for AHM,(n,,a) on any input (A", B(™) using the p-pass s-space
dynamic streaming algorithm A where r = 2p — 1:

(a) Alice computes the edge insertions E4 = EDGES(r, A", L, R) and then constructs an
arbitrary ordering o4 of the edges E4. Similarly, Bob computes the edge deletions
Ep = EDGES(r, B™, L, R) and then constructs an arbitrary ordering o5 of the edges
Ep.

(b) The players simulate each pass of A on the stream of insertions o4 followed by
deletions op in the usual manner: To simulate a single pass, Alice runs A on the
insertions in o4 then sends the memory state to Bob, who continues A on the dele-
tions in op and sends the memory state back to Alice. In only the final pass, Bob
computes the output matching M of A instead of sending its memory state.

(¢) In parallel to the simulation, Alice and Bob also exchange messages to identify the
labels of all the special base instances in (A*, B*), each of which is identified by a
tuple (s, Sy_1,...,51) € [k] X [kr—1] X ... X [k1] as follows.

o In the first round, Alice does not send anything. In the second round, Bob
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sends the two input permutations oy, o¢ of [b,] along with the message to Alice,
using which Alice can identify k, many special sub-instances of AHM,..

e For any round 2 < ¢t < r, the player who receives the message of round ¢ — 1
identifies the k, - k._1 - ... - k413 many special instances of AHM, ;.5 (sub-
instances of AHM,_;;3). In round ¢, this player sends 2 - k, - k1 - ... - k443
many permutations of [b,_; s], corresponding to the two input permutations of
each of these instances of AHM,_;.5.

o After receiving message of round r, Bob is able to identify the k, - k.1 - ... ko
many special instances of AHM;. Bob already knows the two input permutations
of [b1] associated with all these special instances of AHM;, and thus knows the
labels of all the special base instances.

(d) At the end of the protocol, the final player receives a uniform random search sequence
s* = (kX k*_y,..., k7). Then, using the information obtained in the previous step,
the player identifies the special base instance (A%., BL) and corresponding special
base vertices L%, = {{1, (s} and R%. = {ry,m2}. The player returns x,« as the output

of the protocol, which is determined as follows:

o If M contains the edge (¢1,71) or (f2,73), g = 0;
o If M contains the edge (¢1,72) or (f2,71), g = 1;

o Otherwise, x4+ is a uniform random bit.

We now use this constructed protocol to prove the desired connection between max-
imum bipartite matching in the dynamic streaming model and the AHM, problem, thus
proving Lemma 6.2.6.

Proof of Lemma 6.2.6. To prove this lemma, we show that 7 is an r-round protocol with
CC(m) <r-s+O0(r* -n,logn,) and suc(r)>1/2+1/68

where, as in the statement of the lemma, r = 2p — 1, o = 1/(4pr), and § > 1 is the
approximation guarantee of the maximum matching returned by A.

First, we argue the number of rounds of communication required by each step separately:

o By Claim 6.2.23, Alice and Bob can compute their edges F4 and Ep without any
communication.

o In the simulation of A, each pass of the algorithm is simulated using two rounds of
communication, one message from Alice and one message from Bob, except for the
final pass, which only requires one round, i.e., one message from Alice. Since A has p
passes, simulating it requires r = 2p — 1 rounds of communication.

« Identifying the labels of the special base instances (which is only required at the end to
output the solution) also requires r rounds of communication since, at the end of each
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round ¢t € [r], k, - k1 - ... k._411 many special instances of AHM,_,; are identifiable
by the player that receives the message.

o Returning the output of protocol 7 is solely computed from the output of A and the
identified labels, which can be done without any further communication.

Since the simulation of A and identifying the labels is done in parallel, protocol 7 is an
r-round protocol.

Next, we argue the communication cost of m by considering separately the only two steps
that require communication. To simulate A, the players only exchange the memory state of
A. Since this requires at most s bits for each of the r messages, the overall communication
required in the simulation is at most r - s bits.

Next, we give an upper bound on the communication required to communicate the labels.
In round ¢ for 2 < t < r, the player sends 2 -k, - k.1 - ... - k._;1 3 many permutations of
[b,_¢10]. Using Eq (6.9), we can say, in total,

2 ky ke kg3 be—gyo 10g(br7t+2) <20y bp1-. o bpgg3bpga - 10g(br—t+2)
= O(n, -log(n,))

bits are sent. In r rounds, the total number of bits to find the labels of all special instances
is O(r - n, - log(n,)). Therefore, CC(m) <r-s+ O(r - n,logn,).

Finally, we argue the probability of success of m. The goal for solving the instance
(AT B)) of AHM,.(n,,a) is to output the bit of the special base instance (A%, B:.) where
s* = (kX k*_4,...,k7) is the uniform random search sequence given to the final player, i.e.,
Bob since r = 2p — 1 is odd, at the end of the protocol. In protocol 7, the predictor x4 of
the solution is obtained from the matching M returned by A or is a uniform random guess.

When A succeeds, which occurs with 1 — 1/poly(n) probability, it is guaranteed to out-
put a B-approximate maximum matching M in the bipartite graph GraPH(A™ B(™). By
Lemma 6.2.28, the edges of M identify the bits of at least n,. - (1/8 — 2ar) many special base
instances, which are n, - (1 — «)” many in total by Observation 6.2.8. Since s* uniformly
selects one of the special base instances to correspond to the solution bit, M identifies it
with probability at least

1/8 —2ar _ _
W >1/—2ar=1/—-1/28=1/25

since a = 1/(4pr) € (0,1).

Thus, we have,

o When A succeeds and M correctly identifies the solution bit, the predictor x4 returned
by 7 is correct (with probability 1);

o When A succeeds but M does not identify the solution bit, the predictor x4« returned
by 7 is a random guess and thus is correct with probability 1/2;
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o When A fails, there is no guarantee on the predictor bit, and we might as well assume
the answer is wrong (with probability 1);

As such, we have that the protocol succeeds with probability at least

(1= 1/poly(n)) - (2; 4+ (1 - 2%) ~ ;) +1/poly(n) - 0 > ; . (1 + 315> ,

since [ is a constant. This concludes the proof. |

Remark 6.2.29. In the construction of GRAPH(A™, BM), when r is even, Alice deletes the
edges before Bob adds them: for the corresponding streaming problem, this corresponds to
deleting edges that have not been inserted (although the final stream still ensures that any
edge that is deleted will be inserted); this is not consistent with the definition of dynamic
graph streams. Nevertheless, in our construction, we only use the AHM,. lower bound when
r = 2p— 1 and thus is odd. Here, Alice adds edges to the graph, and Bob deletes the edges
after all the edges are added. As a result, in the corresponding streaming problem, no edge
is deleted before it is inserted, thus adhering to the restriction of the dynamic graph streams.
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7 Distributed Triangle Detection

7.1 Introduction

In the distributed triangle detection problem, we have an n-vertex graph G = (V, E) repre-
senting a distributed network with one player for each vertex of the graph who sees the edges
incident on the vertex. Players communicate in synchronous rounds by sending O(logn) bit
messages to each of their neighbors per round. The goal is to detect if G contains a triangle
as a subgraph in a small number of rounds. Detecting in this problem means that if G
contains no triangles, all players should output No; and, if G contains a triangle, at least
some player should output Yes.

This model of distributed communication is referred to as the CONGEST model [Pel00]
to contrast it with the LOCAL model [Lin92] that ignores bandwidth limitations and focuses
solely on locality, imposed by communicating only over the edges of the graph. Triangle de-
tection can be trivially solved in a single round of LOCAL by each vertex collecting the
neighborhood of its own neighbors. But, this approach incurs a significant communication
bottleneck and misrepresents the true complexity of this problem in distributed networks.
As a result, triangle detection (among other subgraphs) has been studied extensively in the
CONGEST model in recent years, leading to the following state of affairs (see also Sec-
tion 7.1.1 for more on the related work):

o From the upper bound side, the first algorithm for distributed triangle detection is due
to [IG17] and achieves O(n??) rounds. This was subsequently improved in [CPZ19] to
6(711/ %) rounds using expander decompositions, and further refined in [CS19,CPSZ21]
to O(n'/3) rounds. See also [HPZZ21] for an algorithm with guarantees based on
maximum degree of the graph. These algorithms are randomized and their guarantees
hold with high probability. Subsequent work [CLV22], building on [CS20], obtained
deterministic n'/*°(M) round algorithms for this problem. Plugging in the more recent
deterministic expander routing algorithm of [CHS24] in the framework of [CLV22],
leads to an O(n'/3) round deterministic algorithm.

e On the lower bound side, not much is known about this problem. Basically, the only
lower bounds for this problem are due to [ACKL20] and [FGKO18] who, respectively,
showed that deterministic or randomized algorithms cannot solve this problem in a
single round.

We refer the reader to the excellent survey of [Cen22] for a detailed overview of the literature.
The lack of progress on lower bounds can be attributed to two factors: (1) the main
lower bound technique in this model, namely reductions from two-player communication

complexity, is provably incapable of establishing any meaningful lower bounds for triangle
detection [ACKL20, FGKO18, Cen22] (see also Section 2.3.2); and, (2) there is a provable
barrier for establishing strong lower bounds: [EFF*22] shows that a lower bound of n° rounds
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for any constant 6 > 0 implies circuit complexity lower bounds that are entirely out of reach
of existing techniques (see also Chapter B).

Given the above challenges, proving any lower bounds for distributed triangle detection
has been considered a challenging task [ACKL20, FGKO18,Cen22], and prior work has only
ruled out one-round algorithms. In this work, we make further progress on this tantalizing
open question.

Theorem 5 (restated). Any algorithm for distributed triangle detection in CONGEST on
n-vertex graphs requires Q(loglogn) rounds to succeed with high constant probability.

Theorem 5 provides a partial answer to the question of determining the round com-
plexity of distributed triangle detection—from the lower bound side—raised repeatedly in
the literature, e.g., in [ACKL20, Open Question 1] and [Cen22, Open Problem 2.2|, among
others.

To put our main result in perspective, we should highlight other lower bounds for dis-
tributed triangle detection in related models. The lack of lower bounds in CONGEST mo-
tivated [ACKIL20] to consider a more limited model of communication wherein each player
sends a single bit on each of its edges per round (simulating a round of CONGEST re-
quires 2(logn) rounds in this model). In this model, [ACKL20] proved an Q(log*n) lower
bound for deterministic algorithms and [FGKO18] extended the lower bound to (logn)
rounds. Similarly, [DKO14] proved that any deterministic algorithm that broadcasts the
same O(logn)-bit message to all its neighbors in each round, needs n'!=°) rounds'. To our
knowledge, for randomized algorithms, even in these computationally weaker models, no
lower bounds better than a single round were known.

Technical perspective. As mentioned earlier, a key bottleneck in proving lower bounds
for distributed triangle detection is the inadequacy of standard applications of communica-
tion complexity. This is reminiscent of another (loosely) related area of research: multi-pass
graph streaming lower bounds, wherein direct applications of communication complexity are
often limited (see, [ACK19a] or [Ass23] for a discussion of this topic). However, recent
years have witnessed a flurry of breakthroughs in proving lower bounds in this model, e.g.,
in [GO16,AR20, CKP"21a, AKNS24a] (see [Ass23] for a quick summary) using more direct
arguments tailored to the model and problems at hand.

Our work is inspired by these successes and our conceptual contribution is to draw a
connection between some of these techniques and the distributed triangle detection problem.
At a technical level however, this requires bypassing the inherent difference between the
point-to-point communication aspect of CONGEST model versus the broadcast nature of
all these lower bounds in graph streaming and related models (e.g. [ANRW 15, AKZ22]). Our
main technical contribution is thus bridging this gap, which we hope can be of independent
interest for proving other distributed lower bounds in scenarios which are not amenable to
standard communication complexity arguments.

Our techniques. We shall go over our techniques in detail in the streamlined overview of
our approach in Section 7.3. For now, we only mention the high-level bits of our techniques.

!The lower bound of [DKO14] also holds in the more general model of broadcast CLIQUE wherein each
player can send the same message to all vertices of the graph, not only its neighbors.
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Our proof is based on round elimination, specifically the types introduced in [ANRW15]?,
and generalized more recently in [AKZ22] and [AKNS24a, ABK"25] to prove lower bounds
in broadcast CLIQUE and graph streaming models, respectively®. Prior work employ this
technique by creating “large” r-round hard instances via combining many (r — 1)-round hard
“small” instances together, in a way that solving the large instance, requires solving one or
a few of small instances as well. The construction ensures that the identities of these few
small instances are hidden from the players in the first round. The analysis then shows
that the first-round messages can be “eliminated”, leaving the protocol with solving a hard
(small) (r — 1)-instance in (r — 1) rounds, which, inductively, is impossible. As we will argue
later, direct applications of this approach inherently fail for us given CONGEST allows for
a very large communication overall, and the complexity only comes from the limited and
“inconsistent” view of each individual player. We thus show how to implement and analyze
round elimination at a “per player” level instead of “per (small) instance” level.

It is worth mentioning that graph streaming applications of these techniques in [AKNS24a,
ABKT25] rely on complex combinatorial constructions to facilitate the lower bound argu-
ments. In contrast, our hard input distributions are quite elementary from a combinatorial
point of view and all the challenge is in the information-theoretic analysis of these distribu-
tions.

Barriers for improvement. As stated earlier, the barrier identified in [EFFT22] suggests
that, modulo breaking notoriously difficult circuit complexity barriers, the best lower bound
we can hope for distributed triangle detection is some n°®) rounds. This is precisely what
our Theorem 5 achieves, although at the “lower end” of the n°!) range. A natural question
now is whether we can improve our lower bound further to “higher ends” of n°!); we provide
some context for this question here.

A slight optimization of the parameters in [EFF*22] gives us that even an nf(1/leglogn)
lower bound for distributed triangle detection breaks circuit complexity barriers; we present
this proof in Chapter B for completeness. Moreover, the proof of [EFF*22] relies on expander
decompositions and routing schemes in CONGEST model. Expander decompositions now
run in polylog(n) rounds [CMGS25] and it is plausible that the current algorithms for ex-
pander routings can be improved dramatically to also run in polylog(n) rounds. If such
a fast algorithms for routing exists, even an €(log®(n))-round lower bound for some large
constant ¢ > 1 for triangle detection could lead to breaking circuit complexity barriers (see
Remark B.4.3). In light of all these, we believe that realistically, the best lower bound
one can hope to prove for our problem is an Q(logn) bound. We leave closing the gap of
Q(loglogn) in our Theorem 5 to this “realistic target” of Q(logn) as an interesting open
question.

Finally, we remark that our techniques, adapted from [AKNS24a, ABK"25] (and origi-
nated from [ANRW15]), are heavily tailored to proving €2(loglogn) lower bounds — in fact,
both prior lower bounds of [AKNS24a, ABK25] are optimal for their respective problems,

2Their work addresses the welfare maximization problem in mechanism design and bipartite matching
in a broadcast communication model between (active) players on one side and (passive) items on the other
side.

3We note that while conceptually related, this technique is entirely different from the round elimination
in LOCAL lower bounds; see, e.g., [Suo20] for more details on the LOCAL round elimination technique.
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and as such cannot be extended beyond these bounds. We believe proving a lower bound of
Q(logn) for triangle detection in CONGEST likely requires new techniques.

7.1.1 Related Work

Listing vs detection. A more general version of our problem is triangle listing where the
goal is that every triangle in the network is output by at least one player. All algorithms
mentioned earlier for distributed triangle detection [IG17, CPSZ21, CS20, CLV22, CHS24],
with the exception of [IG17], also solve the listing problem within the same round complex-
ity. As such, this problem can also be solved in O(n'/3) rounds of CONGEST [CS19,CHS24].
In addition, [IG17, PRS18] proved that this Q(n!/3) rounds is nearly-optimal for the listing
problem. Their proof is based on a clever but relatively simple information-theoretic ar-
gument on random graphs which shows some vertex “learns” Q(n*/?) bits about the graph
(outside its neighborhood) based solely on the answer; since each vertex can only receive
O(nlogn) bits per round, this implies an Q(n'/3/logn) round lower bound. This technique
is entirely disjoint from our work for triangle detection.

CONGEST vs CLIQUE models. The lower bounds of [IG17,PRS18] hold in the more
general (Congested) CLIQUE model [LPPP05] wherein every pair of players communicates
O(log n) bits per round. Interestingly, better CLIQUE algorithms are known for triangle de-
tection: [CKIK*15] designed an O(n'~2/) rounds algorithm for triangle detection where w is
the matrix multiplication exponent which currently stands at w ~ 2.371339 [ADV25]. Un-
like the lower bounds of [IG17,PRS18] for triangle listing, proving any super-constant round
lower bounds for any decision problem in CLIQUE—so, in particular, triangle detection—is
a highly challenging task, as it implies circuit lower bounds that are beyond the reach of
existing techniques [DKO14].

CONGEST algorithms for triangle listing or detection in [CPSZ21,CS20,CLV22, CHS24]
all work by using expander decompositions and routings, to decompose the graph into well-
connected components and simulate triangle listing algorithms in the CLIQUE model on
these components. The circuit complexity barrier of [EFF*22] for proving triangle detection
lower bound in CONGEST follows a similar pattern and relies on earlier work of [DIKO14]
in the CLIQUE model.

Other subgraphs. There is also a large body of work on distributed subgraph detection
beyond triangles. One example is the 4-clique listing CONGEST algorithm of [EFF22] that
runs in n*4t°M rounds, which was subsequently improved to 6(n1*2/ P)-round algorithms
by [CCGL21, CLV22, CHS24] for all p-cliques for p > 3. In addition, [CKI18] proved a
nearly-optimal Q(n'/?) lower on the round complexity of detecting 4-cliques in CONGEST.
Unlike for triangles, the lower bound for 4-clique can be proven using the standard two-
party communication complexity approach. We refer the interested reader to the excellent
survey of [Cen22] for a thorough review of the literature on distributed subgraph listing and
detection, as well as more details on the uniqueness of triangles among all other subgraphs
when it comes to proving lower bounds.
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7.2 Preliminaries

7.2.1 Notation

At certain places with consecutive lengthy equations, we may color some parts of the text to
highlight the differences between nearby equations; these highlights are at no place necessary
for parsing the equations and can always be ignored entirely.

Tripartite graphs. We work with tripartite graphs G = (V, E) with vertex set partitioned
into V=AU BUC, and |A| = |B| = |C] = n and no edges with both end points in A
or Bor C. We use A = {ay,as,...,a,} to denote the elements of set A, and similarly for
B,C. For any i € [n], we use {< a;} to refer to the set {a1,as,...,a,-1}. This is defined
analogously for {< b;} and {< ¢;}.
An important note on the notation: to avoid the repetition and clutter in the notation,
we use x,, z to iterate over vertices of the graph without referring to each particular part
of A, B,C. When we use x € {a,b,c}, we use X to refer to the set among {A, B,C} that
x belongs to and vice-versa, and use Y and Z for the other two sets (e.g., if x = a, then
X=AandY # Z € {B,C}).

Another example is to write z; for = € {a, b, ¢}, to refer to a; or b; or ¢;, correspondingly.
That is, when, say, * = a, any other mention of x; or 2 should be interpreted as a; or a;,
respectively.

Vectors. Given a vector L of ¢ elements, we use L[i] for i € [¢] to refer to the i element
of L. We use L[S] for any S C [{] to refer to all the elements at positions from S in vector
L.

7.2.2 Model of Communication

For technical reasons, we work with a stronger model than CONGEST, wherein vertices are
allowed to communicate to some select other vertices in certain rounds even without having
an edge to them. Given we are proving a lower bound, this can only strengthen our result.
Throughout the paper, we use G = (V, E) to denote the input graph and use the terms
‘players’ and ‘vertices’ interchangeably.

Channels. We consider communication as happening over channels between pairs of ver-
tices. When we say a channel exists between u,v € V in some particular round, vertices u
and v can send messages to each other in this round. Edge (u,v) may not exist in the input
graph, and the channels are a superset of the edges. The sets of channels available may vary
between the rounds.

Let r be the total number of rounds in the protocol. We use C; C V' x V' to denote the
set of channels available at round (r — j 4 1) for j € [r]. The channels and the graph satisfy:

CTQCT—IQ"'QCIQCO::E7

where recall that E is the set of edges in the input graph (for notational convenience, it is
easier to define the channels in this reverse order, e.g., have C, be the channels in round 1
instead of 7).
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Type of vertex pairs. To any pair of vertices u,v € V, we assign a type, denoted by
type(u,v), which is an integer in [r+1]U{0} to determine until when the channel is available
for communication:

o If (u,v) € E, then type(u,v) = 0;
o If (u,v) € C; \ Cj_ for some j € [r], then type(u,v) = j;

o If (u,v) ¢ C,, then type(u,v) = r+ 1 and (u,v) is not a channel for any round in the
protocol.

The channel-degree of any vertex u will denote the total number of other vertices v
such that type(u,v) < r+ 1, i.e., the total number of vertices v such that (u,v) € C,.

Sources of randomness. Any protocol has three distinct sources of randomness:

o Public randomness: this is a global source of random bits visible to all vertices.

o Pair randomness: for each pair u,v € V', there is a tape of random bits visible only to
the two vertices v and v. This is independent of whether (u,v) form any channel in
the graph.

o Private randomness: each vertex u € V' has a private tape of random bits only visible
to itself.

Input of players. We work with tripartite graphs with a known partition of vertices into
three parts A, B,C, each of size n (players also know n). The vertices in each layer are
identified with elements from V' = A LU B U C; we refer to this element as the identity of
the vertex. Each vertex x € X is given two vectors of length n, one for each of layers; in the
vector for a layer Y, for each y € Y, the type of pair (x,y) which is an integer in [r+1]U{0}
is specified. Note that this uniquely identifies the input graph and all the communication
channels.

Communication in a protocol. Communication happens in rounds. In round i € [r],
each vertex u € V simultaneously sends messages to all v € V' such that (u,v) € C,q1_; i.e.,
in the first round the vertices can send messages over all pairs (u,v) € C,, in the second
round, over C,_1, and so on (as Cy = F, the players can always communicate over the edges

of G).

Output in a protocol: When no triangle exists in the input graph G, we want all vertices
to declare that no triangle exists at the end of the last round. When a triangle exists, we
want at least one vertex to declare that a triangle exists (the vertex may not be part of any
triangle).

Protocol parameters. There are three relevant parameters associated with a protocol 7:

« round(m): the total number of rounds used by protocol .
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o bw(7): the bandwidth of the protocol, or the maximum of the number of bits sent by

any vertex over any channel, taken over all rounds (in CONGEST, we have bw(r) =
O(logn)).

e suc(m): the minimum success probability of the protocol 7 over all input instances
where the probability is taken over all the sources of randomness.

For deterministic protocols 7, we also have the following parameter for any distribution p of
inputs:

o suc(m, p): probability of success of ™ on average over inputs drawn from the distribution
L.

Our model is more powerful than the CONGEST model, as any protocol 7 in
CONGEST can be implemented in our model by only communicating messages over channels
Co = E (and ignoring other channels). It is also worth pointing out—even though this will
not be related to our paper—that this model in the limit can even capture the CLIQUE
model by allowing a channel between all pairs of vertices throughout all the rounds (i.e.,

C,=...=C = (‘2/) and Cy = E as before). Although for our lower bounds, we certainly do

not allow all channels to exist.

7.3 Technical Overview

Our proof of Theorem 5 is quite technical and involves various information-theoretic maneu-
vers that can be unintuitive or daunting to parse. Thus, we use this section to unpack our
main ideas and give a streamlined overview of our approach. We emphasize that this section
oversimplifies many details and the discussions will be informal for the sake of intuition.
The rest of the paper is written in an independent way so the reader can skip this part and
directly jump to technical arguments.

We start with a recap of the round elimination arguments that we have seen so far, and
others that have a similar flavor.

7.3.1 Background: Round Elimination Arguments in Prior Work

We now switch to discussing the type of round elimination ideas that have proven quite
successful in establishing distributed lower bounds in certain broadcast models [ANRW15,
AKZ22] and more recently graph streaming lower bounds [AKNS24a, ABK*25]*. While
there are substantial differences between applications of these ideas across these works, at
a sufficiently high level (and for the purpose of comparison with our own work), we can
characterize all of them as follows.

We inductively create a family of distributions {G,},., where G, generates hard inputs
for r-round algorithms (with the base case Gy being simply some non-trivial distribution
as O-round algorithms are typically very easy to analyze directly). For any r > 1, the
distribution G, is constructed by sampling a “large” number of (r — 1)-round independent

4We shall note that origins of these ideas also directly traces back to the two-party communication
complexity model and the “round elimination lemma” of [MNSWO95] in that model.
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instances Iy, I5,..., I, from G, ;. These instances are then “packed” together carefully to
ensure that for some randomly chosen j* € [k,], (1) the answer to the instance I sampled
from G, is determined by the answer of the inner instance [+ from G,_;, and yet, (2) in
the first round of the protocol, the players are oblivious to the value of j*. We note that
this way, often the inputs and number of players in r-round instances in G, are polynomially
larger than those in (r — 1)-round instances.

Suppose we have an r-round protocol 7, for solving instances I ~ G, with success prob-
ability suc(m,). We construct an (r — 1)-round protocol 7,_; for solving instances I’ ~ G, 4
using 7,

1. The players of m,_; use public randomness to sample an index j* € [k,]| as well as
the first round of messages M) of 7, from its distributions. They assume the inner
(r — 1)-round instance I;« of the outer r-round instance [ is their input I'.

2. They then use a combination of private and public randomness to sample the remain-
der of I conditioned on M and I;» = I' to create a complete r-round instance®.

3. Finally, the players in 7,_; already have access to the first-round message M) and
thus only need to run =, from its second round onwards—while simulating remaining
parts of I outside [;» = I'—and output the same answer as 7.

%This step is highly non-trivial and specialized as each player of I’ only knows its own input in I’ and
not the entire I’ and so it is not clear (nor always possible) for the players to sample I conditioned on
M® and ;. =TI’

To argue the correctness of the protocol 7,._1, we only need to show that the distribution
of inputs and messages to 7, induced by m,_; is within o(1) total variation distance of the
correct distribution; the rest follows by construction, since the answer to I ~ G, is the same
as I;» which is chosen to be I’, namely, the instance m,_; wants to solve in the first place.
Specifically,

o The right distribution of all random variables in 7., for a fixed j*, can be expressed as:

|v|<1>) X (l_j* | M“),lj*),

M x (Ij*

where |_;« denotes the random variable for all (r — 1)-round sub-instances except for
L.

J

o The distribution sampled from in the protocol 7,._; on the other hand is:

MDD x 1ox (e MO 1)
publicly input

mix of publicly and privately
namely, here, M and I ;+ are sampled independently of each other.

Assuming the third step of sampling can be done—which, to emphasize again, contains the
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bulk of efforts in many of these works —the distance between the two distributions is only a
function of their second arguments. This distance, for a random choice of j* € [k,], can be
upper bounded as

E |l — (I IMO)24 < E I(lj;MW) <

1
Jr€lkr] j*€lkr] =k (s e ) = o(1);

here, the first inequality is standard (see Fact 4.3.10 and Fact 4.3.4) and the main inequality
is the second one: it holds roughly because the players in m,. (but of course not m, 1)
are oblivious to the choice of j* in their first round and thus the information revealed by
their first-round messages is “spread” over all k, sub-instances. The final equality also
holds by ensuring that k, is much larger than the length of sampled messages M (and
applying Fact 4.3.1-(1)).

All in all, this means protocol m,_; has success probability suc(m,_1,G,_1) > suc(n,, G,) —
o(1) and a similar communication bandwidth as ., but with one fewer round. Continuing
like this then leaves us with a O-round protocol for Gy with a non-trivial probability of success,
a contradiction.

Before moving on, we should caution the reader that while the above discussion captures
the common theme of arguments across the aforementioned work, none of those work follow
this recipe directly. For instance, [ANRW15] samples the message M) to be only the ones
originating from players in I;« (to ensure its size is small with respect to k;); [AKZ22] does
not even sample the remainder of I and follows the simulation through sampling relevant
messages from I_j« to I;+; and finally, for [AKNS24a, ABK™25], the number of players is a
lot fewer (in fact, just two players in [ABK"25]) and instead the players are forced to solve
many albeit a small fraction of inner sub-instances at the same time. This discussion also
only focused on the information-theoretic aspects of the lower bounds and entirely neglected
the combinatorial parts of how one can “pack” so many (r — 1)-round independent instances
inside a single r-round instance. However, we hope our description provides a big picture of
these prior arguments.

7.3.2 Our Approach
We now start presenting the main ideas behind our own work.
7.3.2.1 A Hard Input Distribution

We generate a recursive family of hard input distributions {G, }, -, where G, samples tripartite
graphs with n,. vertices in each layer for r-round protocols. For reasons that will become clear
soon, unlike in Section 7.3.1, we cannot specify our r-round instances as a combination of
many (r — 1)-round instances. Instead, they are obtained by sampling a single (r — 1)-round
instance plus a very large individualized “noise” for each vertex in the inner (r — 1)-round
instance to hide its inner edges among the outer graph.

We use parameters n, and d, in the description of the distribution and they are defined
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Figure 7.1: An illustration of our hard input distribution. The solid (blue) edges show the
(r — 1)-round hard instance inside an r-round hard instance and the dashed (gray) edges
show the extra unique channels sampled for each vertex of the inner (r — 1)-round instance.

recursively as follows”:
d, = poly(n,_1) and  n, = poly(d,). (7.1)

The base case Gy has ng = 1 and simply consists of three vertices a,b,c with an edge
between each pair appearing with probability 1/2 (and thus a triangle with probability 1/8).
The distribution for r-rounds for r > 0 is as follows.

Distribution 1. A hard distribution G, of graphs G = (AUBLC, E) for r-round protocols:

1. Sample three sets of vertices A* C A, B* C B, and C* C C each of size n,_;
independently.

2. Sample an (r — 1)-round instance G* over (A*, B*, C*) and let the induced subgraph
of G on these vertices be G*. The vertices in different layers have a channel in C,
to each other, whose type is determined by the channel-type in G* (not having a
channel in G* translates to a type r in G).

3. For any x in some layer X*, any layer Y # X € {A, B,C}, and any type t € [r]U{0}
of channel, sample enough vertices for v uniformly from Y \ Y* such that = has d,
type-t channels in total to Y. We require all sampled vertices to be unique across all
vertices of G*.

See Figure 7.1 for an illustration.

It is easy to see that a graph G sampled from G, for » > 1 has a triangle iff its inner
graph G* has one. Thus, the task of players in solving an r-round instance G reduces to that
of solving the inner (r — 1)-round instance G*. Moreover, while a player in G' can determine
whether it belongs to G* or not (its channel-degree is only 1 in the latter case), it cannot

5We specify these parameters explicitly in the actual proof, but here keep them at this level to focus on
their connections as opposed to their actual values.
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determine this information about its neighbors on its own. Intuitively, this suggests that
the messages between two players x,y € G* cannot reveal almost any information about
G* as either of these vertices have > d, channels, but only n,_; < d, of them are in G*,
and their identities are unknown to the sender. Hence, one expects the first round messages
to be “wasted” until the players find their channels in G*, and then have to solve a hard
(r — 1)-round instance in the remaining (r — 1) rounds.

As expected, turning this intuition into an actual proof is quite challenging. For instance,
our distribution G; for one-round protocols is almost identical to the ones for the one-
round lower bound of [FGKOI18] (modulo the notion of channels) and based on the same
principle as the deterministic one-round lower bound of [ACKL20]. But, even for one-round
protocols, quite a lot of technical work has been done in [FGKO18; ACKL20] to establish
the lower bound. As such, all our effort in this paper is dedicated to formalizing this basic
intuition. It is also worth pointing out that while many one-round lower bounds can be
cast as round elimination arguments to zero-round instances, this is not the case for the
arguments in [FGKO18 ACKL20], and thus from a technical point of view, our arguments
already deviate from these prior approaches even for one-round protocols.

7.3.2.2 First Attempt on Round Elimination: Public Sampling of Messages

Following prior work in Section 7.3.1, let us consider creating an (r — 1)-round protocol 7,4
for G,_1 ~ G,_1 from an r-round protocol 7, for G, ~ G,:

1. The players of m,_; use public randomness to sample vertices (A*, B*, C*) and map
[n,_1], namely, vertices of their input G,_; in each layer, to these sets accordingly.
They then define the induced subgraph G* in G, to be G,_; after this mapping of
vertices.

2. The players of m,_; sample the first-round messages MW of =, using
public randomness conditioned on (A*, B*, C*) but independent of the types of chan-
nels in G*.

We will already run into a serious problem!

For this approach to have any chance of succeeding, we need to be able to say that the
joint distribution of (M®,G*) | (A*, B*, C*) in the protocol 7,_; is close to being a product
distribution, so that sampling them independently in 7,._; does not change their distribution
too much. But certainly distribution of M) highly correlates with that of G*: for any
channel in G*, the message of M) can easily reveal the type of this channel with very small
communication (and if we consider the original CONGEST model, then simply having a
message between a pair of vertices reveals the existence of the edge between them as well!).
Thus, the protocol above is doomed to fail.

This issue stems from the inherent difference of point-to-point communication versus
broadcast ones targeted in Section 7.3.1. Basically, sampling the message M) publicly is
effectively the same as revealing the first round messages to everyone (in the second round);
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but unlike a broadcast model, for us, this is way too much information. Fortunately, to sim-
ulate a CONGEST protocol 7., each vertex only needs to know the messages communicated
to and from it and not all messages. Hence, the first lesson for our round elimination proto-
col is that sampling first-round messages should “respect” the point-to-point communication
pattern as well.

7.3.2.3 Second Attempt on Round Elimination: Pair Sampling of Messages

Equipped with our previous lesson, we make a second attempt at creating the protocol 7, _;.
In addition to public randomness, we have equipped the vertices with pair randomness, to
facilitate the sampling of first round messages. See Section 7.2 for the different sources of
randomness given to the vertices.

1. The players of 7,_; use public randomness to sample vertices (A*, B*, C*) and define
G* of G, based on their input G,_1, as before.

2. Then, every pair of vertices in x,y € G* use pair randomness to sample the messages
to and from each other, namely, M") , and My Y ., conditioned on (A*, B*,C*) and
type(z,y) but independent of the rest of G*.

Again, we stop the description of the protocol here already.

Let us examine the two distributions involved here:

o The right distribution of involved variables is:

* el * * * 1 (1) * * * (%
(A",B",C") x (G"|A, B, C) x X (M) MY, G" A" B, C").
(m,y)EX*#Y*

where M{) = (M{, /MY ) denotes both messages communicated over a pair (z,y),
and, under some arbitrary ordering between all pairs of vertices (z,y) € G*, variable

MS()x’y) collects these messages for all pairs before (z,y).
e On the other hand, the distribution of variables in m,_; are:
(A",B",C") x (G'|A" B C)x X (MY)|G

(zy)EX*£Y™

A", B, CY),

z,y0

public randomness input plus renaming pair randomness

where G} , is the random variable for type(z,y) (conditioned on vertices (A*, B*,C*)).

Bounding the difference between these distributions thus boils down to bounding the fol-
lowing for every pair (z,y) € G* (we use G*, , to denote the other types in G apart from
(z,y) and we say N* = (A*, B*, C*) to avoid the clutter)

1 * * *
(M) I M, ) GEN7) = (M) Gy N7 12 S TME) 5 G2, MY, | Gl N,
(by Fact 4.3.10 and Fact 4.3.4)
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Using the chain rule of mutual information (Fact 4.3.1-(7)), we can further write the RHS
above as
(M

o | Gy N =T(ME) 16" ) | GE L NT) +T(ME s M, ) | 67N,

o (7.2)

).
R f(xy) z,y)

Let us now consider each term in the RHS separately.

First term in RHS of Eq (7.2). This term measures the information revealed by the
messages between x,y about other pairs inside G* (conditioned on type(z,y)). Our intuition
is that this information should be quite low because vertices x and y cannot distinguish
between their channels in or out of G*, and thus should not be able to tell each other about
the type of their other edges inside the graph G*.

At this point, it is tempting to follow a similar strategy as in Section 7.3.1 and re-write
the distribution G, so that it is a combination of, say, k, many (r — 1)-round instances. We
can then say that given x participates in k, many instances and only one of them is special
(namely, is G*), = will not be able to reveal much information about this instance in its
message. The problem is again the unicast versus broadcast: if the partitioning of the input
into separate instances are known to the players, even if they do not know which one is
special, we still have a problem: vertex x can reveal a lot of information to its neighbor y
about the same instance they are both part of.

To bypass this, we instead use an inconsistent way of creating these instances. Suppose
in the distribution G,, for the vertex x € G* we sample k, partial (r —1)-round sub-instances
Ki,..., K, on 2n,_; — 1 vertices such that each one is sampled from a distribution that
combined with the edge (z,y) can form the input of x in a G,_; instance. See Figure 7.2 for
an illustration.

(i 1T ) | G

Figure 7.2: An illustration of sampling partial (r — 1)-round sub-instances. Here, from the
perspective of x, the edge (z,y) plus any of K;’s for i € [k,] form a proper input of z in
an instance sampled from G, ;. One of these instances corresponds to the special inner
instance G*, while for all other instances, the instance is not complete, as in there are no
edges between Y- and Z-part of the instance.

By setting k, = d,/(n,_1)?, we can show that for inputs sampled from G,, with high
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probability, we can find such sub-instances for every vertex x and any of the r possible
types of channels in G* (basically,  has sampled d, many channels of each type so one can
re-order them to create k, many partial sub-instances). Moreover, from the perspective of
x in protocol 7., the special part of the input, namely, Gf( ,) can be any of these k, many
partial sub-instances. This, with some more technical but standard ideas that we omit here,
allows us to essentially write:

(MY » | G

7y’

) < H(M(xl,;7Gt(x,y) | kl?‘ . '7kk7‘7G* N* ) <

x,y?

1
z,y0 k‘i bW<7TT>7
by effectively arguing that the information revealed by MV Y, 1s spread over k, many possible
choices for G’i(w) among K, ..., K}, from the perspective of z (and similarly for My Y., and
y). Here, with an abuse of notatlon, conditioning on ki, ..., ki means conditioning on the
existence of C, channels to them, but the type of those channels are not fully determined
(only that they are sampled from the marginal distribution of G,_; | type(zx,y)).

Given the choice of parameters in Eq (7.1), across all choices of z,y € G*, the total
contribution of the first term of RHS of Eq (7.2) to the distances between distributions is

nr,1)4 1

(
-bw(m,) = d, “bwi(m,) < poly(n,_1)

(nr—1)2 :

1
- -bw(m,) < 1/poly(n,_1).
Second term in RHS of Eq (7.2). This term measures the information revealed by

the messages between x,y about some of other messages, conditioned on the entire special
sub-instance G*. This is where we run into another serious problem.

Consider a protocol wherein every vertex x samples a random coin privately and sends
its value as part of the message to all its neighbors. In such a protocol, knowing the message
Mg}g)! for any y reveals (at least) one bit of information about Mg}; for any other z # y as
well, making the RHS of Eq (7.2) at least 1 which is way too large for our purpose.

Thus, our second attempt at designing protocol 7,_; also fails, although this time we
made some further progress. The second lesson is that we need to break the correlation

between messages originating from a single vertex to other vertices in G* (but certainly not
all of G).

7.3.2.4 Third Attempt on Round Elimination: Public and Pair Sampling of
Messages

We now use yet another sampling process for obtaining 7,_; from m,.. To simplify the

exposition, we only write this sampling from the perspective of a single pair (z,y) € G* and
only the message Mz_w from z to y, assuming other messages M;_, _, of z to G*\ {y} have
already been (somehow) sampled using their own pair randomness. Doing this for all pairs
of vertices has several additional challenges but we skip those in this discussion to provide

the high level intuition (see also Figure 7.3).
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L id
N (<o) L.

; K, K, K
MWL N {< id(y)}]

 — —
X [[:H:JI---I G

Figure 7.3: An illustration of sampling messages via a mixture of public and pair randomness.
The type of the channel between (z,y) any (z,y’) for any y’ € L is the same.

1. The players of m,_; use public randomness to sample vertices (A*, B*, C*) and define

G* of G, based on their input G,_1, as before. We also assume messages Még,y have
been sampled using pair randomness at this point (so, in particular, are unknown to

Y)-

2. Player x uses public randomness to sample

Ki,...,K, CYUZ, LCY, and MOP[Ln{<idy)}];

« K, is a disjoint set of (2n,_; — 1) vertices in G, which together with (z,y) can form
an (r — 1)-round instance from G,_;; we let « have C,-channels to all these vertices
but do not sample their types yet (also, value of k, will be determined later);

o L is a disjoint set of £, (to be determined later) random vertices in Y, each of which
has a type(x,y)-channel to x;

o« MW[LN{<id(y)}] is the messages = sends to its neighbors in L N {< id(y)} in m,
conditioned on all the publicly sampled information (id(y) € Y* is the id assigned
to Yy € Gr—l)-

3. Finally, x and y sample ng via pair randomness conditioned on type(x,y) and all

the publicly sampled variables (so specifically, independent of Mf_{_y).

As for the parameters ¢, and k,, we pick them such that

¢, = poly(n,_1), k. = poly(¢,), and d, = poly(k,). (7.3)

We note that the entire goal of these sampling steps is to generate an input G, and
first-round messages M) for the protocol 7, so that players in m,_; can run this protocol
on the sampled input. The above process only specifies some part of the input to one of the
players x, with respect to one of the pairs (z,y) in the original input of m,_;. We will need
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to repeat this process for all pairs of vertices in m,._; and complete the remainder of inputs
and messages of players (including x) before we can run m,.. However, we can already start
analyzing the difference between variables involved in this process and the actual distribution
of G, and 7,. In the following, it helps to think of y as a vertex in the original input G,_;
and id(y) as the vertex y maps to in G,.

o The right distribution of involved variables is (we define N* := (A* B* C*), k :=
(ki, ..., kg, ), and W := (N*, k, L) to reduce the clutter):

(W, 6" MY, ) x (ML N {<id()}] | W, 6% MY, ) x (ME,) [ MP[L N {< id(y)}], W, G, MY, )

$*)y
where G! in the last term denotes types of all channels incident on z to vertices in
G*. We note that technically, here, we should have also conditioned on all of G* and
not only G;. However, it is easy to see that the distribution of messages sent by x is
independent of the rest of G* once we condition on G}. This is because G} provides
the input to z, thus conditioning on G} or G* is the same.

o And, the distribution of variables in m,_; is:

. 1 . . "
(W6 M) x (ML (< d)}) | W) x (M., | MOIL O {< d(y)}], W, G,
input plus public and pair randomness public randomness pair randomness

where G (after conditioning on N*) will simply be the type of the pair (z,y).

Let us focus on the third terms for now. Bounding the difference between these terms (as
before using Fact 4.3.10 and Fact 4.3.4) boils down to upper bounding

MY, 3Gy M2y, | WML {<id(y))], GL,) =
(G}, is G; minus G} )
(MY, 365, [ W, G MEVIL N {< id(y)}) + IME, s MY, | WML N {< id(y)}], G3),

(7.4)

where the equality is a direct application of chain rule (Fact 4.3.1-(7)). Notice that the LHS
here is quite similar to the LHS of Eq (7.2): modulo the extra conditioning on some new
random variables, LHS of Eq (7.4) also measures the correlation of message of x to y with
its remaining input G} _, as well as x’s other messages (in Eq (7.2) also, we could have
replaced G_(, ) by G5 —,). While we (provably) could have not bound the RHS of Eq (7.2)
(in particular its second term), we can bound the RHS of Eq (7.4) with the help of these
extra conditionings.

Before getting to the sketch of the proof, it is worth briefly checking the protocol outlined
at the end of the last subsection when discussing the second term of Eq (7.2). For that specific
protocol, the moment we condition on any message of z in M{V[L N {< id(y)}] (as in the
RHS of Eq (7.4)), we already have fixed the random coin toss of the protocol across its

different messages and thus can at least hope to say messages M} and M have low

Yy :v—) Y
correlation.
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First term in RHS of Eq (7.4). We have

IMY,, G, [ W, G MEVILN {<id(y)}])
= ]I(Mx—w’ Ly T WKk, G ML N {< id(y))])

(as W contains k = (ky, ..., kg, ))

IN

(skipping some technical steps)
; MOIL A {< id(y)])

(following Section 7.3.2.3 as G}, _, could be any of ki, ..., kg, from the perspective of z | G )
1
ke

IN

]I(Mggy;k oo ke, | W\ K, G,

IN

bw(,), (by Fact 4.3.1-(1))

given that M;lly is message with at most bw(m,) bits. By the choice of k. in Eq (7.3), we
can bound the contribution of this term, across all x,y € G*, by 1/poly(n,_1).

Second term in RHS of Eq (7.4). We have,

I(MD, MY W, GE) =TIMY, MY, ML {< id(y)}], W-, L,id(y), G2)

Ty

(by deﬁmng W = (W_,L,id(y)) since id(y) is fixed in Y*)
= I(M,, My W ML N < id(y)}, L Uid(y), id(y), G3).

Ty

(since id(y) is disjoint from L and thus (LUid(y),id(y)) = (L,id(y)))

But now the good part is that the choice of id(y) is uniform over LUid(y), conditioned on all
other variables; in particular, since all neighbors of x in L have the same type as the (z,y)
edge, this is still true even conditioned on G . In other words, from the perspective of the
vertex z in the protocol 7, (but certainly not 7,_1), the edge (x,y) is “just another” one of
its edges of this type among the set L Uid(y). Thus, when it is sending the message Mggl ”
it cannot particularly correlate it with a specific message to vertices in L as opposed to all
messages to L. Using this intuition and an application of chain rule (Fact 4.3.1-(7)) allows
us to bound the RHS above as
IME,, M, [ Wo, ML N {< id(y)}], LU id(y),id(y), G})

Ty
= _EIMP[y) M2 WO MDILN {< g}, LUid(y), id(y) = 35, G})
y;j €[LUid(y)]
(think of y; here as going over all vertices in L U id(y) and choosing which one is id(y))

< . (skipping some technical arguments to drop the conditioning on id(y) = y;)
1
=7 IMOYLUid)]; M, W Luid(y), G;)
(by chain rule in Fact 4.3.1-(7))
1
< : —1)- act 4.3.1-
<oy (= 1) bw(m), (by Fact 4.3.1-(1))
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given that Mill,y contains (n,_; — 1) messages with bw(,) bits each. Finally, by the choice

of ¢, in Eq (7.3), we can bound the contribution of this term, across all x,y € G*, by
1/poly(n,_1).

Back to the distributions. We are not done yet however as we only compared the third
terms in the distributions of variables induced by 7, _; versus their actual distribution in 7,.
We now need to compare the second terms also, namely, bound

IMO LN {< id(y)}]: 67 M2, | W),

which is the information revealed by some of the messages of x about the inner graph G*
(and some other messages). But this seems to bring us to the very beginning: we again have
a collection of publicly sampled messages and need to bound their correlation with the inner
special sub-instance. The key observation here is that we moved away from messages
communicated over channels of G* and now we can indeed hope that at least messages
M[L] sampled for x (and eventually other vertices in G*) which are going to channels
outside of G* may not be too correlated with G*. So, while the current protocol does not
handle this part, we can hope to fix this issue using an argument similar to Section 7.3.1
which, unlike in Section 7.3.2.2, is no longer doomed to fail.

7.3.2.5 The Final Attempt: Our Round Elimination Protocol

At this point, hopefully, we have provided enough intuition about the need for the rather
peculiar sequence of sampling of variables in our final round elimination protocol. Describing
this protocol at the level of details of previous subsections requires us to provide another
lengthy set of definitions. Instead, equipped with the lessons and observations of previous
subsections, we only state our final protocol 7,_; at a very high-level as follows.

Public randomness. The players of m,._; use public randomness to sample

o (A*, B*,C*) defines the vertices of the inner graph G* and allows players to map their
input G,_ to this induced subgraph;

e (JT,...,J7) are full (r —1)-round instances sampled from G, ; for each vertex x of G*
(smnlar 1n spirit to Section 7.3.1 but now for each individual vertex);

o (KT™',. .. K%'y are partial (r — 1)-round instances that for each pairs of vertices
x,y € G* are sampled from (G,_; | type(z,y) = t)° so that together with the type of
(x,y) they can form a full (r — 1)-round instance (similar to Section 7.3.2.3);

(LT', ..., L{") are sets of neighbors for each vertex « € G* and a fixed type t € [r]U{0};
(similar to Section 7.3.2.4);

o Mpupiic contains publicly sampled messages to subsets of (L’f’t, o Lf;t) from each = €
G* and type t € [r] U {0} (similar to Section 7.3.2.4).

6 Only x and y know type(z,y) and so to sample these sets using public randomness, we instead need to
sample the sets for all possible types from [r] U {0} and then let z,y pick the right type for themselves.
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Pair randomness. FEach pair of vertices (z,y) € G* samples the messages Ma(:lz’), condi-
tioned on type(z,y) and all publicly sampled variables (similar to Section 7.3.2.3 and Sec-
tion 7.3.2.4).

Private randomness. By the above steps, each vertex x € G* has sampled many of its
channels in G. It then simply samples any remaining channels so that it has d, channels for
each type in each layer, conditioned on all the publicly sampled variables and all variables
sampled with pair randomness that are known to z (i.e., are related to channels incident on

The parameters of the protocol are chosen as follows (notice that the dependencies are
acyclic):

(. = poly(n,—1), Kk, =poly(¢.), j, =poly(k.), d,=poly(jr), n,=poly(d,).

These variables then, using a combination of ideas outlined in the previous subsections, allow
us to

1. L-variables and Mppiic: break the correlation between messages M;lg sampled by pair
randomness for all pairs (x,y) € G*;

2. K-variables: break the correlation between messages M(}) sampled by pair randomness

z,y
and input graph G* ) for all pairs (z,y) € G*;

3. J-variables: break the correlation between M. sampled by public randomness and
G*.

Simulation step. We are not yet done because we also need to handle messages and
inputs of players in G that are outside G*. While for some other problems, this can be quite
challenging (see, e.g. [AKZ22] and their “partial-input embedding” technique for handling
this), for us this step is quite straightforward”. Any vertex x in G \ G* only has a single
channel by construction and this channel is to a vertex y € G*; thus, in our protocol, either
the channel (z,y) has been sampled publicly or vertex y has sampled this channel privately.
In either case, y knows the entire input of x and since x only communicates with y, vertex
y can completely simulate the work of x on its own by sampling its message also.

This means that players of m,._; on G,_; have all the information needed to simulate the
protocol 7, on the graph G they have collectively created, use the sampled messages M)
for the first round of 7, without themselves communicating at all, and then communicating
messages of 7, in its remaining (r — 1) rounds as part of their own (r — 1) rounds of commu-
nication. This way, and using our analysis for the sampling steps, we can prove that m,_;
satisfies

suc(m,—1,Gr—1) > suc(m,, G,) — 1/poly(n, 1),

using only (r — 1) rounds and a similar bandwidth as .

"This also means our techniques and [AKZ22], besides their starting point in [ANRW15], are almost
entirely disjoint: all our efforts in this paper is in the handling of “special inner” vertices whereas in [AKZ22],
this part is done exactly as in [ANRW15] and instead their main focus is on the remaining vertices.
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Continuing like this allows us to obtain a O-round protocol for Gy with success probability
much better than 7/8 (which is easy to show is the optimal bound on the distribution G, for
O-round protocols), a contradiction. Finally, in terms of parameters, given that the size of
instances grows polynomially from G,_; to G,, we have

n > 92%(7)
which means an r-round lower bound on G, translates to an
r = O(loglogn,)
lower bound as desired by Theorem 5.

7.4 A Hard Distribution and its Properties

Throughout, we use G,(n,.) to denote the hard distribution for r-rounds over tripartite graphs
with n, vertices in each layer. In this section, we describe our hard distribution and some
of its properties, and prove the following theorem (minus its technical details) that formal-
izes Theorem 5.

Theorem 12. There exists a family of distributions {G,(n.)},>0 over tripartite graphs with
n, vertices in each layer, such that for n, > r*3%" | any deterministic protocol w, with,

round(m,) = r and suc(m,, G-(n,)) > 15/16,

must have,
bw(,) > (n,)/20/4) . (480)2.

Let us see how the hardness of distribution G, (n,) proves Theorem 5.

Proof of Theorem 5. By the easy direction of Yao’s minimax principle (i.e, an averaging
argument), it is sufficient to argue that for deterministic protocols using o(loglogn) rounds,
O(logn) length messages are not sufficient to solve triangle detection with probability of
success at least 15/16 when input graphs are drawn from distribution G,(n,).

In Theorem 12, when r = o(loglogn,), we know that the initial condition of n, > r434"
is satisfied. The bandwidth required, however, is,

(n,) /20734 (480)~2 > poly log (n,),
which is more than the O(logn) bandwidth allotted in the CONGEST model. |}

We begin by describing the hard distribution for 0-round protocols, and we recursively
construct hard distributions for r-rounds using the distribution for (r — 1)-rounds. We also
talk about the joint distribution of the input and first round messages to set us up for the
analysis.
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Figure 7.4: An illustration of an instance from the hard distribution for 0-rounds with ny = 3.
The middle (yellow) vertices are a*, b*, ¢*. The double line indicates that the edge is present
with probability 1/2.

7.4.1 Base Case: Hard Distribution for 0-rounds

In this subsection, we will describe the hard distribution for 0-rounds, and prove some of its
necessary properties. By a 0-round protocol, we mean that there is no communication and
the players must output whether a triangle exists just based on their own input. This will
serve as the base case for our inductive proof of Theorem 12.

Distribution 2. Distribution Gy(ng) over graphs G for 0-round protocols:
(See Figure 7.4 for an illustration.)

(1) Start with a tripartite graph with ny vertices in each layer, and with vertex set
V=AUBUC,and A ={ay,a9,...,an,},B={b1,...,bn},C ={c1,...,Cny}

(2) Choose three random vertices a* € A, b* € B and ¢* € C.

(3) For all three pairs of (a*,b*), (b*, c*), (c*,a*), add an edge between each pair with
probability 1/2 uniformly at random and independently.

First, we prove a simple property about O-round instances sampled from Distribution 2.

Observation 7.4.1. In any graph G ~ Gy(ng), a triangle exists between vertices {a*, b*, c*}
with probability 1/8, and there is no triangle otherwise.

Proof. The edges are only between a*,b*, and ¢* and exist independently with probability

1/2. 1

It is straightforward that protocols which do not communicate at all cannot have a high
probability of success for O-round instances; we formalize this statement next for complete-
ness.

181



Claim 7.4.2. Any deterministic protocol ™ with 0-rounds detects whether a triangle exists
in G ~ Go(n) with success probability at most 7/8.

Proof. In the following, we additionally condition on any fixed choice of (a*,b*,¢*) and
assume this choice is known to all players. This can only strengthen the lower bound.

First consider any vertex w ¢ {a*,b*,c¢*}. If w outputs Yes, namely, that there is a
triangle in G, then, by Observation 7.4.1, the answer is only correct with probability 1/8 as
the choice of edges between a*, b*, ¢* is independent. So, we assume all vertices other than
(a*,b*, c*) output No.

Now, consider any vertex xz* € {a*,b*,c¢*}. When degree of x* is anything other than
two, it can simply output No and will be correct in this case. There are now two cases:

o All vertices in {a*, b*, ¢*} still output No even when their degree is two: in that case,
the protocol always outputs No (by our assumption earlier) and thus is wrong with
probability 1/8 by Observation 7.4.1.

o At least one vertex z* € {a*,b*, ¢*} outputs Yes when its degree is two: in that case,
with probability half the edge between y* # z* € {a*,b*,¢*} may not appear, thus
making the protocol wrong with probability 1/2 in this case. The probability that
x* has degree two here is 1/4 and conditioned on this, its output will be wrong with
probability 1/8. Thus, in this case also the protocol is wrong with probability 1/8
again.

Overall the success probability of the protocol is at most 7/8. |

7.4.2 Hard Distribution for r-rounds

In this subsection, we describe the hard distribution for r-round protocols for r» > 1.

Notation. All vertices in the graph know which layer among {A, B, C'} they belong to.
Each vertex in X € {A, B,C} has a unique identity z; € X for ¢ € [n,], which distinguishes
it from other vertices in X.

For i € [n,], the input of each vertex x; € X is given as two ordered vectors of length n,
each labeled as N*~Y and A%~ denoting the types of all vertex pairs (z,w) for w € Y
and w € Z, respectively. The j™ entry in the vector corresponding to layer Y (denoted
by N%~Y[y,]) contains the type of the vertex pair z;,y; € [r + 1] U {0}, for j € [n,] (and
similarly for N*7Z and 7).

Sometimes, we also use N to denote the vectors of z; together. We use N*i[S] for any
S C Y UZ to denote the types of all the vertex pairs of the form (z;, w) for w € S.

To avoid confusion, we sometimes write X (G) to denote the layer X € {A, B, C'} of the
graph G (to specify the graph). See also our note about the notation of X, etc. in Section 7.2.

Distribution 3. Distribution G,(n,) over graphs G for r-round protocols with
r>1:
(See Figure 7.5 for an illustration.)
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(1) Sample a graph G,_1 ~ G,_1(n,_1) for some parameter n,_; to be fixed later in

Eq (7.5).

(2) For each X € {A,B,C} in G, sample n,_, distinct indices X* = {z],23,...,2; }
from X uniformly. The vertex z; in layer X (G,_1) of G,_; takes on the identity z}
in G.

(3) Set type(x},y;) in G to be type(w;,y;) for any z;,y; in different layers of G,_; for
i,j € [nr_l].

(4) Sample 2n,_; - (r + 1) subsets SY7~, 577X C X \ X*, for each y,z € G,_1, and
type t € [r] U {0}, all disjoint from each other. The sets are of size d, each, and are
sampled uniformly at random. Parameter d, will be fixed later in Eq (7.5).

(5) Fori € [n,_1] and z; € X = X(G,_1), each other layer Y # X, and type t € [r]U{0},
add channels of type ¢t between z} to just enough sampled vertices from S} =Y 50
that the total number of neighboring channels between x} to any other layer Y of
type t is exactly d,.”

(6) Set the type of all pairs of vertices, the types of which have not been fixed yet to be
r+1.

“z? may have some type-t channels from G,_;, so we add more channels to increase its type-t channels
to d,.

Let us fix the parameters in the hard distribution as follows,

N,y = (nT)1/34 d, = (nT_l)IZS‘ (75)

We sample n,_; vertices from X for each z; € G,_; in step (1). We also sample d,
distinct vertices for each y;, z; and type t with 4,5 € [n,_1], and ¢t € [r] U {0} in step (4). In
total,

ne_1+ (r+1)-d. 2n,4

distinct vertices are sampled from X uniformly at random. We have to check that n, is large
enough to make this sampling process feasible:

ne_1+(r+1)-d - 20,1 =n,_1(2d,(r +1) +1) < nl®, <n,.

Thus, we have more than enough room in n, for step (4).

We call the vertices in X*, Y* Z* to be inner vertices (sampled in step (2)), and all
other vertices as outer vertices. We refer to the graph G,_; from step (1) as the inner
graph. We prove some simple properties of G,(n,.) now.

Observation 7.4.3. The number of neighboring channels of type t € [r] U{0} of any inner
vertex in G is exactly d.. The channel-degree of all outer vertices is at most one.

Proof. In step (5), we ensure the number of channels of each type t € [r]U{0} for each inner
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(a) Realization of all types of channels be-

tween one inner vertex a; to other layers. (b) Addition of channels of type 0 for one in-
The other inner vertices (blue and yellow) ner vertex a; to outer vertices to ensure cor-
also have simlar channels to each other if rect channel-degree for all types (some parts
they are in different layers. of the instance are omitted).
Type O Type 1 Type 2
B {111t tvbLt vt vttt e

Type O Type 1 Type 2

(¢) An illustration of the input of one inner vertex. The
other inner vertices are connected only to outer vertices u
such that type of (a},u) is 2. Vertex a; does not know which
vertices in B, C' are inner vertices. In the figure, only A*
and the relevant vertices of B, C are shown.

Figure 7.5: An illustration of some parts of the 1-round instance. Inner vertices from 0-round
instance are blue and yellow (in accordance with Figure 7.4), and outer vertices are green.
We used ng = d; = 3 for illustration, but this is certainly not true in the actual instance.
Dashed lines indicate a channel of type 1, straight lines indicate a channel of type 0, and
other pairs of vertices with no lines are of type 2. The input of blue and yellow vertices of
the inner graph have exactly 3 channels of type 0 and type 1 in total.
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vertex is exactly d, explicitly, by adding enough channels to sets sampled in step (4). Any
outer vertex gets sampled at most once in the sets of step (4), as all the sets are disjoint.
Therefore all outer vertices have channel-degree at most one. |

We only ever refer to the input of inner vertices to talk about graph G ~ G,.(n,), due to
the following observation.

Observation 7.4.4. In any G ~ G.(n,), firzing the identity x; and the two n, size neighbor-
hood vectors, N*=Y N*2% for all inner vertices x; € G._, fizes the graph G.

Proof. The only randomness involved in the distribution G,(n,) is in the graph G,_;, the
identities chosen for each inner vertex, and the at most (r+1)-d, many neighboring channels
sampled for each inner vertex. Thus, the variables in the observation statement fix the graph

G 1

We can say something further about the structure of N*~Y for every inner vertex = and
layer Y with = ¢ Y.

Observation 7.4.5. For every inner vertex x € G,_,, the marginal distribution of N*7Y
for every other layer Y is obtained by:

o Setting the types of all vertices in Y* and Z* based on the type in G,_1.

o Sampling the rest of N* uniformly random, conditioned on the types of Y*U Z* so that
there are exactly d, vertices of type t € [r] U {0}, and n, — d,(r + 1) vertices of type
r+1.

Proof. We know that the number of channels of type ¢t € [r]U{0} for each vertex z; € G,_;
is exactly d, from Observation 7.4.3. Therefore the total number of channels with types in
[r]u{0} is (r + 1) - d,. The remaining n, — d, - (r + 1) channels are of type r + 1.

The sets S27Y and S¥7Z are also chosen uniformly at random, so that they are disjoint
from Y* and Z*. Hence, the final distribution of N*7Y is such that uniformly random
subsets are chosen for each type. The total number of vertices in Y* is exactly n,_;, and
even if all of them had the same type, we know that there is still enough room for d, vertices
of each type t € [r] U {0} as d, > n,_; from Eq (7.5). |

The identities of inner vertices are chosen at random, so the distribution of the neigh-
borhoods are symmetric over all n, vertices of X. More formally, we have the following
observation.

Claim 7.4.6. Forr > 0, in G.(n,) for all i € [n,_1] and z; € X(G,_1), the marginal dis-
tribution of the two neighborhood vectors given to the inner vertex x; in G,._1 is independent
of x and 1.

Proof. Tt is sufficient to show that the marginal distribution of the input given to all vertices
in distribution G,_1(n,_1) are the same, and independent of z and i for all » > 1. We prove
the claim by induction on r. For the base case when r = 1, the inner graph is sampled from
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Go(nop). We know that the vertex z* is chosen uniformly at random from [ng]. Therefore,
each vertex in layer X has equal probability of being chosen as z* in Gy(ng).

*

For any r > 1, we know that all the identities of inner vertices z7,3,...,z; , in
Gr—1(n._1) are chosen uniformly at random from [n,_;]. Therefore, any vertex from X (G,_;)
is equally likely to be chosen as the identity of a vertex from G, _5 (the inner graph of G,_1).

The marginal distribution of the neighborhood in G,_5 is identical by induction hypothesis.

For the outer vertices in X, again, the sets sampled in step (4) are uniform over [n,_1], and
vertices from [n,_;] are equally likely to be chosen to be a part of these sets in distribution
Gr—1(n,—1). Our construction is fully symmetric over the three layers and the vertices in
each layer. Therefore, the marginal distribution of the input given to each vertex in graph
(,_1 is the same and independent of = and 1. |

Lastly, we need to argue about the existence of triangles in G ~ G,(n,.).

Observation 7.4.7. In any graph G ~ G,.(n,), a triangle exists if and only if a triangle is
present in G,_y sampled in step (1) while sampling G.

Proof. Firstly, the channel-degree of all outer vertices is at most one by Observation 7.4.3.
Thus, all of them have at most one edge also. Hence, only the inner vertices can be a part of
a triangle. We do not add or remove any edges between inner vertices, we only add channels
which do not form edges. Hence, triangle existence in GG,_; is preserved in graph G. |

7.4.3 Another Way of Sampling from Hard Distribution

In this subsection, we talk more about the hard distribution G,.(n,), and give an alternate
way of sampling it. This makes the analysis much easier, as it gives us another perspective
of looking at the hard distribution. This alternate way is not without loss, however, but we
show that these distributions are quite close in total variation distance.

We only ever talk about the input and identities of inner vertices, as this fixes distribution
Gr(n,) by Observation 7.4.4.

Notation. We use id* to denote the variables z7, 23, ..., 25  (elements of X*) for X €
A, B,C. We use ids to denote the variables (id*,id?,id") collectively. We use id(z;) to
denote z¥ for i € [n,_1]. We use N/ to denote the input of inner vertex z; € G,_;. This is

two vectors of length n,_; each, containing types to layers Y and Z in G,_;.

We use Dy, to denote the marginal distribution of N for each inner vertex z;. Formally,
Diy is the distribution of N* in an instance G ~ G,_1(n,_1) for i € [n,_1]. Note that this is
identical for each ¢ € [n,_;] by Claim 7.4.6.

We need to define three more parameters to proceed.

Op = (nrfl)ll Br = (nr71)5 Tr = (nr71)6~ (76)

We know that d, is much larger than n,_; from Eq (7.5). However, we want to argue that,
for any inner vertex x; € G,_;, given only its input N% in graph G, there are multiple
choices for what the other inner vertices may be; formally, we need the following for each
inner vertex x; € G,_1:
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o An q,-size collection of sets of size 2n,_; each, all of which are distributed independently
and exactly according D;, with channels to x;.

» For each type t € [r] U {0} and any other inner vertex y ¢ X(G,_1), a [3,-size collection
of sets of size 2n,_; — 1 each, all of which are distributed independently of each other
according to the (r — 1)-round input on 2n,_; — 1 vertices, conditioned on the channel to
the one remaining vertex being of type t.

« For each type t € [r] U {0} and any other inner vertex y ¢ X(G,_1), a set of size -, with
channels of type t to z;.

We show it is possible to sample from G, (n,) while satisfying these conditions with high
probability.

Distribution 4. Distribution G,(n,) for r-round protocols with r > 1:
(1) Sample G,_; and sets X*,Y* Z* as before from Distribution 3.

(2) Fix any inner vertex € G,_1, and from the other sets Y \ Y* and Z \ Z*, sample
the following subsets, disjoint from each other for all z: (Observation 7.4.9 shows
that this is feasible)

(a) A collection J* = (J¥,...,J% ), where each JF for i € [a,] is a set containing

Ao 78

n,_1 elements of Y\ Y* and n,_; elements of Z \ Z*.

(b) For each type t € [r] U {0}, value ¢ € [n,_4], each other layer Y, Z a collection

x—Y r—Y r—Y
Ict,i - (Kt,i,l [ t,i,BT)

where each K}, for j € [3,] is a set containing (n,_; — 1) elements from Y\ Y*
and n,_; elements from Z \ Z*. Similarly, ICffZ is a collection of [,-sets, each

with n,_; elements from Y \ Y* and n,_; — 1 elements from Z \ Z*.

(¢) For each type ¢ and value i € [n,_;] and each other layer Y, a set Ly of v,
elements from Y \ Y*.

(3) For each inner vertex x € G,_1, do the following:

(a) For each i € [o], sample (N*[JF]) from Dy, independently of other i.

(b) For each ¢t € [r] U {0}, each other layer Y, i € [n,_4] and j € [3,], sam-
ple N*[K};7Y] so that N7 [K};2Y U {y;}] is sampled from Dj,, conditioned on
type(r, y7) = t.

(c) For each t € [r] U {0},i € [n,_1], and other layer Y, set N*7Y[y] for each
Y € ijy to be type t.

(d) Sample the rest of the input of N* ~ G,.(n,.) conditioned on the random variables
sampled in earlier steps independent of the input of other inner vertices (see
Claim 7.4.10.)

(4) For all pairs of vertices whose types are not fixed yet, set them to be of type r + 1.

187



Value 1, Value n,_,

Value 1, type 0 Value n,_j, type r  tyPe0 type r

Full instances Partial instances from inner

. . Extra channels of same type
from inner round round with one less vertex yP

Remaining channels which

ensure correct channel-degree Other inner vertices

Figure 7.6: An illustration of what the input of one inner vertex x looks like in G,. Pink outer
vertices correspond to collections J, green outer vertices correspond to collections K (only
for one other layer Y are shown, this is repeated once more), blue outer vertices correspond
to sets L (again, only for Y are shown, this is repeated for Z), yellow vertices correspond
to vertices in Y* U Z*, and the unshaded vertices are the other outer vertices with various
types to ensure correct number of channels of each type ¢ € [r] U {0}.

The parameters in Eq (7.5) and Eq (7.6) are chosen so that the sets in step (2) can be
sampled:

Observation 7.4.8. In step (2) of Distribution 4, for each inner vertex x, and layer Y with
x &Y, the total number of identities sampled is at most 2(n,_1)'%.

Proof. For each inner vertex = € X, to another layer Y, we sample:
e «a,-many sets of size n,_; each.

« A collection of f,-many sets of size at most n,_; each for type ¢t € [r] U {0}, value
i € [n,—1] and each other layer which does not contain z.

« A collection of size 7, for (r + 1) types and n,_; values.

In total, we sample, at most

QN1+ 2B, (e 1) (r+ 1)+ (1) ne g < (0p1)2 +2(n1)% 4 (n21)® < 2(np )"

(as r + 1 < n,_; for large n, and by Eq (7.6) and for large enough n,_;)

vertices for each inner vertex not in Y. |

Observation 7.4.9. In Step (2) of Distribution 4, for each layer Z, the total number of
vertices sampled from Z \ Z* is at most 4(n,_1)*® < n, —n,_1.
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Proof. By Observation 7.4.8, for each inner vertex not in Z, we sample at most, 2(n,_;)?
vertices from Z. There are exactly 2n,_; inner vertices which are not in Z. In total, from set

Z \ Z*, we sample at most 4(n,_1)' vertices, which is less than n, — n,_; by construction.

We show that the parameters are set so that step (3) can be performed.

Claim 7.4.10. In the definition of gﬁ(nr) from Distribution /, conditioned on G,_1 and
values of X*,Y* and Z*, in step (3), each N* can be sampled marginally the same way as
in distribution G,(n,.) from Distribution 3.

Proof. We will prove that after the sampling process in step (2) is done, it is feasible to sample
the input A/* of any inner vertex x from G,(n,) marginally. We refer to Observation 7.4.5.
We know that the types of all vertices in Y* U Z* are set correctly.

We argue that it is still possible to sample the input so that uniformly random d,-size
subsets are chosen for each type t € [r] U {0} for each layer Y, Z.

By Observation 7.4.8, we know that the total number of entries in N*~Y for each other
layer Y whose types are fixed by the first three steps of (3) are at most 2(n,_;)'?, which is
still less than d, by Eq (7.5). Therefore, we have enough room to marginally sample the rest
of N** so that the conditions in Observation 7.4.5 are satisfied. |

Finally, we argue that these distributions are close overall.

Claim 7.4.11. Distribution QN,.(n,.) which is obtained by marginally sampling each N*=Y as
in Distribution / is close in total variation distance to G,.(n,).

5 1
1Gr (1) = Gr (1) [[tva < .

Ny—1

Proof. In distribution G,(n,), after the types of vertex pairs (z,y) are set according to G,_;
for inner vertices x, y, we sample disjoint subsets of the remaining X \ X* to add as neighbors
to inner vertices in Y* and Z*. This ensures that all outer vertices have channel-degree at
most one, as we have stated in Observation 7.4.3.

In distribution G,(n,), all the subsets of outer vertices sampled in step (2) are disjoint
from each other by construction. Even though channels of some type ¢t € [r]U {0} are added
to all these outer vertices, exactly one channel is added, and they have channel-degree at
most one.

However, the rest of the input for each inner vertex z is sampled independenly of the
input of other inner vertices in gr(nr). This process corresponds to sampling at most d,
vertices for each type t € [r] U {0} for each inner vertex, so that the condition stated in
Observation 7.4.3 is satisfied. Namely, the condition that the number of channels of each
type t € [r]U{0} for each inner vertex is exactly d,. Outer vertices sampled for this purpose
may have collisions, which will cause outer vertices to have channel-degree more than one.

We will show that even though the rest of the outer vertices in step (3) for each inner
vertex are sampled independently of each other, it is highly unlikely that some vertex is
sampled twice. Let &uniq be the event that all the outer vertices sampled to fill up the d,
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slots for each type, and for each inner vertex are unique for all layers X,Y, Z. We will show
that probability of &niq happening is large. We have,

Pr[€umiq) < (Pr[(2n,—1 - (r + 1) - d, + n,_1) vertices sampled u.a.r. from [n,| do not overlap])?,

where we bound the probability of a super set of Euniq- In Euniq, fewer than d,. - (r + 1)
vertices are sampled from any layer Y for any inner vertex x ¢ Y. We will show that even if
d, - (r+ 1) vertices are sampled for each inner vertex, in addition to the set Y* uniformly at
random and independently of each other, no vertex is sampled more than once except with
a very small probability.

We choose 2n, 1 - (r + 1) - d, + n._1 < nl%, := 6 vertices uniformly at random and
independently from n, vertices in layer Y. The probability that none of them are sampled
more than once is,

<7Z"> ! - (nt)‘9 - eﬁ(l —i/n;) = exp (—2 : ii/nr> =exp(—(0—1)-0/n,).

1=0

We do this for all three layers A, B and C. The probability that no element is sampled
twice in any layer is at least,

Pri€uniq] > exp(=3- (0 —1)-0/n,) > exp(—3/n$_1) >1—-1/n,_4,

where we have used the value of n, = n3*, = 0*-n?_, from Eq (7.5) and that n,_; > 3.

Conditioned on event Eyiq, We argue that the distribution of G,(n,) and G,(n,) are iden-
tical. We already know that the distributions of the input of each inner vertex is marginally
the same by Claim 7.4.10. When &niq happens, all the outer vertices have channel-degree
at most one, and the neighbors of each inner vertex are disjoint barring X*, Y™ Z*. This
satisfies all the properties of instances sampled from G, (n,).

Let lyniq be the indicator random variable for event &piq.

1G(n,) — g~r(nr)”tvd < E ||(Gr(n,) | luniq = I) - (gr(nr> | luniq = Dltva

~luniq

(by “overconditioning” as in Fact 4.3.7)

< Pr[luniq = 1] : ||(g’r(n7") | guniq> - (g’r(nr) | guniq)HtVd + PI‘[luniq = O]
= 0+ Pr[lyniq = 0]
(conditioned on &ypiq, the distributions are the same)
1

Y
Np—1

<

where, in the last inequality we have used our upper bound on the probability of “Euniq- B

We need some more notation about random variables in G, (n,) for the later sections.

Notation. We use 7, to denote the joint random variable containing all J* for all inner

vertices x. Similarly, we use K.y, Lay to denote the joint random variable K¥;?Y L27Y
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respectively for all inner vertices z, layer Y with ¢ Y, type t € [r] U {0}, and value
i € [ny_1]. We call the random varibles Jup, Kan, Lan as auxiliaries, and together we use
auz to denote them.

Observation 7.4.12. We have the following independence properties for the inputs of ver-
tices in graph G ~ G.(n,.):

(1) Conditioned on (G,_1,aux,ids), the inputs of each of the inner vertices in G are inde-
pendent of each other.

(ii) The input N*Y N*2Z for any inner vertex x in the graph G is independent of all
other random variables in G,_; conditioned on N, ids and aux.

(131) The random variable G,_1 is independent of ids and aux.

Proof. For part (i), we know that for each inner vertex x, once the new identities ids and
auxiliaries aux are fixed, and graph G,_; is fixed, its input is sampled independently of the
other inner vertices in step (3).

Part (i7) follows by a similar argument: once N;f,ids and aux are fixed, the entire input
of x is fixed by randomness completely independent of G, _;.

For part (iii), it is easy to see that ids, J an, ICan and L,y are sampled from A, B, C' in
graph G, irrespective of the inner graph G,_;. |

7.4.4 Distribution of Input and Messages

In this subsection, we talk about the joint distribution of input G,(n,) and the messages
sent across all channels in the first round of communication. Let 7, be a protocol for solving
triangle detection on an input G sampled from G,(n,.).

Notation. Let D™ denote the distribution of the inputs and messages in the first round
of m,.. For any inner vertex z;, let M%~Y denote the n,-length vector of the messages sent
by x; to its channels in Y. When there is no channel between z; to some vertex y;, we use L
to denote the null message that z; sends. We use M°%~%i to denote the messages z; receives
from outer vertices. We use M, to denote all the messages sent and received by all inner
vertices in the first round. Note that this is also all the messages sent over the first round as
the type of all pairs of outer vertices is set as r 4+ 1, and they can send no messages to each
other in any round.

We define a distribution Drea! for the input graph and first round messages below. We will
show that this distribution is generated when input G is sampled from G, (n,), and protocol

—_~—

7, is run over this graph instead. We will also show that distribution Drea! is close to D!,

Distribution 5. Distribution Dreal:

G,—1 x (ids, T an, ICan, Lan) (the inner graph, identities, auxiliaries)
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x (X NETY NTTE N aux ids) (the inputs of all inner vertices)
ze{a,b,c},
ie[nrfﬂ

% ( >< MmiaY’MxiaZ |Nzi—>Y’in—>Z’aux’ids)

ze{a,b,c},
ie[nr,ﬂ

(the messages sent by inner vertices)

% ( >< (Mout—mi Nmi—>Y7Nzi—>Z’ aux, idS))

ze{a,b,c},
ie[n,«,ﬂ

(the messages sent by outer vertices to inner vertices)

Observation 7.4.13. The distribution of inputs in Dreal g sampled from G,(n,).

Proof. In distribution g}(nr), we know that all the ids, J ., ICan and L,y are sampled con-
ditioned on each other. And, they are independent of G,_; from Observation 7.4.12-(iz).

—_~—

Hence, we have that the distributions of G,_1, ids and aux are exactly as in G,(n,) in Dreal,
The input of the inner vertices are independent of each other conditioned on G,_;, ids
and aux from Observation 7.4.12-(i). Therefore, they can be sampled separately as in Dreal,
Lastly, we know that for any inner vertex x, its input is independent of G,_; when
conditioned on N7, ids and aux by Observation 7.4.12-(ii), so the other random variables

m?’

in G,_; can be ignored also when sampling these inputs. |

Observation 7.4.14. For any graph G sampled from G,.(n,), the distribution of all the first
round messages is the same in D' and Dreal conditioned on the input graph being G.

Proof. The protocol 7 is deterministic, hence the messages sent by any vertex are only a

function of its input. For all the inner vertices, in D!, the messages are sampled conditioned
on their entire input, and are distributed the same as in D!,

For outer vertices, when input graph G lies in support of G,(n,), we know that the
channel-degree of all these vertices is at most one, by Observation 7.4.3. For any outer
vertex u connected to inner vertex x, the entire input given to u is known to . Thus, z can
sample the messages that u would send to x only with its input. |

Claim 7.4.15. Distributions D™ and D' are close to each other:
D! — Dreal]| g < 1/m, s
Proof. By Observation 7.4.13 and Fact 4.3.8,

1D — Dreauq < 1Gr (1) = G (1) iva + i 1D (Man | G) = D (M | G)l|iva

o .
+ E preal M.y | G) =Dl (M | Glivq = 7
sy ki) IPT Mar | G) (M| G)lwa = =

<
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where the last inequality is by Claim 7.4.11 and the equality follows from Observation 7.4.14.

7.4.5 Proof of Theorem 12 Barring Round Elimination

In the next section, we construct a round elimination protocol, with the following parameters.

Lemma 7.4.16. For any s,v > 1 and § € (0,1), given a deterministic protocol 7, for
instances G, ~ G,.(n,), with the following parameters:

round(m,) = r bw(m,.) = s suc(m,, Gr(n,)) > 9,

we can construct a deterministic protocol m._1 which takes instances G,_1 ~ G,_1(n,_1) and
has the following parameters:

1
round(m,_1) =7 —1  bw(m_)<s  suc(m_i,Gri(n,_1)) =06 — —— — 15 |——
Nr—1 Npr—1

The proof of Lemma 7.4.16 is the focus of Section 7.5. We now prove Theorem 12 using
Lemma 7.4.16.

Proof of Theorem 12. Assume towards a contradiction that there exists a protocol 7, with
r-rounds,

1

suc(m,, Gy (n,.)) > 15/16, and bw(m,) = s < n{t/2(1/34) TTER

We prove the theorem by repeatedly applying Lemma 7.4.16 for r times on protocol ., to
get a protocol my for Gy(ng). The value of ng, using Eq (7.5) is ng = n,'/3 = ... = n, /34",
From the large value of n, in the statement of the theorem, we have,

ng = nt*" >t (7.7)

The probability of success of 7y is at least,

T
SUC(Wragr(nr)) - =,y nr [ 1/2
15 " 1
— —15-
~ 16 =1 Tr—2t \/_anzl/Q
(by value of suc(m,, G,.(n,)) from the theorem statement)
15 1 1
> T (n—o) —15- /51 ( (1]/2) (as ng,n1,...,n,_1 are increasing)
15 1
> — 6 3 —15-+/s- 1 ( 1/2) (as 7 < 32ng from Eq (7.7))
> 29 15 - ! - (1/ng %) (by value of s, and ng = nl/**")
=32 480 o
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29 1 7 )
»_ 1.7 / from Bq (7.
> 357337 3 (as 7 < np'/* from Eq (7.7))

This contradicts Claim 7.4.2, thereby proving the theorem. |

7.5 Round Elimination: Description

In this section, we give the desired protocol 7,_; in Lemma 7.4.16 for solving instances G,_1 ~
Gr—1(n,_1), and provides parts of the analysis of the protocol. This protocol constructs an
instance G, ~ G,(n,) and embeds its input G,_; into it. It also samples the first round

messages that protocol 7, sends using the different sources of randomness in our model (see
Section 7.2.2).

We want to sample the input and messages from Dreal.  As we have established in
Claim 7.4.15, this distribution is close to the correct distribution D**. However, sampling

from Dreal is not feasible either.
We sample from a distribution we label as D™ and show that this is close in total

variation distance to D¢l and thus D*¥. The description of 7,_; is given in steps where
the random variables in D¢l and Dk are sampled progressively.

7.5.1 Key Steps of the Protocol
In this subsection, we describe some prominent steps of the protocol 7, _;.
7.5.1.1 Public Random Variables

Given a graph G,_1 ~ G,_1(n,_1), it is easy to sample new identites for each of the vertices
using public randomness. It is also easy to sample the auxiliary random variables. This is
the first step of the protocol. To break the correlation between messages that each inner
vertex sends, we also sample some messages publicly.

Protocol 1. Step (1) of protocol 7,_; for G,_1 ~ G,_1(n,_,) given 7, for G, ~ G,(n,):

(1) Sample the random variables ids and also, J a1, KCan, and L,y which jointly form aux
using public randomness.

(2) For i € [n,_1], the vertex with identity z; in G,_; takes on the identity of z} €
X* in random variable ids. It changes the identities of all its neighbors in G,_;
correspondingly.

(3) For each inner vertex x and layer Y with z ¢ Y, set N*7Y[L{ 7] to all be type ¢
for t € [r]U{0} and i € [n,_1].

(4) For each inner vertex x, and layer Y with x ¢ Y, sample the message that x sends
to vertex y; € Ly N{< y;}, for all types t € [r] U {0}, and i € [n,_4], with public
randomness.

We use N, and M? , to denote the input and messages sent by each inner vertex x that

are sampled publicly in this protocol.
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Observation 7.5.1. The total number of messages sampled in Mg, for each inner vertex
x is at most 2 -y, - (r+1)-n,._1.

Proof. The size of set L¥;”Y is exactly v, for all ¢ € [n,_1] and type ¢ € [r] U {0}, and other
layer Y with ¢ Y. At most 7, many messages are sampled for each of the r 4+ 1 types and
n,_1 values of 7, and the two choices of Y. |

We do not have the complete description of Dk yet, this will be clear as we formalize
more of protocol m,._;. But we can prove that what we have sampled so far is the same way

—_~——

as in Dreal,

Observation 7.5.2. The distribution of G,_1,ids and aux are the same in Dreal gpd Diake,

Proof. Random variable G,_; is the same in Dreal and D™ as it is just sampled from
gr—l(nr—l)-

In step (1) of Protocol 1, the random variables ids and aux are jointly sampled indepen-

—_—~—

dently of G,_;. However, even in D¢l G,_; is independent of ids, aux by Observation 7.4.12-
7.5.1.2 Sampling Messages Between Inner Vertices

We now use pair randomness to sample messages between inner vertices.

In the description of G,.(n,) from Distribution 3, the type of each pair (x,y) in G,_1 is
unchanged. The types of all these vertices is upper bounded by r in graph G,_1 ~ G,_1(n,_1).
Hence, all pairs (z,y) € G,_1 are present in C, of instance G from G, (n,.), and they can send
messages to each other in the first round of 7. We describe how to sample these messages
now.

Protocol 2. Step (2) of protocol 7,_; for G,_; ~ G,_1(n,_1) given =, for G, ~ G,(n,):

For each pair x,y € G,_1, with y ¢ X, sample the message that = sends to y in the first
round conditioned on ids, type(z,y), aux, N, and M7, using pair randomness between
x and .

We use M{ to denote all the messages that inner vertex x sends to some other inner
vertex y € G,_; and y ¢ X. We use M7 (y) to denote the message that = sends to the
inner vertex y € G,._1, and MZ? (—y) to denote all the messages that x sends to other inner
vertices that are not y. These messages are all sampled by this protocol.

7.5.1.3 Sampling Rest of the Input and Messages

—_~—

We can now sample the rest of the random variables in distribution Dreal,
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Protocol 3. Step (3) of protocol 7,_; for G,_; ~ G,_1(n,_1) given =, for G, ~ G,(n,):

Each inner vertex x; € G,_; does the following:

—_—~—

(a) Sample the rest of its input from distribution D2 and the remaining messages that
x; sends to its neighbors with private randomness conditioned on ids, aux, N:

pub>
b M, and its inner input N

(b) Sample all the messages that x; receives from outer vertices, conditioned on the entire
input of z;, ids and aux.

We use N to denote all the random variables that x; samples in step (3) of Protocol 3
using private randomness. This is comprised of the rest of the input of z;, the messages it
sends to outer neighbors, and all the messages it receives from its outer neighbors.

We can prove that the random variables NV, for each inner vertex x; are sampled from

—~—

the correct distribution Dreal,

Observation 7.5.3. In D¢, conditioned on any choice of ids, aux, G,_1, Nﬁub, M, and

M for each inner vertexr x, N % for all inner vertices y are jointly sampled from Dreal,

Proof. In Dreal for each inner vertex x, its input, all the messages it sends, and the messages
it receives from outer vertices are sampled independently of the other inner vertices and
independently of G,_; when conditioned on N7,,ids and aux by Observation 7.4.12-(i) and
(17).

Therefore, in step (3) of Protocol 3, when we sample the remaining input of each inner
vertex it is sufficient to condition on N, Mg, M5, N7, ids and aux. This is true of
the remaining messages sent by x also.

From the definition of Dreal from Distribution 5, we know that all the messages that x
receives from its outer neighbors are sampled only conditioned on the entire input of z, the
value of auz and ids. This process is the same as in step (3) in Protocol 3. |

We have sampled all the random variables associated with Dreal, However, the distribu-

tion of input and first round messages we get is different from D2l even though parts of
them may be the same from Observation 7.5.2 and Observation 7.5.3.

7.5.2 Full Protocol 7,_; and its Distribution

We finally put together the multiple parts of protocol m,._;, and see the full description of
Dfake'

Protocol 4. Protocol 7, for G, 1 ~ G,_1(n,_1) given 7, for G, ~ G.(n,):

(1) The random variable G,_; is given as input. Random variables ids,aux, and
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pubs My, for all inner vertices z are sampled according to Protocol 1. Identi-
ties are changed appropriately as given in step (1) from Protocol 1.

(2) All messages between pairs of inner vertices z,y € G,_; which have a channel in
G,_1 are sampled as given in Protocol 2.

(3) The remaining input for each inner vertex x;, the other messages it sends and all the
messages it receives from outer vertices are sampled in Protocol 3.

(4) All the vertices continue to run 7, starting from the second round, assuming first
round messages are as sampled, and output the same answer as m,.. See Claim 7.5.4
that specifies how to implement this step.

First, let us argue that the vertices can run the protocol 7, starting from the second
round.

Claim 7.5.4. Given any input graph G which lies in the support of G.(n..), all inner vertices
can run protocol m, correctly starting from second round based on the information they have
access to.

Proof. First, we argue that all the inner vertices have access to all the messages they send
and receive in the first round. For any message sent by inner vertex x to another inner vertex
y, we use pair randomness between z, y to sample it in step (2) from Protocol 2. Thus, both
x,y have access to the message. All messages sent by any inner vertex x to any other inner
vertex is known to x. All messages received by = sent by some other inner vertex y is known
to x as well.

The remaining messages that = sends to outer vertices, and all the messages it receives
from outer vertices are sampled with private randomness in step (3) from Protocol 3, and
are all known to the inner vertex x.

When the input graph G lies in the support of G,.(n,), the channel-degree of all outer
vertices is at most one from Observation 7.4.3. Therefore, any inner vertex z with outer
neighbor u can simulate the messages u sends to x, as it has access to the entire input of w.

As for the inner vertices, they have access to all their inputs. We have argued they also
have access to all the first round messages sent and received by them at the end of step
(3) of m,_;. They can continue to run protocol 7, from the second round by simulating the
behavior of all outer vertices connected to them. This proceeds exactly as in 7, till the last
round, and the inner vertices can find the output of 7, (again, since they can fully simulate
outer vertices). ||

Next, let us talk about the distribution D%, which is the joint distribution of the input
and first round messages that we generate when running protocol 7,_1.
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Distribution 6. Distribution Dfke:

Gy—1 x (ids, T an, IKan, Lan) (the inner graph, identities and auxiliaries)
( >< Npub7 pub | ids’aux)
Z‘eGrfl

(the public parts of input and messages from step (1) in Protocol 1)
X ( >< >< ( ( ) ]type(:c y) IdS aux Npub? ;ub)

z€Gr_1 yeGrfl
ygEx
(messages sent by inner vertices to each other in step (2) from Protocol 2)

( >< Nrest ‘ Mlxn?an? IdS aux Npub7 pub)
2€Gr_1
(rest of the input and messages for inner vertices in step (3) from Protocol 3)

Claim 7.5.5. The distribution of the input and first round messages in 7._, is exactly Deke
as defined in Distribution 6.

Proof. We know that ids, J .1, IC.an and L,y are sampled jointly with public randomness in
m-_1, independent of G,_;. Therefore, their distributions are exactly as given in Distribu-
tion 6.

The random variables N’ pubs M, are sampled with public randomness as well, but we
know by Observation 7.4.12-(7),(i7) that they are independent of random variables associated
with other inner vertices. Hence, they are sampled only conditioned on ids and aux. (There
is no access to N7, with public randomness.)

For each pair of inner vertices x, y, we sample M, (y) in step (2) of Protocol 2 conditioned
on exactly the random variables stated in the claim: ids, aux from public randomness,
type(z,y) that both inner vertices z,y have access to, and N° ubs M, again from public
randomness.

Finally, each inner vertex x samples the rest of its input, the remaining messages it sends
and the messages it receives from outer vertices conditioned on ids, aux from public random-
ness, MY that it sampled using the pair randomness to other inner vertices, N’ pubs Mpun
again from public randomness and N7, it has from graph G,_; in step (3) from Protocol 3.

This is as stated in the description of D in Distribution 6. [

We can see that D¢ and Dreal are not the same distributions. But, we can prove that
they are close to each other in total variation distance. This is the focus of the next section.

Lemma 7.5.6 (“D™ and D™ are not that different”).

S

1
“Dreal . Dfakthvd < +15 '
(nr—1> N1

Proof of Lemma 7.5.6 can be found in Section 7.6.2 and constitutes the main technical
part of our argument. This concludes the description of the round elimination protocol.
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7.5.3 Proof of Lemma 7.4.16

We can prove Lemma 7.4.16, restated below, using Lemma 7.5.6.

Lemma (Restatement of Lemma 7.4.16). For any s, > 1 and 6 € (0,1), given a determin-
istic protocol 7, for instances G, ~ G.(n,), with the following parameters:

round(m,) =r bw(m,) = s suc(m,, Gr(n,)) > 6,

we can construct a deterministic protocol m,_1 which takes instances G._1 ~ G,_1(n,_1) with
the following parameters:

_ 15,2

round(m,_1) =7 —1 bw(m,_1) <s suc(mr—1,Gr_1(np_1)) > —
Nr—1 Nr—1

Proof of Lemma 7.4.16. We will prove that protocol m,._; from Protocol 4 obeys the condi-
tions in the statement of the lemma.

For the number of rounds in 7,_1, this is exactly » — 1 as 7, has r rounds, and the first
round messages are sampled without any communication between the vertices.

The total length of any message sent in the » — 1 rounds of m,_; is at most s, as all the
messages sent by 7, are at most s bits.

We know by Observation 7.4.7 that for the graphs in the support of G,(n,), if protocol
7. outputs the correct answer, m,_; is correct in detecting whether a triangle exists as well.
The output of 7, and 7,_; are the same when inputs are sampled from D" by Claim 7.5.4.
Therefore, it is sufficient to lower bound the probability that 7, outputs the correct answer
when the inputs and first round messages are sampled from D% as opposed to D,

We use Fact 4.3.5 to lower bound the probability of success of m._; where £ is the event
that the answer on input G,_; is correct:

G [ r—1 iS COI'IeCt] — IfI [7‘7‘ iS COI‘I‘eCt] (b the dl c 1 )
1 Dake Y S 1SS101 al)()Ve
> 1?1' [71,,. 1S cot lect] — ||Dle&1 Dfakth

1 s
>0 — ( + 15 ) ;
N1 Ny

where in the second inequality is by the assumption on the correctness probability of ,
and Lemma 7.5.6.

Finally, the protocol m,._; is randomized, but it can be made deterministic by fixing
the random string by the easy direction of Yao’s minimax principle, without changing its
probability of success, rounds, and bandwidth. The different sources of randomness do not
cause an issue, as the randomness in all of these sources can be fixed to be a particular
string. |

199



7.6 Round Elimination: Analysis

In this subsection, we analyze distributions D (see Distribution 6) and D (see Distri-
bution 5), and prove the upper bound on their total variation distance in Lemma 7.5.6. We

already know that distribution D™ is close to Dreal by Claim 7.4.15. Hence, we focus on

proving the distance between Dreal and D™ is small. When we talk about messages in this
section, we only refer to messages sent over the first round.

Our analysis is split into three parts:

Part 1. The messages sent by each inner vertex x are correlated with each other through
the input of z. However, in step (2) of m,_; from Protocol 2, they are sampled inde-
pendently, only based on some parts of the input of x. We show that the correlation
between these messages are low and thus can be sampled this way without too much
loss.

Part 2. We publicly sample some messages sent by each inner vertex x for both layers Y, Z
in step (1) of m,_; from Protocol 1, independent of the input of x. We remove the
correlation between these messages and the input of x from G,_; to allow for this
sampling.

Part 3. Messages sent by = to other inner vertices are sampled in step (2) of m_; from
Protocol 2. These are sampled conditioned on some part of the input of x. We will
show that the correlation between these messages and the rest of the input of x from
G,_q is low.

These are the only differences between Dreal and Dk, We have argued that the other
random variables are sampled correctly in Observation 7.5.2 and Observation 7.5.3.

7.6.1 Setting up the Analysis

We move from Dreal to Dk by way of multiple distributions (one for each part) which
lie between them and use a hybrid argument. In this subsection, we describe these hybrid
distributions.

—_—~—

First, let us cast distribution Dreal in terms of the random variables in Dfke.

Claim 7.6.1. Distribution Dreal can be written as:

Gy—1 x (ids, T an, ICan, Lan) (the inner graph, identities and auxiliaries)
X ( >< NgubJMgub | ids,aux,./\/ixn)
z€Gr_1

(the public parts of input and messages from step (1) in Protocol 1)
X ( >< (len ids? aux?N;ulﬁ ﬁub?an>

IEGT‘—I
(messages sent by inner vertices to each other in step (2) from Protocol 2)
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X ( >< Nfest | M?mN?n? idS, aux, gub7 gub)'
Z‘eG'rfl
(rest of the input and messages for inner vertices in step (3) from Protocol 3)

Proof. 1t is evident that random variables G,_1,ids and aux are sampled the same way in
the statement and in Dreal,

From Observation 7.4.12-(i), we know that the inputs of all the inner vertices are inde-
pendent of each other conditioned on G,_1,ids and aux. Moreover, we know from Observa-
tion 7.4.12-(77) that the input of any inner vertex x only depends on the random variables
N7, ids and aux in G,_;. Therefore, the random variables N5, , M? , for each inner vertex
in o are sampled only conditioned on ids, aux and N7,

As the protocol is determinstic, we know that the messages sent by any inner vertex x
depend only on its input. Therefore, M, is also sampled from the right distribution in the
statement of the claim. This argument applies to the rest of the input of x and the messages
sent by z to outer vertices also.

—~—

Lastly, in distribution D2l  all the messages received by inner vertex x from outer vertices
are sampled only based on the input of x, ids and aux, as is the case in our statement. |

To bound the distance between Dreal and Dk, we use weak chain rule of total variation
distance from Fact 4.3.8 repeatedly. We define an ordering on the vertices and channels for
this purpose.

Ordering vertices and channels. We use a lexicographic ordering on the inner vertices
of the form ay,aq,...,a,,_,, then by,... b, _, and lastly ¢1,...,¢, _,. For each inner vertex
x, to order the channels that z has to inner vertices in the other two layers, we again use the
lexicographic ordering we have over all the vertices. (The specific ordering is unimportant
and we have picked the simplest one.)

We will now describe the hybrid distributions that we use as intermediate steps between
the two distributions Dreal and Dfeke,

Sampling Inner Messages Separately

The first hybrid distribution which lies between Dreal and Dlake jg ‘H, that we define here.

—_~—

One key difference between Dreal and Dk is in how the messages to other inner vertices

—~—

sent by any inner vertex x are sampled. In D@l they are sampled together, whereas this
correlation is absent in DBk We show that this correlation is small and can be broken.

Distribution 7. Distribution H;:

G,—1 x (ids, T an, IKan, Lan) (the inner graph, identities and auxiliaries)
x (X N5, Miy, | ids,aux, NT)
Z‘EGT—I

(the public parts of input and messages from step (1) in Protocol 1)
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X ( >< >< (Ml ( ) ’ 'ds aux Npub? pub>NT)

:EEGT_l y€G,~_1
ygEx
(messages sent by inner vertices to each other in step (2) from Protocol 2)

( >< Nrest ‘ MlnvNiEm IdS aux Npub7 pub)
IEGT‘ 1
(rest of the input and messages for inner vertices in step (3) from Protocol 3)

—~—

We prove distributions Dreal and H; are close to each other in Section 7.6.3.
Lemma 7.6.2 (“Messages sent by inner vertices can be sampled separately”).

S

PDreal _ W <6-(n,_1)%?- )
D~ Hala <6 () [

Sampling Public Messages without Inner Inputs

The only difference between H; and D™k is that in some parts of H; there is additional
conditioning on some parts of the input N7, of the inner vertices. We show that these
conditionings can be slowly broken. To this end, we give our second hybrid distribution that
lies between H; and D™k which samples public messages according to Dfke,

Distribution 8. Distribution Hs:

G,—1 x (ids, T an, IKan, Lan) (the inner graph, identities and auxiliaries)
( >< Npub7 ub | idS, aux)
IeGr 1

(the public parts of input and messages from step (1) in Protocol 1)
X ( >< >< (Mlmn<y) ’ ids7aUX7N§ub7 pub?Nx)

2€Gr—1 ye€Gr_1
ygEx
(messages sent by inner vertices to each other in step (2) from Protocol 2)

( >< Nrest ‘ Mlszlxn? IdS aux Npub7 pub)
IEGT 1
(rest of the input and messages for inner vertices in step (3) from Protocol 3)

The proof of the following lemma is similar to that of Lemma 7.6.2, and we skip it in
this dissertation. The details can be found in the full version of the result [AS25].

Lemma 7.6.3 (“Low correlation between first round messages and inputs of inner vertices”).

(r+1)-n,
a, +1 ’

S Yy
1#1 — Hallowa < 311 ¢ i
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Sampling Inner Messages with only Some Inner Inputs

We come to the last part of our analysis, which shows that distribution #s is close to Dfke.
At this stage, the only difference between them is in how the messages between inner vertices
are sampled. In H,, when sampling the message that z; € G,_; sends to y;, we condition
on the entire input of the inner vertex z;, whereas in D™, we only condition on the input
that both inner vertices x; and y; are aware of. We show that these distributions are close
together (see Distribution 6 for the distribution Dfake).

Lemma 7.6.4 (“Low correlation between messages of inner vertices and parts of their

inputs”).
H, — Dieke vd < 6(n,— 20 |2 .
H 2 Ht d ( 1) 2(87‘ 1)

Similarly, the proof of Lemma 7.6.4 is deferred to the full version of the result in [AS25].
7.6.2 Proof of Lemma 7.5.6

Proof of Lemma 7.5.6 now follows from Lemmas 7.6.2 to 7.6.4 with some minimal calculations
using the values of ., 5, and =, from Eq (7.6).

Lemma (Restatement of Lemma 7.5.6).

1
HDreal o Dfakthvd < -

Proof of Lemma 7.5.6. By Claim 7.4.15, we have

—~— 1
||Dreal o Dmal”tvd S )

r—1

P

Thus, we can focus on bounding the distance between Dreal and D™ and use triangle
inequality.

[ Dreal — D] q < ([P — Hy [liva + |71 — Halleva + [ H2 — D™liva
(by triangle inequality)

S \Ny— § ake
<6-, (75 )16) [ Hy — Holliwa + [[Ha — D= |1
r—1

(by Lemma 7.6.2 and Eq (7.6))

S S - T'T‘+]. c Ny ake
<6 +3nT_1-\/ - ) ! + ||/H2—ka || bva
a, +1

(by Lemma 7.6.3)

. 6. 1) - 3
S 6 S + 3 ) J S (nr—l) (T + ) (n'r‘—1> _'_ ”HQ o ,DfakthVd

2 . (nr_l)u
(by Eq (7.6))
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concluding the proof.

3
+ ||H2 _ Dfakthvd

(as r+ 1 < n,_; for large n,)

<6 S 13, s+ (ny—1)°%- (anlll) (ny-1)
Ny (nr—l)
S / S
<9 +6(ny_1)? | =
o Ny—1 (n 1) Z(BT + 1)
s s+ (ny_q)*
<9 +6-
B J 2((np—1)® + 1)
<15, /-2
N1

(by Lemma 7.6.4)

(by Eq (7.6))

The rest of this section contains the one part of the whole argument, namely, proving
different steps of the round elimination protocol incur low losses.

7.6.3 Messages from One Vertex have Low Correlation

—_~—

In this subsection, we prove Lemma 7.6.2. Let us recall the two distributions Dreal and H;
from Distribution 5 and Distribution 7 respectively.

Distribution Dreal; Distribution #,:

Gp—1 % (ids, T an, ICan, Lan)
x (X NﬁubaMgub | ids, aux, N'T.)

Gr—1 x (ids, T an, IKCarls Lan)
X (X N Mo, | ids, aux, NT)

CCEGT—I

X( >< (Mirn idsvauvagub) f)ubvNin)

z€Gr_1

z€Gr—1 y€Gr_1

x( X X (M) | ids, aux, Ny,

zeGr_1 ngX
X (X Nies | My, Ny ids, aux, Ny, Mp )| ox (X N2 | MELNEids, aux, N2y,
IGGr—l CEEGr71

The difference is in the third line, in how the messages sent by x to other inner vertices

—_~—

in G,_, are sampled. In Dreal, they are jointly sampled conditioned on ids, aux, N pubs Mpun

and N7. In Hy, they are sampled independently of each other, conditioned on the same

: H x xT x
random variables ids, aux, N5, M7, and N7

Notation. We use N;;'(y) to denote the type(z;,y) in G,_; for inner vertex y in the input

of Zi.

Claim 7.6.5. For every inner vertex x € G,_1, and every other inner verter y; € Y for
1€ [nr—l];

1
P+ 1

H(Mlxn(yl) 7Micn(_yl) | N?n? idS, auxaN;um gub> <

. 277/7«,1 - S.
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Proof. By our notation, we have id(y;) = y;. First, we have,

H(an(yl) ;an( ) | va IdS aux Npub’ pub)
]I(Mlmn(yl) 7an( ) | Nirn? IdS aux Npub? pub7 type(xv yz))
(as type(z, y;) is fixed by NT,)
= LM fid ()]s ML (i) | NG, ids, aux, N, M, type(z, ;)
(as id(y;) is the vertex in G to which y; is mapped)
= B I(MVid(y)]; M (=) | Ny ids, aux, Ny, Mgy, type(, i) = ).

t~type(z,y;)
(by the definition of conditional mutual information)

We use W, to be the joint random variable N'© o id(w) for each w # y; and w # x, T an, Kan,
all random variables in Ly barring Lf;”, all random variables in N, barring NV [L7 Y]
all random variables in M, barrlng M’”%Y[yj] for y; € Ly n{< y;}. These random

variables are bundled together because they are not relevant to the rest of the proof.

Y

We prove the statement for each type ¢ separately. Let & denote the event that type(x,y;) =
t. We omit the superscript — Y and replace z — Y by & to avoid the clutter.

I(M* Y [id(yi)] s M (=9:) | NV ids, aux, Ny, MG type(a, i) = t)
= I(M* Y [id(yo)] s MG (=) | id(yo), id(a), L7 N7V LY L METYILETY 0 {< id ()}, Waest, £0)
= I(Mid(y:)] s M, (=wa) | 1d(ya),id (), L, NTILE] MIILE; 0 {< id (50) ], Waest, €0)
(changing superscript © — Y to & for readability)
= I(Mfid ()]s MG, (=) | d (), id (), L5, NILT; U {id ()}, MIILE; 0 {< id(52) ], Weess, €0)
*[id(y;)] is fixed to be ¢, conditioned on & and thus conditioning on N*[id(y;)] is w.l.o.g.)
= L(M[id(y,)] : M, (i) |id(y,),id (), LT, U {id(y:) }, ML U {id ()}
Mf[l‘fz N {< Id(yl)}]v Wres‘w gt)
(as LY, id(y;) are fixed by LY; U {id(y;)},id(y;) and vice-versa)
E  I(Mid(y)]; M (—wi) [ id(yi), id(x), N[P], MT[P 0 {< id ()},

L7 ,Ufid(y:)} =P

Wiest, Li; U {id(y:)} = P, &).
(by the definition of conditional mutual information)

Again, we prove the statement for every set P C [n,] of size 7, + 1. Let E.ona be the event
that L, U {id(y;)} = P and & happen.

We argue that conditioned E.onq, the value of id(y;) is uniform over the set P. This
is because, by the definition of L7, for all y; € L7,, the value of N*7Y[y,] = t, similar to
N m%Y[|d(yZ)]. The random variable id(y;) is uniform over [n,], and Lf; is a uniformly random

set of size 7, that does not contain id(y;). If P is the set Lf, U {id(y;)}, the value of id(y;)
can be any value in this set with equal probability. As such, continuing the above equations
for any fixed P and E.onq, we will get,

I(M[id(yi)] s M, (=) | id(gi), id(z), MT[P 0 {< id(4i) }, Wrest Econa)
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Now,
other
these

E I(M7[y;]; M (=) | id(z), MT[P N {< 5}, Whest, id(4:) = 45, Econa)

Yj epr
1
Y+ 1

-3 My ] ME (=) | id (), MT[P 0 {< g}, Weess, id (5) = . Econa).
y;€P
(as id(y;) is uniform over P)

we argue that the event id(y;) = y; is independent of the joint distribution of all the
random variables in the mutual information term, conditioned on E.,nq. Let us list
random variables, and argue in steps (in each step, we condition on everything in the

previous steps also).

id(w) for w # y;: these are disjoint from P and independent of the identity of y; inside
P.

N*Y[P]: this is deterministically fixed to all be ¢ conditioned on Eegng.

N*7Y: the input of z to layer Y is already fixed to be type t for all elements of P.
The rest of the input is independent of which of these choices are the actual identity
of y;.

N7 the input of z to layer Z is independent of which of the identities in P belong
to y;.

MY MP 77 we know the inputs of 2 are independent of the event id(y;) = y;. As
protocol 7, is deterministic, the messages sent by x are independent of this event also.

T an, ICan: these are sets which are disjoint from P, and are also independent of id(y;) =
Yj-

NI this input to x comes from G,_;, which is independent of the identity of ;.

N5 barring A *=YP]: this is comprised of inputs chosen for 2 on sets disjoint from

P and are independent of which identity in P is given to ;.

L., barring Lt‘”fY: these are all sets disjoint from P, independent of what happens
inside P.

W,est: We have argued that all the random variables in W . are independent of P.

As such, the joint distribution of these random variables is independent of the event id(y;) =
y; conditioned on &.nq. Hence, we can continue as,

1 r . T .
Vo + 1 ) ZPH(Mm[y]] ;Mixn(_yi) | Id(.’lﬁ),M [P N {< yj}]7WreSta |d(yz) = yjagcond)
r yj€
1 2 :
= + 1 ’ Z ]I(MJJ[y]] 7M1zn<_yl) | Id(m)’ M[P N {< yj}]aWrestagcond>
Ir y;€P

(as id(y;) = y; is independent of all random variables together conditioned on E.onq)
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1 "
= ’ H(Mx[P] 7Miﬂn(_yl) | Id(l'), Wresta gcond)

Y+ 1
(by the chain rule of mutual information in Fact 4.3.1-(7))
1
H(M (—y;) | Econ by Fact 4.3.1-(3
< o7 HM(=0) | Eeona) (by (3))
1

<o 2n,_1-s. (as M (—y;) has 2n,_; — 1 messages of length at most s sent by z)
Yr

Putting things together, we have,

]I<Mlmn<yl) 7Miﬂn(_yl) ’ N?n? idS, auvax . )

pub> pub
< E E “2np_1 -8 (by all the bounds above)
type(zy:) Ly Y Ufid(w)} [y + 1
=t to_p
1
= -2n,_1 - S.
1

This completes the proof. |

We can now prove Lemma 7.6.2 using the weak chain rule of total variation distance.
First, let us recall this chain rule from Fact 4.3.8. For any two distributions y, v on k random

variables w!', w2, ..., w*, we have,

I =vlwa< ) E

E flpw [w) = vw | wS)[[ea.

ek

To bound the distance between Dreal from Distribution 5 and #H; from Distribution 7, we
use the lexicographic ordering on all the vertices and inner channels.

We need to define some more random variables. These random variables are local to this
subsection. They may be used for different purposes later.

start.

o Variable w®#": This is the joint random variable G,_1,ids, J ., Kan, L. along with

bubs M, for each inner vertex x.

o Variables w*™¥ for inner vertices x,y in different layers : this is the random variable
M (y) for inner vertices x, y.

o Variables w” for each inner vertex x: this is the joint random variable of w*™¥ for all
inner vertices y which are not in the same layer as . We use the lexicographic ordering
defined earlier to order these random variables based on y.

T

rest TOT each inner vertex x.

o Variables we™d: Joint random variable N

We need some simple observations.

Observation 7.6.6. About random variables associated with D and Hi:

start

(1) The random variable w***"* is distributed the same way in Dreal and H,.
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(13) In both Dl and Hy, w L w | W for any distinct pair of inner vertices w,w' €
AUBUC. This is true regardless of whether w,w' are in the same layer or in different
layers.

start

(17i) Conditioned on any choice of random variable w and w* for all inner vertices x,

distribution of we™! is the same in Dreal gnd Hi.

(1v) In distribution Dl and Hy, for any inner vertez z, w® L wtrt | N7, ids, aux, N,

m?’

(v) In distribution Hy, for any inner verter x, w*=* L w*>*" | N'¥ ids, aux Npub, bub>

for any distinct pair of inner vertices w,w’ € Y UZ of G,_1. Again, w and w' may be
in the same layer or different layers.

Proof. Part (i) is apparent from the definition of distributions Drea! and #;, as all random

start

variables in w are sampled the same way in Dl and H;.

For part (i7), we know that when w* is sampled in Dreal, it is sampled conditioned on

random variables ids, aux, N, Ny, and My, and ids. All these random variables are

/ . . . .
fixed by ws?*, Thus, w* and w% are 1ndependent for two distinct inner vertices w,w’

conditioned on w**'* in distribution Dreal.

Similarly in H;, random variable w” is sampled only conditioned on ids, aux, N, N

in» pub>
and My, . all of which are fixed by w™*"*.

Part (iii) is clear, again from the definition of Dreal and H; as N7 is sampled the
same way in the two distributions for all inner vertices x for any choice of the other random
variables.

Part (iv) is evident from how w® are sampled. They are conditioned only on ids, aux, N7,
and M, and are independent of the other random variables in w

Nac

start
pub> .

For part (v), in distribution H;, we know that when w*~* = M (w) is sampled, it is
conditioned only on ids, aux, N5, N5\, and M7, It is independent of the messages sent
by x to other inner vertices, conditioned on these random variables. |

First, we show that the distribution of w* in Dreal and H; are close to each other for all
inner vertices z, conditioned on w**'t,

Claim 7.6.7. For any inner vertex x, we have,

— S
- HDreal(Wz ‘ Wstart) o Hl(wx ’ WStart)HtVd S 9. (nr_1>3/2 . )
wstart ~Preal f)/r _|_ 1

Proof. Let uy,us,...,us,, _, be all the inner vertices not in the same layer as x, following

the ordering we defined. We use w’ to denote the random variable w*% for j € [2n,_4].
We use w to denote ws'¥*, We use w</ to denote the random variables w®, wt, ... w/~!. We
have,

Dl (w | W) — Hy (W | W) [

wstart preal
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< Y E DWW [wY) = Haw | W)

—

jE [2n7‘7 1] w<J ~Dreal

(by the weak chain rule of total variation distance Fact 4.3.8)

1 p—— ' ' '
<—- ) E__ \/}D)(Dreal(wﬂ | w<7) || Hy(wd | w<i))
\/§ jE[2n,._1] w<I~Dreal

(by Pinsker’s inequality Fact 4.3.10)

1 —— : ' '
S5 2y E_DDew [w) || Hyw | w)).
\/§ JE2nyr—1] W<j~5g;

(by Jensen’s inequality and concavity of square root)

We bound the KIL-divergence term separately for each j € [2n,_1]. Let us use M, (<
u;) to denote the random variables My (u1), M (ug), ..., M (uj—1). We use Weonq to
denote the random variables aux, ids, N, N5, and M, as they always appear in the

conditioning.

We know by Observation 7.6.6-(iv) that the distribution of w’ | w</ in Dreal g,

Dreal(w! | w7) = MG (u;) | MG (< 1) Weona-
We know by Observation 7.6.6-(v) and (iv) that the distribution of w’/ | w<J in H, is,
Hi(w [ W) = M () | Weond-
Combining the above two equations gives us,

E_ D(Del(w | wS) || Hy(w! | w))

w<J ~PDreal

= E DM (u;) | M (< us), Weona || M, () | Weona)

M (<u;) Weond
< I(MGT s M (< 1) | Weona) (by Fact 4.3.4)
< LM M (=) | Weona)

(by Fact 4.3.1-(8), as M (< u;) is fixed by M (—u;))
= I(M s ML (—uy) | ids, aux, NT, NE L ME L) (by definition of Wiauq)
<s-2n,_1-1/(y +1). (by Claim 7.6.5)

Putting things together, we have,

]EN H'Z/)_;BQ(WI ‘ Wstart) _ Hl(wx ’ Wstart)Htvd

wstart Preal

s;?- 3 E_ D(Dwl(wi | wd) || Ha(wd | wes))

je[Qnr—l] w<J~PDreal

(from our earlier bound on the total variation distance in the proof)

SOn, g on, g1/ +1)=2-(n,_)%?- i,
meo s 20 10+ ) = 20 () [ g
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We prove Lemma 7.6.2, with another application of Fact 4.3.8.

Proof of Lemma 7.6.2. Let uy,us, ..., us,,_, be the inner vertices with the lexicographic or-
dering. We use w"<¢ to denote the joint random variable w*', w"? ... w"-1 for { € [3n,_q].
We use w?!! to denote all w* for ¢ € [3n,_,]. Using Fact 4.3.8, we get,

||Dreal _ Hl”tvd

S ”zz/)_r\éa(wstart) o HI(WStart)HtVd + Z EN ||1/)_;é;(ww | Wu<z) _ 'Hl(wue | Wud)”tvd
€€[3n, ] wh<t~Dreal
+ E ||'Z/)?é;(wend | Wstart’ Wall) . Hl (Wend | Wstart’ Wau)Htvd
Wstart7wall,\,5§3§
—0+ X B [[Dreal(w® | wh<) — Hy(w™ | w'<t)||va
56[3717‘71] W“<[,\J’Drcal
+ E - Hrl/);;(wend | Wstart, Wall) o Hl (Wend ‘ Wstart’ Wau)”tvd

wstart 7Wall,\/Dreal
(by Observation 7.6.6-(7), we know Dreal(ws™) and H;(w*'") are the same distribution)
= X B [Dw [ wh) (W [ W' +0
€€[3nr,1} wl¥ <~ Preal
(by Observation 7.6.6-(ii7), distribution of w*™ is the same)
— Z EN ||IZ/)?&§(W$ | Wstart) . Hl(wm | Wstart)Htvd

V= [3,”7“7 1} wstart preal

(by Observation 7.6.6-(ii))

< (Bno_y) -2+ (no_y)?2 - 78+1 (by Claim 7.6.7)
—6-(n,_)"?- 5
(1) Vot |

Lemma 7.6.3 and Lemma 7.6.4 can be proved with the same framework, since we have
described the distributions and the sampling process explicitly. This concludes the analysis
of our round elimination protocol and the proof of Lemma 7.5.6, which in turn, as shown
before, finalizes the entire proof of Lemma 7.4.16 and consequently Theorem 12.
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8 Chained Index

8.1 Introduction

We study a natural generalization of INDEX, called chained index (CHAIN,,; for n,k > 1)
introduced by [CDK19]. There are k different instances of INDEX,,, correlated so that they
have the same answer. They are “chained” together, where each player holds the index to
the previous instance, and also the string for the next instance.

Definition 8.1.1 (Informal). In CHAIN,, 4, there are k instances of INDEX,,, all with the same
answer. Players 1 and 2 take on the role of Alice and Bob respectively in the first instance,
players 2 and 3 take on the role of Alice and Bob respectively for the second instance, and
so on, all the way till players k and k + 1 for the last instance.

Communication is one-way from each player to the next in ascending order. The last
player has to output the answer. The communication cost is the total number of bits in all
the messages sent by the players. See Figure 8.1 for an illustration.

Py P, Ps P, Py

e > S Output

Alice 1: X, Alice 2: Xy Alice 3: X3 Alice k: X
Bob 1: 1 Bob 2: 05 Bobk—1:0,_1 Bob k: oy

Figure 8.1: An illustration of the CHAIN,, ;, problem with k correlated sub-instances of INDEX,,
from Definition 8.1.1. The arrows illustrate that the message is from P; to P, for i € [k].

In [CDK19], a reduction from CHAIN was employed to get a lower bound for approxima-
tion of maximum independent sets in vertex arrival streams. Before its introduction, [Kap12]
used the problem implicitly to get a lower bound of (1 — 1/e) in the approximation factor
for maximum matching in O(n) space in vertex arrival streams.

The problem has been used by the breakthrough result of [FNFSZ20] to study the multi-
party communication complexity of submodular maximization. They proved that any ran-
domized p-party protocol which maximizes a monotone submodular function f : {0, 1}¥ —
R, subject to a cardinality constraint of at most p and an approximation factor of at least
(1/2 + €), uses Q(Ne/p*) communication. This also gave a lower bound for streaming sub-
modular maximization. The CHAIN problem was used by [FFSZ22] also for similar purposes,
but subject to stronger matroid constraints. [BKO22] used a reduction from CHAIN to prove
lower bounds for interval independent set selection in streams of split intervals.

We do not know tight bounds for the communication complexity of the CHAIN problem,
despite finding varied applications of it. There is a trivial protocol of O(n) bits, where any
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player can send the entire string to the next player who holds the index. Another simple
protocol is for each player to send O(n/k) bits randomly sampled from their strings using
public randomness, and with constant probability, in at least one of the k instances, we send
the special bit to the player holding the index. However, this still takes 2(n) total bits of
communication.

In [CDK19], they prove a lower bound of Q(n/k?) for any k > 1 through a reduction
from conservative multi-party pointer jumping problem, introduced by [DJS96]. They state
without proof that a stronger lower bound of Q(n/k) can be obtained for a restricted range
of k < O((n/logn)*). They posed the following conjecture on the optimal communication
lower bound.

Conjecture 8.1.2 ([CDK19]). Any protocol that solves CHAIN,, i requires €(n) bits of com-
munication.

[ENFSZ20] made some progress on Conjecture 8.1.2 by showing that among all the
messages sent by the players, there is at least one message with Q(n/k?) bits for every
k > 1. [MYHZ24] made further progress on Conjecture 8.1.2. They showed a lower bound
of Q(n/k+ /n) for oblivious protocols (where the length of the message sent by each player
does not depend on the input), and a lower bound of Q(n/k — k) for general protocols'. But
the original conjecture is still open, and this is the focus of our work.

8.1.0.1 Our Results

We settle Conjecture 8.1.2 almost fully by proving the optimal lower bound of Q(n) barring
the corner case of when k is too large. As far as we know, this corner case is not a focus for
existing reductions from CHAIN,, j.

Theorem 6 (restated). For any n,k > 1, any protocol for CHAIN, ; with probability of
success at least 2/3, requires Q(n — klogn) total bits of communication.

Therefore, as long as k = o(n/logn), we get the optimal Q(n) lower bound from Theo-
rem 6.

The proof of Theorem 6 can be found in Section 8.3. We prove the lower bound in
the more general blackboard model of communication, instead of private messages between
players (see Section 8.2.0.1 for details). The main idea is to analyze INDEX,, where Alice
and Bob already have some prior advantage in guessing the answer. We elaborate on our
techniques in Section 8.1.0.2.

As a direct corollary of Theorem 6, we get improvements in streaming lower bounds
in [CDK19, FNFSZ20] through reductions from CHAIN immediately. In particular, we get
that any algorithm which a-approximates the size of a maximum independent set in vertex
arrival streams requires 2(n?/a® — logn) space, while the previous bound was Q(n?/a")
in [CDK19]. These applications can be found in the full version [Sun25].

!The authors of [MYHZ24] pointed out an important flaw in the arguments of an earlier version of
this work which was posted at around the same time as [MYHZ24]. This flaw was subsequently fixed in

the current version using a global change to the original argument, which now recovers optimal result for
k =o(n/logn).
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8.1.0.2 Our Techniques

In this subsection, we give an overview of the challenges in proving the lower bound and a
summary of our techniques. We start by going over the prior techniques.

Prior Techniques. We will briefly talk about the technique used in [FNFSZ20] to prove
that there is at least one player who sends Q(n/k?) bits for any k > 1. We will argue that
these techniques can be extended to proving a lower bound of (n/k) for the total number
of bits, but not all the way to 2(n) bits.

The first step in proving a lower bound for CHAIN, ; in [FNFSZ20] is a decorrelation
step — the k instances of INDEX,, have the same answer, and they remove this correlation
with a hybrid argument. These arguments have been used extensively in the literature
(see e.g., [KIKS15, AKSY20, KMT 22 AS23a]). Intuitively, any protocol that tries to solve
CHAIN,, , may attempt to solve “many” of the instances of INDEX,,, albeit each with a “small”
advantage over 1/2; in the hope that the “small” advantages may accrue to get a constant
probability of success overall (taking advantage of the fact that all the instances of INDEX,,
have the same answer). The hybrid argument is a way to reduce proving a lower bound on
the overall problem, to proving a lower bound for £ different INDEX,, problems against these
low advantages.

Let us assume, for simplicity, that the protocol tries to get an advantage of Q(1/k) in
each instance of INDEX,,, to get a constant total advantage. We can prove that any protocol
that gets an advantage of Q(1/k) for INDEX,, uses (n/k?) bits of communication using basic
tools from information theory [CCKM13] (this is quite standard, see e.g., [Ass20] for a direct
proof), and this is known to be tight. Therefore, for k instances, we get a lower bound of
Q(n/k) bits in total. Now, we will argue why this is not the optimal lower bound.

On one hand, for INDEX,, it is known that for any § € (0,1/2), there is a protocol that
uses O(nd?) bits of communication to get a probability of success 1/2 + §. This means that
INDEX,, can be solved with advantage Q(1/k) in O(n/k?) bits; in other words, each “hybrid
step” of the previous lower bound argument is optimal. So, then, why can we not get a good
protocol for CHAIN,, ;, by running the protocol for INDEX,, with § = 1/k on all £ instances?
This protocol would have O(n/k) bits of communication in total. The reason is that the 1/k
small advantages do not add up as we would like them to. To illustrate this, we will briefly
talk about the protocol that gets § advantage in O(nd?) bits for INDEX,,.

Protocol for INDEX,,. First, we will sketch a protocol for § = 1/4/n that uses O(1) bits of
communication. Let us imagine that the input X is chosen uniformly at random from {0, 1}"
and the index o is chosen uniformly at random from [n]. Then, Alice finds the majority bit
from her string X and sends it to Bob. Bob just outputs the bit sent by Alice. We know,
from simple anti-concentration bounds on the binomial distribution, that the number of
indices with the majority bit in X is at least n/2 4 ¢y/n with constant probability for some
appropriate constant c¢. The protocol succeeds if Bob holds the index o to a majority bit,

[

and this happens with probability at least % + 7

The assumption that the input X is chosen uniformly at random from {0,1}" can be
removed using public randomness. Alice and Bob collectively sample a random string A €
{0,1}", and Alice changes her input to X & A so that each bit is 0 or 1 with equal probability.

214



Similarly, the assumption that the index o is chosen uniformly at random from [n]| can be
removed by Alice and Bob sampling a random permutation of [n]. Alice permutes string X
according to this permutation, and Bob changes his input to the index that the permutation
maps o to. This is termed as the self-reducibility property of INDEX.

We can also extend the protocol to any § by partitioning the string X into nd? blocks
at random using public randomness and sending the majority bit in each block. Bob knows
the block that his input index o belongs to as public randomness is used.

Challenges for CHAIN,, ;. If we use the protocol we described for CHAIN, ;, we are left
with k£ bits from each instance of INDEX,,, which may be the correct answer to the problem
with probability 1/2 4+ ©(1/k), but, the variance of each of these bits is 1/4 — O(1/k?). We
have a protocol for CHAIN,, ;, where, out of the k instances of INDEX,, it finds the right
answer for ~ k/2 + O(1) instances in expectation. However, the standard deviation of the
number of right answers is ~ v/k/2, which is enough to mask the ©(1) improvement over & /2
we get in expectation. If we use a hybrid argument over the total variation distance, each of
the smaller “hybrid steps” is optimal, whereas the overall lower bound is not optimal. We
cannot achieve a lower bound stronger than Q(n/k).

Our Solution. Instead of keeping track of progress in terms of advantage gained in guess-
ing the answer, we directly keep track of the “information” the message reveals about the
answer. Formally, this translates to the change in entropy of the answer, after each successive
message. Initially, the players have no information about the answer, and it is uniform over
{0,1} (the entropy is 1). Any protocol with a large enough probability of success must re-
duce the entropy of the answer by a large factor (see Fano’s inequality in Proposition 4.3.9).
We prove that after each message, the entropy is reduced only by an additive factor linear
in the length of the message, by a reduction to the INDEX problem. This will give us a lower
bound on the total length of the messages.

For INDEX,,, in any protocol with probability of success at least e, the entropy of the
answer conditioned on the message is at most Hy(e) where Hy(x) = zlog(l/z) + (1 —
x)log(1/(1 — x)) is the binary entropy function. In the standard version where the initial
entropy is 1, the reduction in entropy is 1 — Hs(g), and it is known that the protocol requires
Q(n(1— Hs(e))) communication [JRS09]. This is not sufficient for our application due to the
following reason: after the message of Py, when P, and Pj3 attempt to solve INDEX,,, they
already have some prior advantage that the message of P; gives them. Therefore, we need
to analyze INDEX,, when the answer is not uniform over {0, 1}.

Biased Index. We define the biased index problem, parametrized by 6 € [—1/2,1/2].
Alice and Bob receive input Y € {0,1}" and p € [n] respectively, such that the value at
position p in Y (denoted by Y(p)) is 1 with probability 1/2 4+ 6 and 0 otherwise. Alice
sends a message M to Bob and Bob has to output Y (p). The initial entropy of the answer
is Hy(1/2 + 0). We prove that entropy of Y (p) conditioned on M is smaller by at most
O((|M] +logn)/n) compared to the initial Hy(1/2 + 6), which is our main contribution
(see Lemma 8.3.6).

We can show that the entropy of input to Alice, i.e. the random string Y, in such a
distribution is at least Q(n- Hy(1/2+6)). Hence, after a message of length s from Alice, the

215



entropy of string Y reduces to Q(n - Hy(1/2 + ) — s). For a randomly chosen position in Y
after conditioning on the message, the entropy is at least ~ Hy(1/2 + 0) — s/n, which gives
a lower bound on s.

In the distribution given to Alice and Bob, however, p is not chosen uniformly at random,
and in fact, is correlated with the distribution of Y. Such versions of index where the
distributions of Alice and Bob are correlated have been studied before (see Sparse Indexing
in Appendix A of [AKL16] and Section 3.3 of [Sag11]). This correlation is the main issue in
analyzing biased index with information theoretic tools.

Our solution to this correlation issue is using the sampling approach in Appendix A
of [AKL16]. Let us assume that 6 > 0 for simplicity. The case when 6 < 0 can be analyzed
similarly. We frame the process of sampling (Y, p) in three steps:

(i) First, we sample a subset T" of size n/(1 + 26) uniformly at random.

(1) Randomness in string Y is restricted only to indices in 7 n/2 indices from T are
chosen uniformly at random and set to 1, all other indices are set to 0.

(#7i) Index p is chosen uniformly at random from 7.

It is easy to see that this process gives the same distribution for (Y, p) as in the premise of
biased index. Conditioned on 7', however, distribution of ¥ and p are independent. Hence,
this conditioning breaks the correlation, and we can also show that the loss in entropy of
Y due to conditioning on T is not significant enough to hinder us. This restriction of the
random process then allows us to use standard information theoretic tools to analyze biased
index (see Section 8.3.0.3 for more details).

Independent and Concurrent Work. Independently and concurrently of this work,
[MYHZ24] made progress on Conjecture 8.1.2. They showed a lower bound of Q(n/k + \/n)
for oblivious protocols (where the length of the message sent by each player does not depend
on the input), and a lower bound of Q(n/k — k) for general protocols. We show a lower
bound of Q(n — klogn) for all protocols.?

Quantitatively, our lower bounds are a factor of almost k stronger, and are optimal for
k = o(n/logn); moreover, our lower bound also holds for the Augmented Chain problem
of [DDK23]. In terms of techniques, however, the two works are entirely disjoint: their proof
is based on a new method of analysis through min-entropy and we use information theoretic
approaches.

8.2 Preliminaries

In this section, we will present the required notation and definitions for our proof.

2The authors of [MYHZ24] pointed out an important flaw in the arguments of an earlier version of
this work which was posted at around the same time as [MYHZ24]. This flaw was subsequently fixed in
the current version using a global change to the original argument, which now recovers optimal result for
k =o(n/logn).
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Notation. For any tuple A = (A, As, ..., A,,) of m items, we use A-; to denote the tuple
(A1, As, ..., A;) for all i € [m]. We use sans-serif font to denote random variables. For
any random variable A, we use A ~ A to denote any A sampled from the distribution of the
random variable A.

For any string X € {0,1}", we use X (o) to denote the bit at position o in X for o € [n].
We use X (< o) to denote the string of o — 1 bits preceding X (o) in X. We use X (S) for
any S C [n] to denote the bits at positions in set S.

For any x € [0, 1], we use Hy : [0, 1] — [0, 1] to denote the binary entropy function.
Hy(z) = —xlogz — (1 — ) log(1l — x).

We need the following standard approximation of binomial coefficients (see Lemma 7 of
Chapter 10 in [MS77]).

Fact 8.2.1 (c.f. [MS77]). For any p > 1 and any q € [p — 1], we have,

op-Ha(a/p) . p < <P> < opHa(a/p) . p
8mq(p—q) ~ \a) ~ 2mq(p — q)

8.2.0.1 Communication Complexity Model

We use the standard number-in-hand multi-party model of communication. Only the basic
definitions are given in this subsection. More details can be found in textbooks on commu-
nication complexity [RY20, KN97].

For any k£ > 1, let f be a function from A; x Ay X ... X Ai to {0,1}. There are k players
Py, Pa, ..., Pr where P; gets an input a; € A; for i € [k]. There is a shared blackboard
visible to all the players. The players have access to a shared tape of random bits, along
with their own private randomness. In any protocol 7 for f, the players send a message
to the blackboard in increasing order (P; sends a message followed by Ps, and so on till
Pr). The last player Py, after all the messages are sent, outputs a single bit denoted by
m(ay, as,...,ax). Protocol 7 is said to solve f with probability of success at least 1 — § if|
for all ¢ € [k], for any choice of a; € A;, we have,

Pr{r(ay,as,...,ar) # f(ai,as,...,a;)] < 4.

The communication cost of a protocol 7 is defined as the worst case total commu-
nication of all the players on the blackboard at the end of the protocol.

Definition 8.2.2. The randomized communication complexity of f, with probability
of error ¢, is defined as the minimum communication cost of any protocol which solves f
with probability of success at least 1 — 9.

This concludes our preliminaries section.
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8.3 The Lower Bound

In this section, we will prove our lower bound of Q(n) on the communication complexity of
the CHAIN,, ; problem for & = o(n/logn). Let us formally define the CHAIN,, , communication
problem first.

Definition 8.3.1. The CHAIN,,; communication problem is defined as follows. Given k + 1
players P; for i € [k + 1] where,
o P; has a string X; € {0,1}" for each i € [k], and,
o« P forl <i<k+1 has an index o;_1 € [n],
such that,
Xz(O'Z) =z,

for some bit z € {0,1}. The players have a blackboard visible to all the parties. For i € [k]
in ascending order, P; sends a single message M;, after which the index o; is revealed to the
blackboard at no cost. Pry1 has to output whether z is 0 or 1. Refer to Figure 8.2 for an
tllustration.

P Py Py Py Pryy
Xy Xo; 01 Xsio9 | 77 X 051 Ok |—>
\ 4\ 4\ 7 \ 7 Output b
/ i , ,
/ / 7 ;
/ / /
M, M, M v M;,
g1 (op) 03 (o
Board

Figure 8.2: An illustration of the CHAIN,, ;, problem from Definition 8.3.1. The solid arrows
illustrate that player P; writes a message M; to the board. The dashed arrows indicate that
P; can read the contents of the board. It also shows the order in which the messages are
sent by the players and indices are released.

Let us recall the statement of our main result.
Theorem 6 (restated). For any n,k > 1, any protocol for CHAIN, , with probability of
success at least 2/3, requires Q(n — klogn) total bits of communication.

We give our hard distribution for CHAIN,, ; in Section 8.3.0.1 and give the proof of The-
orem 6 in Section 8.3.0.2 except for the analysis of biased index, which is given in Sec-
tion 8.3.0.3.

8.3.0.1 Setting Up the Problem

In this subsection, we start by defining the notation for our proof, and we describe the input
distributions to CHAIN,, 4.

The input hard distribution is as follows. Let £ C {0,1}" be the subset of strings where
the number of ones is exactly equal to n/2.
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Distribution D for CHAIN,, ;:
1. Pick a bit z uniformly at random from {0, 1}.

2. For each i € [k], sample (X}, 0;) uniformly at random from £ x [n] and independently
conditioned on X;(0;) = z.

Notation. We use X; to denote the random variable corresponding to string X; and o; to
denote the random variable corresponding to index o; for i € [k]. To denote the random
variable corresponding to the first ¢ — 1 strings and indices, we use X_; and o; respectively.

We use M; to denote the random variable corresponding to the message M; sent by P; to
the blackboard. We use M = (Mj, M,, ..., M) to denote the tuple containing the messages
of all the players, and M to denote the random variable corresponding to M.

Let 7 be a deterministic protocol for CHAIN,, , with probability of success at least 2/3
when the input is distributed according to D. We use I' to denote the random variable
corresponding to the contents of the blackboard (referred to as a transcript), and we use v
to also denote transcripts sampled from I'. We use I'; to denote the random variable of the
tuple (M;, 0;) for i € [k]. We use 7(y<;, X;) to denote the output of P; when the contents of
the blackboard are v.; and the input is X; for i € [k].

Let s be the total length of all the messages sent by the players in v. We assume that
the total length of the messages is exactly s by padding. For any random variable A, we
use D(A) to denote the distribution of the random variable A, as the input is distributed
according to D. We replace D(A | B = b) with D(A | b) for ease of readability whenever it is
clear from context.

Let Z denote the random variable corresponding to bit z. The bit z corresponds to the
answer to CHAIN,, . We show the lower bound of Q(n — klogn) for distinguishing between
the case when z = 0 and z = 1 based on the contents of the blackboard.

We need one important observation about the distribution D.

Observation 8.3.2. For any i € [k], random variable X;, o; is independent of I'<; condi-
tioned on L.

Proof. For any fixed value of Z, X;, o; are chosen uniformly at random from £ x [n] such
that X;(o;) = Z. This choice is independent of any X;, ; with j # ¢, and thus independent

We are ready to proceed with the proof of our main theorem.
8.3.0.2 Proof of Lower Bound

We start by showing that in any successful protocol, the entropy of the distribution of Z
conditioned on the message must be small.

Claim 8.3.3 (The transcript reveals information about Z.).
H(Z | T) <24/25.
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Proof. We know that Py successfully finds the value of z with probability of success at
least 2/3 using the transcript. Thus, using Fano’s inequality in Proposition 4.3.9, we have,

H(Z |T) < Hy(2/3) < 24/25. I

The main part of the proof is that we show a lower bound the entropy of Z conditioned
on the transcripts using the entropy of the message.

Lemma 8.3.4. For any protocol T,

1 1n2 - (H(M) + klogn) < H(Z | T).

Before we prove Lemma 8.3.4, we can easily show that it implies Theorem 6.

Proof of Theorem 6. Combining Lemma 8.3.4 with Claim 8.3.3, we get,

12 24
1—— - (HM)+klogn) <H(Z|T) < —.
n 25
This gives that,

n
HM) > —"— — klogn.
(M) 2 55715 ~ Floen

We know from Fact 4.3.1-(1) that H(M) < log(2*) = s, which proves that the total number
of bits s = Q(n — klogn) for any deterministic protocol. By Yao’s minimax principle, we get
a lower bound of 2(n — klogn) on the randomized communication complexity of CHAIN,, .

The proof of Lemma 8.3.4 employs a reduction to two player INDEX,,. However, in these
instances of INDEX,,, Alice and Bob already have some partial information about the answer.
We call this problem the biased index problem, and it is defined based on parameter
0 € [—1/2,1/2], which is the initial bias known about the answer.

Definition 8.3.5. The biased index distributional communication problem, denoted
by BIAS-IND(0) for 6 € [—1/2,1/2], is defined as follows.

Sample W € {0,1} such that W = 1 with probability 1/2 + 6, and W = 0 otherwise.
Sample (Y, p) uniformly at random from L x [n] conditioned on Y (p) = W. Give string Y to
Alice, and index p to Bob. Bob has to output Y (p) after a single message Mypex from Alice.

Let mypex be a deterministic protocol for BIAS-IND(#). Let W)Y, p, Mjyppx denote the
random variables corresponding to WY, p and My respectively. Let Dy denote the joint
distribution of W, Y, p and Mypgx in BIAS-IND(6).

We prove the following lemma about BIAS-IND(€) in Section 8.3.0.3.

Lemma 8.3.6 (Biased Index). For any protocol Tpex for BIAS-IND(),

2
H(W ’ MINDEX7 P) > H2(1/2 + 9) - ﬁ : (H(MINDEX) + 10g n)

220



Now we can prove Lemma 8.3.4.

Proof. We prove that, for any 0 < /¢ < k,
¢
H(Z|T<) >1—=-()_H(M;|T.)+ llogn),
7j=1

by induction on ¢. This implies the statement of the lemma because when ¢ = k,

H(Z|T)=H(Z| <)

>1-2. (L H(M; | Ty) + Klog)
=1- 721 -(O_H(M; | Mej,0;) + klogn) (by defintion of random variable I'.;)
) v
21-—- (;H(MJ | M) + klogn)
" (as conditioning reduces entropy, Fact 4.3.1-(4))
>1-— i - (H(M) + klogn). (by chain rule of entropy, Fact 4.3.1-(6))

The base case when ¢ = 0 is trivial, as H(Z) = 1 when Z is uniform over {0, 1}, by
Fact 4.3.1-(1). Let us assume that the statement is true for some 0 < i — 1 < k for the
induction hypothesis, and prove it for .

For any i € [k] and any 7.; sampled from D(T'.;), we define #0<?) to be the bias of
distribution of Z conditioned on ~v.; from uniform, that is,

pr<i) — PI“(Z =1 | I'.;, = ’7<z’) - 1/2‘

We also define distribution D<) as the joint distribution of Z, X;, o; and I'; conditioned on
the event I'; = v;.

Now, we employ a reduction to BIAS-IND(A'<?)) problem. Alice takes on the role of P;
and Bob takes on the role of P;; when the contents of the blackboard are fixed to be y.;. We
will argue that distribution DO<)(Z, X;, a4, M;) of random variables in CHAIN,, ;, is identical
to the distribution Dye,) (W, Y, p, Mixpex) of the random variables in BIAS-IND(#(<?)).

(1) Random variable Z is set to be 1 with probability 1/2 + #0<?) and 0 otherwise, same
as random variable W in D, _,).

(1) Random variable Y, p is sampled from £ x [n] uniformly at random conditioned on
Y(p) = Z, and this is the same as the distribution of X;, a; in DU<¢). This is because
X;, o; are independent of I'; = v; conditioned on Z, by Observation 8.3.2.

(17i) As Alice takes on the role of P;, given the same input, she sends the same message as
P; when the contents of the blackboard are v.;. The distribution of M; is the same as
that of Myypex, as distribution of X;, o; is the same as that of Y, p.
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Hence using Lemma 8.3.6, we get,

2
H(Z | Ty, Ty = v<i) > Hy(1/2 +00<)) — ~ - (H(M; | T = 7<) + logn). (8.1)
We also observe that,
Hy(1/2 4 00<)) = H(Z | Ty = 7<), (8.2)
by definition of binary entropy.

Lastly, we have,

H(Z | T'«;) = . ]%(r )H(Z | T, T = v<i) (by the definition of entropy)
<i™ <t
2
> B [Hy(1/2+00<9) = = (H(M; | T; = v4) + logn)|  (by Eq (8.1))
Y<i~D(l<s) n
2
= 7<i~]g(r<i) {]HI(Z | Toi = y<i) — o (H(M; | I'; = v<;) + log n)} (by Eq (8.2))
2
@Ira) =2 (B, (| Ta =z +Togn) )
2
=H(Z|T.) - o (H(M; | I'<;) + logn)
9 7
>1——- (Z H(M; | I'cj) +ilogn |, (by the induction hypothesis)
n \io

finishing the proof. |

8.3.0.3 Biased Index

In this subsection, we will prove Lemma 8.3.6. Let us first recall the input distribution to
BIAS-IND(6).

Distribution Dy: Sample W = 1 with probability 1/2 + 6 and set W = 0 otherwise.
Sample (Y, p) € L x [n]| conditioned on Y (p) = W.

In Dy, the distribution of Y and p are highly correlated. We give an alternate way of
sampling Y, p so that this correlation is removed partially.

Distribution Dj:
For 6 > 0:

(¢) Sample set T C [n] of size b = n/(1 + 26) uniformly at random.

(77) Sample a set S of n/2 indices from 7" uniformly at random and set them to 1, and
set [n] \ S to 0 to get Y.

(731) Sample p by sampling an index uniformly at random from 7.
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For 6 < 0:
(i) Sample set T' C [n] of size b = n/(1 — 26) uniformly at random.

(i7) Sample a set S of n/2 indices from 7" uniformly at random and set them to 0, and
set [n]\ S to 1 to get Y.

(731) Sample p by sampling an index uniformly at random from 7.

In this section, we assume that 8 > 0. For the case when 6 < 0, the proof follows in the
same vein, and is not presented. Let t,S denote the random variables corresponding to set
T and set S respectively. We will show that distributions Dy and D) are in fact identical.

Claim 8.3.7. In distribution Dy, for any (Y, p) € L x [n],

Pr(Y =Y. p=p) = { ")

Proof. For any bit ¢ € {0,1}, when Y(p) = ¢,

Pr(Y =Y,p =p) =Pr(W =c¢) - Pr((Y, p) is sampled conditioned on W = ¢)
2

(2) "
(as Y, p are chosen uniformly at random with Y'(p) = ¢)
_2-Pr(W=¢

() -

Substituting Pr(W = 1) and Pr(W = 0) as 1/2+6 and 1/2 — 0 respectively proves the claim.

Claim 8.3.8. Distribution Dy is the same as Dj.

=Pr(W=¢)-

Proof. For a fixed Y, p we will show that the probability of sampling (Y, p) is same in both
Dy and Dj. Let S’ be the set of indices where the string Y takes value 1.

We begin with the case when Y (p) = 1 and p € S’. In distribution Dj, for (Y, p) to be
sampled, the random variable S must be fixed to S’, and index p must be chosen from t.

Let us find the probability with which S is chosen to be S’. The distribution of S is
uniform over all subsets of [n] of size n/2, as t is uniform, and S is chosen uniformly from t.
Therefore,

Pr(S=5") =

()
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Now, we can find the probability that (Y, p) is sampled.

Pr((Y, p) is sampled from Dy) = Pr(S = S5’) - Pr(p € S’ is chosen from t | S = 5)

1
= ( . ) - Pr(p is chosen from t | p € t)
n/2
(asY(p)=1land pe S'=SCt)
1 1
=Ty % (choosing one index among b choices)
(o/2)
~ (1+20)
(72) -

Now we look at the case when Y (p) = 0 and p ¢ S’. Here, for (Y, p) to be sampled, we
first need that S = S” and one index from the b — n/2 remaining indices of t must be p.

Pr(S"=Sand pet)=Pr(S"U{p}Ct)-Pr(S =S|5 Ct)

IR ES U TS U
_<b—n/2—1> (Z) Pr(S"=S|5" Ct)

(as we choose remaining elements of t from [n] \ (S U {p}))
_ ( n/2—1 > 1
b—n/2 -1 ( ) )
-0 ()
n/2  (b— n/2)
=(2b—mn) - !

n- ()

The final probability of sampling (Y, p) is,

(choosing one choice among all for S)

Bi(n— ) (n/2)1(b—n/2)!
—bn nl bl

Pr((Y, p) is sampled from Dy) = Pr(S’ =S and p € t) - Pr(p is chosen from t | p € t)
2b—n 1

b ()

_ 120

Using Claim 8.3.7 we complete the proof. |

Using this alternate way of sampling, it is easy to see that random variables Y and p
are independent of each other conditioned on t. It can also be extended to include random
variable Mypex, as it is only a function of Y.

Observation 8.3.9. In distribution Dy, conditioned on t =T, for any i € T, distribution
of random variables Y, Mypex @s independent of event p = 1.
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Proof. Conditioned on t = T, string Y is chosen by picking an n/2 size set S uniformly
at random from 7', and setting these indices to 1, and this choice also fixes Mypex as the
protocol is deterministic. And index p is chosen uniformly at random from 7', independently
of the choice of S, by definition of Dj. Thus, choice of p = i is independent of random
variables Y, Mixpex. |

Next, we will show that even conditioned on t, the entropy of Y remains large.

Claim 8.3.10.

H(Y | t) > - Hy(1/2+6) — 2logn.

(1+26)

Proof. We assume that 6 < 1/2, as otherwise, the statement is vacuously true. Hy(1) = 0
by definition, and entropy is always non-negative by Fact 4.3.1-(1).

Conditioned on t = T', we know that Y is fixed by choosing set S uniformly at random.
Thus,

H(Y | t) = log <<nl;2>> (by Fact 4.3.1-(1))

> log <2bH2(”/2b) : \/8(71/2)(2 — n/2)> (by Fact 8.2.1, and n/2 < b, as 6 < 1/2)
b
/Db~ n/2)

n 1 1

= 120 Hy(1/2+0) + 3 lOg(m)

CHy(1/2+6) + ;log(l/éln) (as 1/2— 0 < 1)

1

> "
= (1+20)
n

> ———— - Hy(1/2+6) — 21 .
= 1+ 20) 2(1/2 +0) ogn. |
We are ready to prove Lemma 8.3.6.

Proof of Lemma 8.3.6. We can lower bound the entropy of W conditioned on Mgy, p as,

H(W | Mixpex, ) = H(W | Mypex, p,t)  (as conditioning reduces entropy, Fact 4.3.1-(4))

rl
= tET a > TH(W | Mupex, p = p,t = T)} (as p is uniform over T')
Y peT
rl
= E [+ S HY() | Mapex. p = p.t = T)]
=T b peT
(as W =Y (p) by definition of Dy)
rl
= tI:ET 5 : Z H(Y(p) ‘ Mixpex, t = T)}

p€ET
(as Y, Mupex L (p = p) | t =T, by Observation 8.3.9)
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1

> E [ HY(T) | Mo, t = T)]
(by subadditivity of entropy, Fact 4.3.1-(5))
= IET [z ~H(Y | Mixpex, t = T)] (as Y([n] \ T) is fixed to be 0)
t=
1
= E 'H(Y | MINDEXat)'
Thus it follows that,
H(Y ‘ MINDEX7t) <b- H(W ’ MINDEX: p)- (83)
We also have,
H(Y | t) = H(Y, Mixpex | t) (as M is fixed by Y)
= H(Mupex | t) + H(Y | Mixpex, t) (by chain rule of entropy, Fact 4.3.1-(6))
< H(MINDEX | t) +0b- H(W | MINDEX7 P) (by Eq (83))
< H(MINDEX) +0b- H(W | Mixpex, p)-

(as conditioning reduces entropy, by Fact 4.3.1-(4))
Combining with Claim 8.3.10, we get,

H(MINDEX) +b- H(W ’ MINDEX? p) b- H2(1/2 + ‘9) —2 logn (aS b= n/(l + 29))

>
b * H(W | MINDEX7 p) 2 b * H2(1/2 —‘|— 9) - (H(MINDEX) —‘I_ QIOgn).
(rearranging the terms)

Dividing both sides by b, we get,

1
H(W | Mupex, p) > Ha(1/2 4+ 6) — b (H(Mxpex) + 21ogn)

> Hy(1/2+6) — i (Moo + 210g 1), (as b > 1/2)

finishing the proof. |
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9 Streaming Shortest Paths

9.1 Introduction

We study the single-source shortest path problem in undirected (and possibly weighted)

graphs in this model. Alongside the introduction of the semi-streaming model, [FKM™04]
logn
loglogn

source shortest paths, which was shown to be optimal soon after in [FKM'05]. This
led [FKM™04] to pose the following open question for undirected shortest paths:

presented a single-pass semi-streaming algorithm for O( )—approximation of single-

[FKMT04]: “Is there a multi-pass algorithm that improves the approximation
ratio?”

Since then, there has been a long line of research on this question using a wide range of
techniques, primarily focusing on proving upper and lower bounds on the number of passes
needed for obtaining a constant or (14 ¢)-approximation [EZ04, GO16, HKN16, EN18,EN19,
AR20,BFKL21,CKP*21a,ET22, AJJ*22, AS23a].

Upper bounds. The first of such algorithms appeared in the work of [EZ04] who obtained
a semi-streaming O, (n’)-pass algorithm for any small constant § > 0. This algorithm is
based on the idea of hybrid spanners (see [EP04]). The next big improvements came from
using hopsets to reduce the passes to (1/g)0VIosnloglosn) [HKN16, EN19], which is n°®") for
constant £ > 0. Finally, [BFKL21], using continuous optimization tools, reduced the number
of passes to polylog (n)/e2, and [AJJ"22] further improved the e-dependency in passes to
1/e; the dependency on logn in both these algorithms is some unspecified large polynomial
(which appears to be at least (logn)” in [BFKL21] and (logn)'® in [AJJ22]).

Lower bounds. On the lower bound front, [FKM™05] first proved that finding (1 + €)-
approximate shortest paths in the semi-streaming model requires 2(1/¢) passes as long as
e > (k’lg;%). This lower bound was extended to the (algorithmically easier) problem of
(1 + ¢)-approximation of the shortest path distance (and not necessarily finding a path)
between a fixed source and target in [GO16]. The space complexity in the latter result has
been improved to n?~°M) space in a series of work [AR20, CKP*21a, AS23a], although they

do not imply new pass lower bounds over [GO16] for semi-streaming algorithms.

The current state-of-affairs for constant-factor approximation of shortest paths is thus the
following;:

« polylog(n)-pass upper bounds for arbitrarily small constant approximation ratios, and

e w(1)-pass lower bounds for sufficiently small constant approximation ratios.
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9.1.0.1 Our Contributions

We make progress on this problem by establishing new upper and lower bounds.

Our upper bound holds for the general problem of computing (1 + ¢)-approximate single-
source shortest paths on weighted graphs undergoing edge insertions and deletions. On the
other hand, our lower bound holds for the simplest version of the problem where we only
need to compute a large constant approximation of the distance between two fixed vertices
in an unweighted graph (without having to find a shortest path). Our results can be stated
more generally in terms of space-pass tradeoffs beyond the semi-streaming space restrictions.
Our upper bound is as follows.

Result 2. For any integer k > 1 and parameter ¢ € (0,1), there is a randomized stream-
ing algorithm for weighted graphs that, with (exponentially) high probability, computes
(14¢)-approxzimate shortest paths from a given source to all other vertices in an n-vertex
graph using
O 1 k 1+1/k1 d k‘j
<5 - kn og n) space and O _ | passes.

Moreover, this algorithm can be extended to dynamic streams that include both edge inser-
tions and deletions. It can also be derandomized on insertion-only streams by increasing
the space with some fized poly(log(n),1/e) factors.

Plugging in k& = log n/log log n to Result 2 implies a randomized semi-streaming algorithm
for (1 + e)-approximate single-source shortest paths with

1 1 /1 ?
O ( -nlog® n) space and O | —- i XL passes.’
€ e \loglogn

This improves upon prior algorithms for this problem by reducing the pass complexity from
some unspecified polylogarithmic number of passes to only ~ log?(n) passes (and keeping
e-dependency the same). Another benefit of this algorithm, which we will elaborate on
further when we discuss our techniques, is that it is arguably much simpler than all exist-
ing approaches for this problem, especially the state-of-the-art methods that utilize convex
optimization tools [BFKL21, AJJ22].

For the most general version of the problem on dynamic streams, the current state-of-
the-art algorithms (to the best of our knowledge) are due to [FT22]. These algorithms,

operating in a similar space of é(nlﬂ/ *), require (f) passes for unweighted graphs and
k

(“’%) passes for weighted graphs. Result 2 reduces this pass complexity to only O(k?/¢),

even for weighted graphs.

Switching to lower bounds, we can prove that the pass complexity of Result 2 is within
at most a quadratic factor of the optimal bounds for any constant-factor approximation of
the problem.

'We measure space using O(logn)-bit machine words.
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Result 3. For any o > 1 and any integer k sufficiently smaller than log(n)/a, any
streaming algorithm on unweighted n-vertex graphs that, with constant probability of
success, can output an a-approximation to the distance between a fized pair of vertices
requires

1
Q( I (F) -nHﬁ) space or (k) passes.
poly

Again, for semi-streaming algorithms in insertion-only streams and on unweighted graphs,
our Result 3 implies that any constant approximation of shortest paths requires

logn
Q| ——=——— | passes,
log logn
as stated in Theorem 7. Previously, only single-pass lower bounds were known for approxi-
mation ratios beyond two [FKM™"05], and only constant pass lower bounds for less-than-two

approximation factors [GO16, AR20, CKP*21a] (even on weighted graphs, for finding all
single-source shortest paths, and on dynamic streams).

Our results collectively show that the pass-complexity of (constant factor) approximation
of single-source shortest paths in undirected graphs is between ~ log(n) to ~ log?(n) passes.
In this dissertation, we only focus on the lower bound.

9.1.0.2 Our Techniques

Although our proof is not very short, the ideas are simple, so we skip an elaborate overview.
We briefly summarize the tools used in this subsection.

Our lower bound follows the work of [GO16] (itself inspired by [FKM7'05]) by reducing
the problem to many instances of the pointer chasing problem on n-vertex graphs. The key
difference is in the analysis of the underlying pointer chasing instances. The lower bound
of [GO16] works on a product distribution of inputs which inherently only corresponds to
finding the shortest path distance to within an additive factor of two. On the other hand,
we introduce and analyze a correlated input distribution that allows us to prove a lower
bound for constant factor multiplicative approximation of shortest path distance. This part
is the key technical contribution of our lower bound and is proven using a combination
of probabilistic and combinatorial arguments to address the introduced correlation in the
inputs.

Finally, similar to [GO16], we also extend this lower bound to “OR of many pointer
chasing instances” using information complexity [CSWYO01, BJKS02, BBCR10]. But, this
part of our argument also differs almost entirely from [GO16] since our underlying hard
distribution is no longer a product distribution. We implement this step by relying on
the vast body of work on message compression and information complexity in a blackbox
manner—instead of the adhoc arguments of [GO16]—and prove the lower bound even for
two-player communication complexity.
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9.2 Preliminaries

Notation. Given two graphs G; = (V, E;) and Gy = (V, E3) over the same vertex set V,
we use G U Gy to denote the edge union of graphs G and Gy, i.e., G1 UGy = (V, E1,UE5).
Likewise, we define Gy NGy as (V, E1 N Ey). Given a (possibly weighted) graph G containing
vertices u and v, we use distg(u, v) to denote the weighted shortest path distance between
vand v in G.

9.2.0.1 Model of Communication

We work with the standard two party model of communication with players Alice and Bob.
There is a function f : X x Y — {0,1} that Alice and Bob want to compute. Alice is give
X € X and Bob is given Y € Y. Alice and Bob have a shared tape of random bits they can
access called public randomness. They also have their own private sources of randomness.

The communication happens in rounds, and there is one message sent by Alice or Bob to
the other player in each round. The players alternate who sends the message over the rounds,
and Bob speaks first. More specifically, Bob sends a message in the first round, and in all
subsequent odd numbered rounds. Alice sends a message in all even numbered rounds. At
the end of all communication, the player who receives the last message is required to output
f(X,Y).

A protocol 7 is said to succeed with probability p if, for all (X,Y) € & x Y, the output
of 7 is the same as f(X,Y’) with probability at least p. The communication cost of protocol
7 is the maximum length of any message sent over all the rounds in the protocol.

9.3 The Lower Bound

In this section, we prove that approximating the length of the shortest path between any
two vertices s,t up to constant multiplicative factors requires Q(logn/loglogn) passes in
semi-streaming.

Theorem 13. For any o > 1 and any integer p sufficiently smaller than log(n)/a, any
randomized streaming algorithm on unweighted graphs that can output an a-approximation
to the distance between a fixed pair of vertices with probability at least 2/3 requires

-7 b
Q(p " -n "1 | space or p passes.

This directly proves Result 3 because for any constant @ > 1, for any p = (1/«) -
o(logn/loglogn), the lower bound on space is w(n - polylogn), which is more than semi-
streaming space.

We begin by stating the different steps of our lower bound proof. Initially, we are given
a streaming algorithm A that estimates the shortest path distance between input vertices
s,t in input graph G. We proceed as follows.

(i) We translate algorithm A into a protocol mog for the OR-PPC (see Definition 9.3.0.1)
problem, which corresponds to the OR of many copies of the paired pointer chasing
problem (PPC, Definition 9.3.0.1). This is covered in Lemma 9.3.5.
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(7i) We use protocol mor to get a protocol 7 for solving the PPC problem with low com-
munication using direct sum and message compression techniques, which is covered in
Proposition 9.3.6.

(17i) Lastly, we prove a lower bound on the communication required to solve PPC instances
on our hard distribution, stated in Lemma 9.3.7. This is the most novel part of our
proof.

In this section, we first set up the graph constructions used in the lower bound. Then,
we prove Theorem 13, assuming the lower bound for PPC. Lastly, we give our lower bound
for PPC.

9.3.0.1 Layered Graphs and Paired Pointer Chasing

In this subsection, we develop our definitions of the paired pointer chasing problem (PPC)
and the OR-PPC problem. We will conclude the section by completing Item (i) of our lower
bound framework, stated in Lemma 9.3.5.

We begin by defining a graph family that we will use in our problem formulations.

Definition (Layered Graph). For integers w,d > 1, a layered graph is any graph G = (V, E)
that satisfies the following properties:

(1) The vertex set V' can be partitioned into d equal size layers Vi, Va, ..., Vy, each of size
w. We let the set V; be identified by {vi1,vi2, ..., Viw}-

(13) The edge set E can be partitioned into d — 1 matchings My, My, ..., My such that for
i € [d—1], M; is a perfect matching between vertices in V; and vertices in Viy;.

We use Lg,, to denote the set of all layered graphs with d layers and w nodes in each layer.
For any j € [w], we use LASTg(v1 ;) to denote the unique vertex vgy € Vy for some { € [w]
that has a path to v, ; € Vi in graph G.

We define a product operation on layered graphs that will be useful in our analysis in
Section 9.3.0.3. Roughly speaking, the product operation creates a new graph out of two
layered graphs by taking the Cartesian product of their vertices as the new vertex set and
then defining edges of each product vertex based on the edges of each of its coordinates in
the first two graphs.

Definition (Product of Layered Graphs). For any integers w,d > 2, given any two graphs
G' = (VL EY),G? = (V3 E?) € Ly, the product graph of G*,G?, denoted by G' x G* =
(V*,E*) is defined as follows:

(1) The vertex set V> is Vi UV, U... UV with V;* = (VI x V) ={(z,y) |z € V',y €
V2}, where VP LUVE U L. UV} is the (layered) partition of V' and VZUVZU ... UV}
is for V2.

(17) The edge set E* is comprised of d — 1 matchings M, M5, ... M | with
M7 = {((wi, 1), (@, yig)) | (s, 2000) € MY (93, yi00) € M7
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where M} and M? are the i*™ matchings in G' and G* respectively, for i € [d —1].

See Figure 9.1 for an illustration.

u
! V1@ V2
X u
1 2 Vi
2 : »ne . ©
M| M, My M,
(a) Layered graph G*. (b) Layered graph G2.

e, vp) (x1,y2) (6, 1)

@ 6 0 O
(uy, vy) (uy,vy) (Uy, vy)

(c) Graph G* = G' x G? from set L39. Also illustrates that LASTgx ((w1,y1)) =
(LASTG1(21), LASTG2(y1)) = (w1, v1).

Figure 9.1: Product of two layered graphs from L33 lying in £39. Some edges are omitted.
We will make use of the following simple observations about products of layered graphs.

Observation 9.3.1. For any G',G* € L4.,, and graph G = G* x G?, we have,

(i) The graph G belongs to L.
(i7) For any (x,y) € VI*, LASTG((z,y)) = (LASTG (x), LASTG2(y)).

Proof. For part (i), we know that the number of vertices in each layer of V* is w?. For
i € [d — 1], each matching M;* in E* takes any (z,y) € V; to a unique vertex in V;7,, and
is a perfect matching. Part (i7) is also evident from the definition of the product operation.
See Figure 9.1 for an illustration of these properties. |
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We also define a join operation on layered graphs, which will be useful for establishing
Item (7) of our lower bound framework in Lemma 9.3.5. The join operation takes two layered
graphs, “reverses” the order of the second one, and connects the two graphs using a fixed
perfect matching between their last layers. This reversal of the order of the second layered
graph is necessary, as this operation allows us to check for equality between LAST1(v; ;) and
LASTg2(vy ;) in two different layered graphs G' and G? for any j € [w]. See Observation 9.3.2
for details.

Definition (Join of Layered Graphs). For integers w,d > 2, given two graphs G' =
(VL EY,G* = (V* E?) € L., the join graph of G*,G?, denoted by G' + G* = (V*,E™) is
defined as follows:

(i) The vertex set V™ is a union of 2d many layers of size w each where,

{ V3ifie[d],

Vit =
V2, ifd<i<2d,

K3
where Vi UV U .. UV} s the (layered) partition of V' and VEUVZU...UV? is for
V2.
(13) The edge set ET is,
E* = E'UE*U{(v4;,vq,) | j € [w]},
where vy ; is the j*™ vertex in V| and v3; is the j™ vertex in V.
See Figure 9.2 for an illustration.
We will need the following observations about the join operation.
Observation 9.3.2. For any G',G* € Ly, and graph G = G* + G*, we have,
(i) The graph G belongs to Log.,.

(it) For any i € [w], and vertex vi; € Vi, LASTG(v1,) = vaa, if and only if LASTg (vy;)
and LASTg2(vy1;) are equal.

Proof. Part (i) follows directly from the join operation on two graphs G', G* € L.

We now verify part (ii). We observe that LASTg1(v1;) is the unique vertex in layer
V1 = V;" connected to v1,; in G. This vertex is connected to vy, € V2 in G if and only if
LASTg2(v1;) is the same as LASTg1 (v1,). [

We are ready to define the paired pointer chasing problem now. In the original pointer
chasing problem, we have a layered graph and a fixed starting vertex, and the goal is to
determine the unique vertex in the last layer reachable from the starting point. In this new
problem, we have two instances of the pointer chasing problem that are correlated with each
other so that with probability half they both reach the same vertex in the last layer, and
otherwise the two instances are independent.
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(b) Layered graph G2.

(a) Layered graph G*.
1 1 1 2 2 2
vl v vi vz w2 v

2

- o VA 7 G 7

(c) Graph G* = G! + G? from set L 3. The name of the layers in G! and G? is specified
above.

Figure 9.2: Join of two layered graphs from L33 lying in Lg 3.

Definition (Paired Pointer Chasing). For integers w,d > 2, the paired pointer chasing
problem, denoted by PPCy,, is defined as follows.
(i) There is a bit b € {0,1} chosen uniformly at random.

(i1) The input is two graphs G* = (V', E') and G? = (V?, E?) from Lg,,. We use M} to
denote the i matching in graph G’ fori € [d — 1] and j € {1,2}.

(i11) Alice receives M} for all odd i € [d — 1] and Bob receives M; for all even i € [d — 1]
for both j € {1,2}.
(iv) When b =0, all the matchings in graphs G' and G* are chosen uniformly at random.
(v) When b =1, all the matchings in graphs G' and G* are chosen uniformly at random
conditioned on LASTg1(v11) = LASTg2(v11).

(vi) The players have d — 2 rounds to communicate. At the end of all d — 2 rounds, the
player who receives the last message has to output the value of bit b.
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We use pppe to denote the distribution of the input in PPCq,, problem. We use pdpe, fippe 0
denote the distribution of the input conditioned on b =0 and b = 1 respectively.

We can use a streaming algorithm that estimates shortest path lengths to check whether
the OR of many instances of PPC evaluate to 1. This is a promise problem with ¢-many
instances of PPC, distributed so that exactly one of these instances is drawn from pise, or all
of them are drawn from u3,.. Notice that if all t-instances are sampled s, all matchings
are chosen independently and uniformly, but this is not true even if one one PPC instance is
sampled from pl,.. The correlation between different matchings in PPC problem persists in
OR-PPC also. Formally, we define the OR-PPC problem distributionally as follows.

Definition (OR of many PPC instances). For integers t,w,d > 2, the t-OR of PPC problem,
denoted by OR-PPC, 4., is defined as follows.

(i) There is a bit b € {0,1} chosen uniformly at random.

(it) There are t instances of PPC, denoted by (G}, G?) for i € [t]. The input matchings of
these instances are given to Alice and Bob as in Definition 9.3.0.1.

(ii1) When b= 0, (G}, G?) is sampled from pdp. for alli € [t].

(iv) When b =1, i* € [t] is chosen uniformly at random. (GL,G%) is sampled from plyc,
and (G}, G?) is sampled from pdse for all i € [t] with i # i*.

(v) The players have d — 2 rounds to communicate. At the end of all d — 2 rounds, the
player who receives the last message has to output the value of bit b.

Recall that Item (i) of our lower bound framework is to reduce solving the OR-PPC
problem to computing a constant-factor approximation of the s-t shortest path distance
in the streaming model. With that goal in mind, for each OR-PPC instance we define an
associated graph whose shortest path distances can aid in finding the value of bit b.

More formally, consider an instance of OR-PPC corresponding to ¢ instances of PPC, de-
noted by (G}, G?) for i € [t]. Let G; = G} + G? for each i € [t]. By Observation 9.3.2, graph
G, belongs to Lag,, for each ¢ € [t]. Then graphs G;, ¢ € [t], can be interpreted as sharing
the same vertex set specified in Definition 9.3.0.1, so V(G;) = V(G;) for all 7,5 € [t].

We define the collection graph G = (V, E) of our OR-PPC instance as the edge union of
graphs G, i € [t], so that

G=G U---UG,.
We use V=V, UVaU...UVy with V; = {v, | £ € [w]} to denote the 2d layers of the
collection graph. The collection graph contains all the matchings in each of the graphs G,
i€ [t].

We can prove the following properties about the collection graph.

Observation 9.3.3. For any instance of OR-PPC; 4., if b = 1, then the distance between
vertices vy and veqy in collection graph G is at most distg(vy 1, veq1) < 2d — 1.
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Proof. When b = 1, there is an index i* € [t] such that (G}, G%) is sampled from pipe.
By the definition of jippe, we have that LASTg1 (v11) = LASTg2 (v11). Additionally, by
Observation 9.3.2 it follows that LASTq,, (vi1) = 11)2(1,17 so graph Gi: contains a path of length
2d — 1 between vy ; and v94;. Since G« is a subgraph of the collection graph G, we conclude
that there is a path of length 2d — 1 between v;; and vyg; in G as well. |

Claim 9.3.4. For any instance of OR-PPC; 4., if b = 0, then with probability at least 1 —

M, the distance between vertices v11 and veg in collection graph G is at least

diste(v1,1, v241) > a - 2d.

Proof. When b = 0, graph pairs (G}, G?) are sampled from 3., for each i € [t]. Then the
matchings in graph G} and in graph G? are chosen uniformly at random for each i € [t].

The collection graph G' = (V, E) is composed of 2d layers. The edge set E of collection
graph G can be characterized as follows:

» Every edge e € F is between adjacent layers V; and V;,; for some i € [2d — 1].

o Foreachie[l,d—1U[d+1,2d— 1], the edge set E(V;, V;41) is composed of ¢ perfect
matchings between V; and V1, each chosen uniformly at random.

 The edge set between layers V; and Vg4 is the perfect matching {(va;, vay14) | J € [w]}.

Let B C V denote the set of vertices in G at a distance at most « - 2d from v; ;. Since
every vertex in G has degree at most 2¢, we have that |B| < (2¢)*2?. Additionally, for each
u,v € Vagq,

Prlu € B] = Pr[v € BJ.

This equality follows from a simple bijection between the probability events in the dis-
tribution of the collection graph G. Let the set of graphs Z = {H;,..., H,} denote the
support of random graph G. For each graph H € Z, let ¢(H) denote the graph H with
the labels for vertices u and v swapped. Then ¢ : Z +— Z is a bijection. Moreover,
Pr|G = H] = Pr[G = ¢(H)] for each H € Z, by our earlier characterization of collection
graph G. Then Pr[u € B] = Pr[v € B, as claimed.

Since each vertex in V54 is contained in B with equal probability, we know that

Vaa| - Prvaq; € B] = > Pr[v € Bl <E[|B]] < (2t)**,

vEVhy

where the final inequality follows from our earlier observation that |B| < (2t)?*¢. Rearranging
gives Prlvgg; € B] < (2t)?*4/w, completing the proof. |

Using Observation 9.3.3 and Claim 9.3.4, we can now complete Item (i) of our reduction
with the following lemma.

Lemma 9.3.5. Suppose there exists a streaming algorithm A that a-approximates the dis-
tance between u, v in an n-vertex graph with success probability at least 2/3 in p passes and s

236



bits of space, for some a > 1 and p < % — 2. Then there is a protocol  for the OR-PPC; 4,
problem with parameters

_n
2(p+2)’

1/4

t:n‘m(!l“r?), d=p+2, and w=

such that w has success probability at least 2/3 — log(n) - n='/* and communication cost s.

Proof. Let t = T d=p+2, and w = 5. Let G = (V, E) be the collection graph

corresponding to an instance of OR-PPC, 4,,. Notice that G has |V| = 2dw = n vertices.

Protocol for OR-PPC; ;,,. Alice and Bob will simulate streaming algorithm A to compute
an a-approximation of the shortest path distance between v;; and veg; in G. In rounds
where Bob sends the message, Bob first runs algorithm A locally, using his edges in G as
the input stream to A. Then Bob sends the final work state W of A to Alice using s bits
of communication. Alice then continues running algorithm A starting from work state W,
while streaming her edges in G to the algorithm. In this manner, Alice and Bob simulate one
pass of A using one round and s communication. We can use a similar protocol in rounds
where Alice sends the message.”

Then in p < d—2 rounds and s communication cost, Alice and Bob can completely simu-
late A and compute an a-approximation o € Rxq of diste(vy1, v241) With success probability
at least 2/3. Recall that if o is an a-approximation of distg(v1 1, v241), then

distg(v11,v241) < 0 < - distg(vi1, Vag1)-
The player who receives the last message does the following:
e outputs b=11if o < a-(2d — 1), and
e outputs b=01if o > a - (2d — 1).

Correctness. If b = 1, then with probability at least 2/3, algorithm A succeeds, so o <
a-(2d—1) by Observation 9.3.3, and our protocol outputs b = 1. Then our protocol succeeds
with probability at least 2/3 when b = 1.

If b= 0, then by Claim 9.3.4, distg(v11,v241) < « - 2d with probability at most

(2t)2

w
22ad-(1+10g t)

Pr[distg(vi 1, v241) < a-2d] <

w
22ad-(%-10g t)

(since logt > 2)
w

2Notice that the order of edges in the stream are not the same in different passes in our simulation. If it
is required by the algorithm that the order of edges is the same across all the passes, this can be done in 2p
rounds. Asymptotically all the results remain the same.
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22ad~(%~mlp+2)~logn) L
= (since t = n®+2)

w
23/4logn
(since p > 1)
w
= 2dn~1/* (since w = n/(2d))
< 2log(n) -n 14 (since d < logn)

Then by the union bound, with probability at least 2/3—21log(n)-n~'/* algorithm A succeeds
and o > distg(v1,1, v241) > @ - 2d. Thus when b = 0, our protocol succeeds with probability
at least 2/3 — 2log(n) - n~1/4.

Since OR-PPC; .4, is distributionally defined so that Pr[b = 1] = Pr[b = 0] =
protocol succeeds with probability at least

1 1
3" 2/3+ 5 (2/3 — 2log(n) - n~Y*) > 2/3 —log(n) - n~ V4,

which completes the proof. |

We have completed Item (7) in our lower bound framework, by translating semi-streaming
algorithms for approximate s-t shortest path into protocols for OR-PPC. We finish the proof
of Theorem 13 in the next subsection.

9.3.0.2 Finishing the Proof of Theorem 13

In the next step of our lower bound proof, we translate protocols for OR-PPC into protocols
for PPC. This reduction, summarized in Proposition 9.3.6, uses a direct sum argument
combined with message compression techniques. We defer the proof of Proposition 9.3.6
the full version [AHS26], as it uses standard direct sum [BBCR10], message compression
techniques [HJMRO07,RY20] and information odometer techniques [Ass17, GJPWI18].

Proposition 9.3.6. For any t,d,w,s > 1, for any 0 < § < 1, given any protocol wor for
OR-PPC; 4. that uses communication at most s bits, and has probability of error at most 9,
there is a protocol Tepe for PPCq,, that has communication at most cor - (d —2) - (s/t + 1)
bits for some absolute constant cor > 1, and has probability of error at most 6 + 1/200.

The final step in our proof of Theorem 13 is a lower bound on the communication cost of
the paired pointer chasing problem. This lower bound is stated in Lemma 9.3.7 and proved
in Section 9.3.0.3.

Lemma 9.3.7. For any integers d,w > 2, any deterministic protocol m for PPCq,, that

achieves a success probability of at least 0.95 over the distribution pppc, must have cost
Q(w/d> — logw).

We can now put everything together and prove Theorem 13, which is restated below.

Proof. Let a > 1, and let p be an integer such that p < log(n)/(4a) — 2. Let A be a
streaming algorithm (deterministic or randomized) on unweighted graphs that, with success
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probability at least 0.99, can output an a-approximation to the distance between a fixed
pair of vertices using at most s space and at most p passes.

Then by Lemma 9.3.5, there is a protocol 7 for the OR-PPC, 4, problem with parameters
t:n4a(zl>+2), d=p+2, and w=n/(2(p+2)),

such that 7 has success probability at least 0.99 — log(n) - n=%/* > 0.98 and communication
s.

By applying Proposition 9.3.6, this implies there is a protocol mppe for PPC,,, with success
probability at least 0.95 and communication cost at most

cor-(d—2)-(s/t+1)<cor-d-(s/t+1)

bits, for some absolute constant cor > 1.

Finally, Lemma 9.3.7 implies that the communication cost of mppc is at least Q(w/d® —
log w). Combining our upper and lower bounds on the cost of 7ppe gives

cor-d- (s/t+1)=Qw/d® —logw).
Solving for s and plugging in the values of ¢, d, and w, we obtain

ot nlt+1/(da(p+2)) ) n 1/ (da(p+2))
— =z _ ) = > 1/ (da(pt2) — L
s =1 <d6 y log(w) t) =0 ( T2 n ) Jog(n) | = o

We have shown that any streaming algorithm that, with success probability at least 0.99,
can output an a-approximation to the distance between a fixed pair of vertices using at most
p passes requires at least (2 (w space. We can extend this lower bound to hold
for streaming algorithms that succeed with probability at least 2/3, by using a standard
probability of success amplification argument (running the algorithm in parallel O(1) times

and return the median answer). |

9.3.0.3 Lower Bound for Paired Pointer Chasing

We prove Lemma 9.3.7, which is the lower bound for PPC in this subsection. We show that
we can reduce PPC to a standard pointer chasing problem through a series of probabilistic
arguments.

We start by defining the standard pointer chasing problem. This communication problem
is not defined with an inherent distribution, as we will analyze it on various distributions of
the input while proving Lemma 9.3.7.

Definition (Pointer Chasing). For integers w,d > 2, the pointer chasing problem, denoted
by PCy. is defined as follows.

(i) The input is a graph G € Lg,, split between the players. Alice receives M; for all odd
i € [d — 1] and Bob receives M; for all even i € [d — 1].
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(it) There is an arbitrary partition of vertex set Vy C V into sets W, W known to both
players.

(1ii) The players speak for a total of d — 2 rounds. At the end of all the rounds, the player
who receives the last message has to output whether LASTg(v11) € Vg belongs to set W
or W.

PPCq,, problem can be viewed as an instance of PCy,2 naturally. We use G* = (V*, EX)
to denote the graph G x G? where G' and G? are graphs in an instance of PPC. For i € [d],
we use V;* to denote the partitions of V* into d layers. For i € [d — 1], we use M, to denote
the perfect matching between layers V;* and V;3, of V> in graph G* (see Observation 9.3.1
for properties of the product graph G*).

Observation 9.3.8. In any instance of PPCq,,, Alice knows all M for odd i € [d — 1] and
no other edges. Similarly, Bob knows M. for all even i € [d — 1] and no other edges.

Proof. In Definition 9.3.0.1, for any ¢ € [d — 1], we know that M;* depends only on M}
and M2, which are the i*" matchings in G! and G?, respectively. For even i, both of these

matchings are known to Bob, and neither of them are known to Alice. Likewise, for odd i,
both of the matchings are known to Alice, whereas Bob knows neither of them. |

Observation 9.3.9. In any instance of PPCy,, with graphs G' and G?, the distribution is
chosen so that,

o When b =0, all the matchings in instances G* and G?* are chosen uniformly at random
and independently of each other.

o Whenb =1, all the matchings in instances G* and G* are chosen uniformly at random,
conditioned on LASTgx ((v11,v11)) = (Vai,vasi) for some i € [w]. Moreover, the value
of LASTgx ((v11,v11)) s uniform over the set {(va;,va;) | i € [w]} C V.

Proof. The distribution of the matchings in G' and G? when b = 0 are exactly as described
in Definition 9.3.0.1. When b = 1, we know that in PPC,,, the two graphs G' and G*
are chosen so that LASTg1(vy1) = LASTg2(v11) = vg; for some j € w. By part (ii) of
Observation 9.3.1, we know that LASTgx ((1,1)) = (LASTg1(1), LASTg2(1)) = (va,, va,;) also.
For the “Moreover” part, the distribution of the matchings is symmetric across all elements
of the set {(v4;,va;) | 7 € [w]}, and thus LASTgx ((v1,1,v1,1)) is uniform over this set. [}

Now, we know that the value of b induces a distribution over £, 2, where the two graphs
G! and G? are sampled so that G* obeys the properties in the statement of Observation 9.3.9.
By Observation 9.3.8, we know that the graph G* is split between Alice and Bob exactly
the same as if it was given as an instance of PC4,2. However, observe that as of now,
there is no partition of V) in G* into two sets W, W known to both Alice and Bob, as
in Definition 9.3.0.3. They have to find the value of b, and not where the final pointer
LASTgx ((1,1)) is. We will choose sets W, W, so that finding the value of b is (almost)
equivalent to finding where LASTgx ((1,1)) lies.
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Let pipc denote the distribution of the random variables in input of PCy,2 induced by
distribution pppc, along with that of bit b. It is sufficient to show that outputting the value
of b is hard in PCy,,2 under distribution ppc. We work with another distribution fipc (again
over graphs from PC,4,2 and bit b). Distribution fipc is “close” to ppe, which will be useful
in our analysis.

Distribution 9. Distribution [ipc:

(7) Let set S = {(v4s,va;) | @ € [w]}. Choose set T' of w elements uniformly at random
from the set V;*\ S.

(i1) Sample graphs G' and G? uniformly at random conditioned on LASTgx ((v1,1,v11)) €
SUT.

(14i) When LASTgx ((v11,v11)) € S, fix b =1, and set b = 0 otherwise.

We will show that the distribution upe and fipc are close to each other in total variation
distance.

Claim 9.3.10. In distribution fipc, for any choice of set T, the value of LASTgx ((v1,1,v1.1))
is uniform over the set SUT.

Proof. Firstly, we know that when the matchings in G' and G? are chosen uniformly at
random, the values of LASTg1(vy1) and LASTg2(v1,) are uniform over the set V) and V?
respectively by symmetry. Moreover, when the matchings are chosen independently of each
other, the value of LASTgx ((v11,v11)) is uniform over the set V, = V! x V.2, by part (i) of
Observation 9.3.1. Therefore,

ISUT]

PI'[LASTGX ((1}171,1)171)) eSSy T] = 02

. (9.1)

Let u = (z,y) € SUT be any arbitrary vertex in V;* with x € V} and y € V2. We show
that,

Pr[LASTGX ((Ul,la Ul,l)) =Uu= (.CE, y) ’ LASTgx ((Ul,la 0171)) eSU T] =

2
|SuUT|’ (9-2)

which is sufficient to prove the claim.
We have,

PrlLASTGx ((v1,1,v1,1)) = u | LASTGx ((v1,1,v1,1)) € SUT]

1
Pr[LASTex ((v11,v11)) € SUT] r[ ox((v1,1,v11)) = u ax((vi1,v11)) ]

(by law of total probability)

w2

= |STT’| . PI‘[LASTGX ((U171, U171)) =Uu= (,CE, y)] (by Eq (91))
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w? 1

T SUT| w?
B 1
~lsuTy

(as LASTgx ((v1,1,v1,1)) is uniform over V)

which completes the proof. |

Claim 9.3.11. Distributions ppc and fipc are close to each other in total variation distance.

| ppe — fipcl|tva < 1/2w.

Proof. The random variables involved in distributions upc and fipc are the bit b, and all the
matchings in G*, G* which lead to G* € Ly,2. First, we argue that the distribution of b
is uniform in ppe and jipe, and then we show that for each value of b, the distribution of
the matchings are close to each other. Finally, we use the weak chain rule of total variation
distance in Fact 4.3.8 to finish the proof.

Distribution of b: In distribution ppc, the value of b is uniform over {0, 1} by construction.
In fipc, we know that the value of LASTgx ((v1,1,v1,1)) is uniform over SUT by Claim 9.3.10.
As |S| = |T| = w by construction, the value of bit b is chosen uniformly at random from
{0, 1} in fipc.

When b = 1: In distribution ppe, when b = 1, we know that all matchings are chosen
uniformly at random conditioned on LASTgx ((v11,v11)) € S. We will argue that this is true
in fipc also.

In fipe, we know that matchings are chosen uniformly random conditioned on LASTgx ((v1.1,v1.1))
lying in S UT. However, when b = 1, we know that LASTgx ((v11,v11)) lies only in S by
definition of fipc. Hence, the matchings are chosen uniformly at random conditioned on
LASTgx ((v11,v11)) € S.

When b = 0: In distribution ppc, when b = 0, all the matchings are chosen uniformly at
random and independently of each other. Here, we have,

1 1
PI’[LASTGX((’Z}Ll,ULl)) €S ’ b= 0] = E . |S| = E, (93)

by part (i7) of Observation 9.3.1, and by the matchings being uniformly random and inde-
pendent in the graphs G' and G?.

In distribution fipe, conditioned on b = 0, we know that the matchings are chosen uni-
formly at random and independent of each other conditioned on LASTgx ((v11,v1,1)) € T for
some uniformly random set 7" of w elements from (V,} x V2)\ S. By the uniformity of T over
set V) \'S, this is the same as sampling all matchings uniformly at random conditioned on

LASTgx ((’01’1, Ul,l)) ¢ S.
We have argued that the distribution fipc | b = 0, is the same as distribution ppe | b =0
conditioned on LASTgx ((v11,v11)) ¢ S.

Therefore, by Lemma 4.3.6, we have,

- 1
[(tpc | 0= 0) = (firc | b = 0)||tva < Pr[LASTgx((v11,v11)) € S| b=0] = - (9.4)
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where the last equality follows by Eq (9.3).
Now, we can complete the proof by Fact 4.3.8.

| ppe — ftec|tva < || ppe(b) — finc(b)||tva + bIEb [(tpe | b =0) — (finc | b = D)|ltva
=0+ E [l(upe | b=b) = (fizc | b=b)]lna

(as b is uniform over {0, 1} in both upc and fipc)

=5 (l(uee [ b=1) = (fiec | b= 1)liva + [[(1pc | b= 0) = (firc [ b = 0)]|tva)

(again, as b is uniform)

:;-m+Mwﬂb=0%%mﬂb=®mm)

(as we have argued, distributions are same conditioned on b = 1)

< —
- 2w

I

where the last inequality follows by Eq (9.4). |}

By Claim 9.3.11, as the distributions are close to each other, it is sufficient to prove that
finding the value of b is hard under distribution fipc. We have made some progress from pipc
in getting closer to standard pointer chasing: now, we have two sets S and T" such that when
b = 0, the final pointer is in S and when b = 1, the pointer is in 7. When the set V* is
restricted to S U T, these sets S and T take the role of W and W in Definition 9.3.0.3 of
standard pointer chasing. We continue to work with distribution fipc.

The final pointer we are interested in is distributed uniformly at random by Claim 9.3.10,
however the distribution of the specific matchings in fipc are far from uniform. They are from
the product of the matchings in G' and G?. In the next step of this subsection, we show
that we can pick subsets of the vertex set V> in graph G* sampled from jipc so that these
matchings become uniformly random and independent of each other.

Definition 9.3.12. A subset P C V/ is said to be a rook set if for any (x,y) € P,
(v,y") & P for anyy #y' and (', y) ¢ P for any x' ¢ P.°

For any subset P C V*, for ¢ € [d — 1], we use V;*(P) to denote the set of |P| elements
in V;* that have a path to some vertex in P in graph G*. For the last layer, V*(P) will be
equal to P.

Claim 9.3.13. For any rook set P, for any i € [d], V;*(P) is also a rook set.

Proof. The proof is by induction on ¢, ranging from d and decreasing to 1. The base case is
when i = d, and V*(P) = P. The base case holds trivially as P is a rook set.

Let us assume towards a contradiction that V., (P) is not a rook set while V,*(P) is a
rook set. There exist two elements (z,y) and (2, y) in V;*,(P). We consider the two elements
in V;*(P) that (x,y) and (2, y) are mapped to by the matching M;* ;. Let these two elements

3The name rook set has been chosen because when visualized as a grid of w x w squares, at most one
element can be chosen from each row or column, similar to a non-attacking rook placement on a chess board.
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be (uy,v;) and (ug,v9). But, we know that v; = vy, as these are the vertices from layer V2
of G* that was used to construct G*. This contradicts our assumption that V;*(P) is a rook
set. The case when some (z,y) and (x,y’) belongs to V;;(P) can be analyzed similarly. |

Claim 9.3.14. In distribution fipc, for any rook set P, conditioned on LASTgx ((v11,v1,1)) €
P, and all choices of V;*(P) for 1 <i <d, for all 1 < j <d— 1, the subset of M} between
sets V;*(P) and V71 (P) is a uniformly random permutation independent of the choices of
all other matchings, and all edges of M not incident to V;*(P) and Vi, (P).

Proof. First, we observe that LASTgx ((v1,1,v11)) is uniform over the set P. This argument
is the same as that of Claim 9.3.10.

We will show that the matching edges between V%, (P) and V;*(P) are uniformly random
conditioned on any choice of all other matchings, and all edges of M, not incident on
V.21 (P),V;*(P) for any i € [d — 1]. Henceforth in this proof, we assume that all these other
random variables are fixed to be something arbitrary.

Next, we observe that the condition of LASTgx ((v1,1,v11)) € P is satisfied by the condi-
tioning on these random variables already, as the vertex (vq1,v11) € Vi* belongs to the set
Vi*(P), and hence has a path to some vertex in P. Therefore, now, in distribution fipc, all
the matchings M jl and M ]2 for j € [d— 1] are chosen uniformly at random and independently
of each other, conditioned on the choices of V;*(P) for all j € [d] by definition. This implies
that the matchings M} | and M? | are independent of the choices of all the other matchings,
and the edges not incident to V;*,(P), V;*(P).

7

It remains to argue that when the edges of the two matchings M} ;, M? | incident on

> 1(P), VX(P) are uniformly random conditioned on the choices of the two sets V,*;(P),

V.*(P), the respective edges in M;*; are uniformly random as well.

Let us take any two arbitrary vertices (z,y) € V,*;(P) and (u,v) € V;*(P). We will show
that the probability of (x, ) being mapped to (u,v) is exactly 1/ |V;*(P)
to prove the claim.

Let k = |V,* (P)‘ = V;il(P)‘. First, we analyze what the probability is that the entirety
of set V., (P) is mapped to V,*(P).

, which is sufficient

Pr[M;, maps VX, (P) to V;* (P)]

)

= Number of ways to arrange V;*(P)

- Probability of getting a specific mapping from V,*,(P) to V,*(P)

s ((n —'k:)!>27

as there are k! ways of arranging set V;*(P), and for any specific ordering, k of the edges in
both matchings M} | and M? | are fixed. The rest of the edges in both matchings remain
fully random.

We also have,

Pr[(z,y) is mapped to (u,v) and M, ,(P) maps V;*,(P) to V.*(P)]
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= Pr[(x,y) is mapped to (u,v)]
-Pr[M; {(P) maps V.*{(P) to V.*(P) | (z,y) is mapped to (u,v)]

- Pr[M(P) maps V., (P) to V.*(P) | (z,y) is mapped to (u,v)]

(as M} | maps x to u and M? | maps y to v)

S|
S|

1
=3 Pr[M;,(P) maps V.*,(P) to V.*(P) | (z,y) is mapped to (u,v)]

1 (n — k)’
=z kb ((n— 1)!) ’
where for the last equality, we know that conditioned on (z,y) being mapped to (u,v), the
rest of the n — 1 edges of both M! ; and M? | are fully random. The probability that the
vertices of V;*,(P) \ {(z,y)} are mapped to V;*(P) \ {(u,v)} will be the number of ways of
arranging the vertices of V,*(P) \ {(u,v)} times the probability of a specific mapping from
V2 (PY\A{(z,y)} to V;*(P)\ {(u,v)} being realized.

We can continue the proof as follows.

Pr((z,y) is mapped to (u,v) [ M, (P) maps V", (P) to V;*(P)]
_ Pr[(z,y) is mapped to (u,v) and M, ;(P) maps V;*;(P) to V;*(P)]
B Pr[M;*, maps V;*,(P) to V;*(P)]

AT ! 2
= 732 (k=1 <EZ — T;) ) ]{1:' ) ((n ﬁk;)') (from our equations above)
R
e

which completes the proof. |

We are very close to the standard pointer chasing problem over the uniform distribution
with independent matchings. We will choose a rook set P which is a subset of SUT of large
size, so that conditioned on the choices of V;*(P) for all i € [d — 1], the distribution of the
matchings in PCy 2 is uniformly random.

We need the following standard results about size of the largest matching in random
bipartite graphs. The proof of this result is given in Section A.2 for completeness.

Proposition 9.3.15. For any large enough integer k > 0, in a random bipartite graph
G=(LUR,E) where L=R=1{1,2,...,k}, and E is k edges chosen uniformly at random
without repetition from the set

ECLxR\{(ii)]1€lk]},
with probability at least 1 — 1/k?, there exists a matching in G of size at least 0.1k.

The next claim follows almost directly from Proposition 9.3.15.
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Claim 9.3.16. In any set T of w elements chosen unifomly at random from [w] X [w]\ S as
in Distribution 9, there is a rook set T C T with ‘T‘ = 0.1w with probability at least 1 —1/w?
over the randomness of sampling set T'.

Proof. We will look at a bipartite graph with vertex set L = R = [w]. The randomness in
sampling set T' from [w] x [w] \ S is the same as sampling a random set of w edges from the

set
L x R\ {(i,i) | i € [w]}.

We apply Proposition 9.3.15 with k& = w. It is sufficient to show that matchings in our
graph correspond to rook sets. Let M C E be a matching in the graph G. Assume towards
a contradiction that M C L x R = [w] x [w] is not a rook set. Then there exists some
(x,y),(x,y) € M with z,y,y" € [w] and y # y'. However, the vertex x € L now has two
edges incident on it, namely (z,y) and (z,y), contradicting the fact that M is a matching.

The case when some (x,y), (¢/,y) € M with z,2’,y € [w] and x # 2’ is handled similarly,
where vertex y € R will have more than one edge incident on it in M. |

In the next claim, we show that we can add to T from set S and create a larger rook set.

Claim 9.3.17. Let TNC T' be the set from Claim 9.3.16. It is possible to choose S c S with
‘S’ = 0.1w such that SUT is a rook set of size 0.2w.

Proof. We know that S is a rook set, as S = {(i,i) | i € [w]}. Let
S' = {(i,i) | (i,x) € T or (y,3) € T, for z,y € [w]}.

We observe that T'U (S'\ S’) is a rook set as all the elements (z,z), (y,y) which interfere
with some (z,y) € T have been removed. Moreover, the size of S’ is at most 0.2w, as for
cach element in T, at most two elements are added to S’. Hence we can choose S as any
arbitrary subset of S\ S’ of size 0.1w. |

Lemma 9.3.18. For large integers d,w > 100, there exists a choice of set T such that the
following is true:

(i) T has a rook set T of size 0.1w.
(i) A set S C S can be chosen such that ‘S) = 0.1w, and SUT is a rook set of size 0.2w.

(1ii) Any deterministic protocol m which outputs the value of b under distribution ppc with
probability at least 0.95 must output whether LASTex ((1,1)) € S or LASTg«((1,1)) € T,
in distribution fipe conditioned on choice of T, S,T and V;(SUT) for all i € [d — 1]
and event LASTgx((1,1)) € SUT with probability at least 0.7.

(iv) Fori,j € [d— 1], the subset of M between vertices of V;*(SUT) and V3, (SUT) is
uniformly random and independent of other M for j # i.
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Proof. Let m be a deterministic protocol that finds the value of b with probability at least
2/3 when the input distribution is ppe. First, we have,

Pr[m succeeds on fip|
> Pr[m succeeds on ppc] — ||itec — finc||tva (by Fact 4.3.5)
>0.95 —1/2w. (by Claim 9.3.11)

We have argued that protocol 7 outputs the value of b with probability at least 0.95—1/2w
when the input distribution is fipc. We can also charge the probability that the random set
T has a large rook set or not to the probability of success.

Pr[m succeeds on fipc | T has a large rook set ] (9.5)

> Pr[r succeeds on fipc] — Pr[T does not have a large rook set |
(by law of total probability)

>0.95 —1/2w — 1/w? (by Claim 9.3.16)
> 0.95 — 1/w, (9.6)

where the last inequality holds for large w. We know that the success of protocol m under
distribution jip¢ conditioned on T having a large rook set is on average over the randomness
of variable T. Therefore, there must exist some specific choice of set T" such that conditioned

on T =T, the protocol 7 succeeds with probability at least 0.95 — 1/w. We fix T to be this
set for the statement of the lemma.

~ We know that we can pick T C T such that the statement of Claim 9.3.16 holds for set
T, as we have conditioned on 7" having a large rook set. This satisfies part (i) of the lemma
statement.

We choose set S from Claim 9.3.17, based on our choice of T. Part (ii) of the lemma
statement is satisfied by Claim 9.3.17. For the rest of the proof, in distribution fipc, we
assume that the choice of T, T and S are fixed as we have described.

For part (iii), we begin by analyzing the probability that LAST¢x((1,1)) belongs to SUT
in distribution fipc | T, S,T. By Claim 9.3.10, we have,

SuT
=0.2. (9.7)

Pr[LASTo«((1,1)) € SUT] = SUT|

We can write,

Pr[r succeeds on fipc | T, S, T

< Pr[Laste«((1,1)) € SUT | T, S, T] - Pr[r succeeds on fipc | S, T, T, LASTx((1,1)) € SUT]
+ Pr[LasTtex((1,1) ¢ SUT | T,T, S] (by law of total probability)

= 0.2 PrlLasTe«((1,1) € SUT | S,T,5] +0.8. (by Eq (9.7))
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Hence,

Pr[r succeeds on fipe | S, T, T, LASTgx((1,1)) € SUT]
> (1/0.2) - (0.95 — 1/w — 0.8) > 0.7,

by our lower bound on the probability in Eq (9.6) and for w > 100. This probability is taken
on average over choices of V;*(SUT) for i € [d— 1], so there must exist a choice of these sets
VX (SUT) for all i € [d — 1], so that conditioned on these choices, protocol 7 still succeeds
with probability 0.7. These choices are fixed for part (iii) of the lemma statement.

We know from definition of distribution fipc that b = 0 if and only if LASTEx((1,1)) € T
and b =1 if and only if LASTGx((1,1)) € S. This proves part (iii) of the lemma, as success
of protocol 7, when it finds the value of b correctly, also identifies whether LASTgx((1,1))
belongs to S or T

Part (iv) of the lemma follows directly from S U T being a rook set and Claim 9.3.14.

We have thus obtained a protocol that finds whether the final pointer LASTox((1,1))
belongs to S or T when the matchings are chosen uniformly at random and independently.
We are done with the proof of Lemma 9.3.7 if we can prove a lower bound for PC4,, under
the uniform distribution.

Let vp¢ be the input distribution to PC where all the matchings of given G are chosen
uniformly at random and independently of each other. When the input distribution is vpc,
we have the following.

Lemma 9.3.19. For any integers k,{ > 2, any deterministic protocol which outputs the
answer for PC under uniform distribution vpe with probability of success at least 0.7 must
have communication at least Q(¢/k> —log ().

The difference between standard pointer chasing and our version is that the functions
are permutations, and therefore the independence between the values taken by each element
of the domain is lost. This version of pointer chasing has appeared in prior works before,
[AKSY20, AN21], although not explicitly in the format we want, so a proof can be found in
the full version [AHS26] for completeness. The techniques are largely borrowed from [AN21]
in how they handle permutations.

We can easily prove Lemma 9.3.7 using Lemma 9.3.18 and Lemma 9.3.19.

Proof of Lemma 9.3.7. We know from part (ii7) that protocol m succeeds on the following
instance of PCg.2y:

« The vertex layers are V;*(SUT) for i € [d].

The final pointer belongs to set V,*(SUT) = SUT.

« The vertex partition in the final layer is S and 7.

In each layer, the edges are perfect matchings A from V;* to V;7, for i € [d — 1].
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The matchings are chosen uniformly at random and independently from part (iv) of Lemma 9.3.18.
This is the same as distribution v for PC; , with k = d and ¢ = 0.2w. By Lemma 9.3.19, we get
directly that protocol 7 must use communication at least Q(¢/k° —log ¢) = Q(w/d® —logw).
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10 Streaming Set Cover

10.1 Introduction

Set cover is a standard optimization problem with a wide range of applications [GW97,
Mih99, GKK*08,SG09, CKT10]. There is a universe U of size n, and there is a family S
containing m subsets Si,...,S,, C U. The aim is to find a collection C C & such that the
union of all the subsets in collection C covers the entire universe ¢, while minimizing the size
of the collection C. There exist multiple algorithms that achieve an approximation ratio of
Inn [Chv79,Joh74,Lov75], and we also know that this ratio is the best possible in polynomial
time if P # NP [Fei98, DS14].

In recent years, there has also been extensive interest in studying set cover in the stream-
ing model. Here, the sets arrive one by one in some arbitrary order in a stream. The
algorithm is allowed to make one or few passes over the stream before outputting a solution.
Storing all the sets explicitly to process the set cover instance needs ©(mn) space, but the
goal is to find a solution in o(mn) space. As is standard in the streaming model, we pri-
marily focus on the space complexity of the algorithms and do not necessarily bound their
runtime. The study of set cover in streaming was initiated by [SG09], and since then has
been extensively explored in many works [DIMV14, ER16, CW16, HIMV16, AKL16, Ass17,
IMR*17, BEM17,KK22, KKA23|.

The work in this area can be broadly classified as having two main focuses: using as little
space as possible, or getting as good an approximation as possible.

Low Space. The goal in the low-space regime is to use é(n) space’ and minimize the
approximation ratio and number of passes as much as possible.? [SG09] initiated this line of
study and obtained an O(logn)-approximation in O(logn)-passes. [ER16] considered single-
pass algorithms and showed a tight bound of ©(y/n) on the approximation ratio. Finally,
[CW16] showed a smooth trade-off between the results of [ER16] and [SG09]: for any p > 1,
they gave an algorithm that obtains an 6(711/ (r+1))-approximation in p-passes and showed
that obtaining Q(n'/®+1) approximation requires Q(n°) space for some constant ¢ > 1, fully
settling the complexity of the streaming set cover problem in the low space regime.

Low Approximation. Another line of work—which is the main focus of our work—aims
to match the performance of non-streaming algorithms in terms of approximation ratio while
using sublinear space, although not necessarily as restrictive as é(n) space. Typically, these
results either use polynomial time to get O(logn)-approximations or exponential time to get
O(1)-approximations. Here, we often assume that m is some (large) polynomial in n.

The first result in this regime—although not studied directly for streaming algorithms—
is the work of [Nis02] who proved that communication complexity of getting a better than a

! Throughout this paper, Q and O hide logarithmic factors in m, n.
ZSpace of O(n) is necessary to even certify whether the input set cover instance is feasible.
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(log n/2)-approximation to set cover is 2(m) bits. This translates to a lower bound of Q(m/p)
space for p-pass algorithms and same approximation ratio using the standard connection
between streaming algorithms and communication protocols (see, e.g. [AMS96]).

Algorithmically, [DIMV14] initiated this line of study and obtained an O(p)-approximation
in p-passes and O(mn!/©008®))_space. This space bound was later improved by [HIMV16] to
6(mnl/ P) space. For polynomial-time algorithms, this result led to an O(p log n)-approximation
which was improved to O(log n)-approximation in [BEM17] and even (1+0(1))-Inn approx-
imation in [IMR™17] at a cost of increasing the number of passes by a constant factor. This
constitutes the state-of-the-art algorithms for this problem.

The tradeoff curve obtained by algorithms of [HIMV 16, BEM17,IMR*17] namely, mn!/?
space and p passes, is a familiar one in the streaming model. Based on this, [HIMV16]
conjectured that:

“.. this tradeoff might be tight, at least for ‘low enough’ approximation factors”.

In the same work, [HIMV16] provided an evidence in favor of this conjecture: finding an
exact set cover, i.e., a l-approximation, requires Q(mnl/ 2p) space in p-passes. It turns out
however that this evidence is not that strong due to the three-way interplay between the
resource parameters of the problem, space, pass, and approximation. Specifically, [Ass17]
showed that finding an exact set cover in p passes requires 2(mn/p) space—and not just
Q(mn!/P) proven by [HIMV16]—and more generally Q(mn'/®/p) space for a-approximation
when o = o(logn). The bounds of [Ass17] identifies the optimal space-approzimation tradeoff
for this problem when we ignore the number of passes (as long as it is polylog(n)); but it
does not address the original conjecture (only weakens the evidence of [HIMV16]).

Focusing on the original goal of low space algorithms—matching the performance of
non-streaming algorithms, namely, a logn or even a polylog(n)-approximation—and the
conjecture of [HIMV16], we do not yet have any conclusive answer. On one hand, the
algorithmic progress on this question has halted for nearly a decade now. On the other hand,
even considering all known lower bounds [Nis02, ER16, DIMV14, AKL16, CW16, HIMV16,
Ass17], it is still entirely plausible that there is even a two-pass algorithm with O(m) space
and O(log n)-approximation!

10.1.0.1 Our Contributions

We settle the conjecture of [HIMV16] by proving that any log n or even polylog(n)-approximation
algorithm for streaming set cover requires €2(mn'/?) space in p-passes. In fact, we prove a
much more general result that establishes a (nearly) optimal three-way space-pass-approximation
tradeoft:

Theorem 8 (restated). For any p, o, m,n > 1, any p-pass algorithm that given a set cover
instance over universe [n] with m input sets outputs an a-approximation to the optimal set
cover size (not necessarily even finding the sets) with probability at least 2/3 requires space

(")
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| 1
The lower bound holds as long as p < _o8n andp <a < |-- (L)l/(l’*l) .
log logn p ‘logm

Several remarks are in order (see also Tables 10.1 and 10.2),

The tradeoff in Theorem 8 is nearly optimal for all involved parameters in the light of
existing results, in particular, a simple modification of the algorithms in [HIMV 16, AKL16].

The ranges of parameters in Theorem 8 are all necessary and nearly optimal. For any
p = Qlogn), we can obtain an O(logn) approximation in O(n) space and O(logn)
passes [SG09, CW16]. When a < p, the space requirement “jumps” to Q(mn'/®/p) by
the lower bound of [Ass17]. When o > n'/®+1) | the space requirement “drops” to O(n) by
the result of [CW16].

Theorem 8 generalizes the single-pass lower bounds of [AKL16] who proved an Q(mn/a?)
space lower bound (matching our tradeoff for p = 1) to all choices of p < logn.

Theorem 8 also generalizes the multi-pass lower bounds of [CW16] by proving that Q(m)
space is needed for (n/logn)Y®+Y) approximation, improving upon their Q(m'/?) space
lower bound (at a cost of a (logn)'/®+1) loss in our approximation ratio).

Citation Space Passes Approximation Range of Parameters

Low Space Regime

[ER16] Q(m) 1 NG
[CW16] Q(m!/7) p nt/@+) s e
Low Approximation Regime
[AKL16] Q(mn/a?) 1 a a<n
[Nis02] Q(m/p) p (logn)/2
[HIMV16] Q(mn/?) P 1 s
[Ass17] Q(mnt/*/p) p a a < logn
This work Q(mn'/?) P polylog(n) p <K log’ign
This work | ( (% : (g)l/p) p a p <K log)ign ,p < a< nt/Eth)

Table 10.1: A summary of prior lower bounds for streaming set cover and our work.
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Citation Space Passes Approximation
[CW16] O(n) P nt/(+1)
[HIMV16] O(mn*/?) P P
[IMR17] O(mn'/) O(p) Inn
[HIMV16] + [AKL16] | O(z - (2)") p o

Table 10.2: The state-of-the-art multi-pass algorithms for streaming set cover. The final line
is not stated explicitly in prior work but follows from a combination of [HIMV 16, AKL16]
and proves the optimality of our lower bound. The upper bound on « in our lower bound is
also optimal in light of the algorithm in the first line.

10.1.0.2 Our Techniques

The closest work to us is the previous streaming set cover lower bound of [CW16] in the
low space regime. To prove a p-pass lower bound, they start with “many” (p — 1)-pass hard
instances on different universes with a “small” overlap between them. The stream consists
of these sets plus a single set at the end that covers all elements except for the universe of
one randomly chosen special (p — 1)-pass hard instance. The small overlap between the sets
implies that getting a good approximation to the entire instance requires one to solve the
special sub-instance also. The space lower bound is proven by arguing that the number of
embedded (p — 1)-pass instances is so much larger than the memory of the algorithm, that it
is unlikely in the first pass, the algorithm remembers anything useful about the special one;
thus, it needs to solve a hard (p — 1)-pass instance in the remaining (p — 1) passes which,
by induction, is not possible. This argument is formalized in [CW16] via a reduction from
the tree pointer jumping problem in communication complexity [CCMO08] and introducing an
extremal family of small overlapping sets, named edifices, through well-structured algebraic
geometry constructs [Bue79)].

The arguments in [CW16] are heavily tailored to the low space regime: as argued above,
the number of underlying (p — 1)-pass instances needs to be more than the memory of the
algorithm, which leads to an exponential growth in the number of inputs sets across the
passes. In terms of m, this only leads to an Q(ml/p) space lower bound, which is way
below the w(m) bounds one needs in the low approximation regime. Similar to [CW16], the
techniques in other graph streaming lower bound results [AKNS24a, ABK'25]% rely on using
separate (p — 1)-pass hard sub-instances (in terms of the sets in those instances) and this
makes it inapplicable to prove Theorem &.

Our approach. We take a different approach when proving Theorem 8. For simplicity,
let us focus on the case when a ~ logn. Our p-pass hard instances are also constructed

3Streaming set cover is equivalent to dominating set in graph streaming. [CW16] gives an Q(nl/ P) space
lower bound for n-vertex graphs whereas one ideally would like an Q(nl‘H/ P)-space lower bound in graph
streams.
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recursively from (p — 1)-pass hard instances, but not so directly as in [CW16]. A p-pass hard
instance consists of a single (p — 1)-pass hard instance with an unknown universe; instead,
it will be revealed to the algorithm at the end of the first pass—by our construction of the
instance—as essentially a random subset of size ~ n'~'/P from the original universe (once
the universe is revealed, the (p — 1)-pass instance simply becomes the intersection of the
original sets with this new universe).

Unlike in [CW16] (and [AKNS24a, ABK"25]), there is no hope in proving that the algo-
rithm does not learn any information about the underlying (p — 1)-pass hard instance (given
it is just one instance). But, we show that the algorithm does not learn anything useful
about this underlying instance. This is achieved through a careful construction of the input
instances as sets of size &~ n/logn that are marginally uniformly random, but have a mild
correlation in a way that each set “points to” another one; the union of these two sets covers
(considerably) more elements than two independent random sets. This correlation is then
used to argue that to get a good approximation, we should start from some set—whose iden-
tity is forced to us at the end of the stream—and then continue picking the sets “pointed
to” by the previous one. At the same time, this correlation is low enough that until the
algorithm has not identified the universe of the underlying (p — 1)-hard instance, its chance
of revealing useful information about the right set of pointers is negligible®*.

To formalize our result, we use the existing lower bounds for the pointer chasing problem
introduced by [PS84], which has since became a staple in proving multi-pass streaming lower
bounds of similar nature, e.g., in [GO16, AKSY20, CKP"21a, AGL"24]. Our reduction from
pointer chasing is fairly direct and we rely on elementary properties of random sets to carry
out the analysis.

We conclude this part by remarking that the dynamics of our hard instances, namely,
reducing the problem to another instance on ~ n!~!/? elements after the first pass, is exactly
what streaming set cover algorithms in [HIMV16, BEM17, Ass17,IMR™17] achieve through
their element sampling technique. Indeed, our lower bound construction is directly inspired
by these algorithms.

10.2 Preliminaries
For the cartesian product of two sets [c] x [d], we use (7, j) to denote the elements in the set
for i € [c] and j € [d].

Pointer chasing. We now formally define the pointer chasing problem used for the result;
see also Figure 10.1. This is the definition in the multi-party setting that has been used in
multiple results in the past, e.g., [GO16, AN21], although many variants exist.

Definition 10.2.1. For any integers p,a,b > 1, the pointer chasing problem PC, . is defined
as:

o There are p+ 1 players P, P?, ... PPTL

4To compare this with [CW16], for them one only needs to reveal logn bits about a (p — 1)-pass instance
in the first pass to make it no longer hard in the remaining (p — 1) passes; but there are so many such
instances that the algorithm cannot reveal logn bits for each of them. On the other hand, to break our
underlying (p—1)-pass instance before its universe of size n'~1/? is revealed, one still needs to reveal Q(mn'/?)
information.
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o P! has a balanced Boolean function f!: [a] x [b] — {0,1}.
o Foreach1<i<(p+1), P’ has a function f*: [a] x [b] — [a] X [b].

e In one round, they talk in the order of P!, P2, ..., PP*! on a blackboard that everyone
can see. They talk for a total of p rounds.

o For each i € [p+ 1], we define the special pointer z; € [a] x [b] recursively as:

zpr1 = (1,1), and for 1 <i < (p+1), z; = f(zi11).

o At the end of all the rounds, the last player PP has to output the value of f'(z1)
which is a Boolean value, based on their input and the contents of the blackboard.

See Figure 10.1 for an illustration.

We know the following lower bound on the communication complexity of PC,, ;.

Proposition 10.2.2 ([AN21]). For any p > 1, any randomized protocol 7 that solves PC,
with probability at least 3/5 has the total length of messages on the board to be at least

)
p
The work of [AN21] proves a lower bound for pointer chasing when the functions given

to each player are permutations, but this is a special case of our problem, and hence the
lower bound holds for our version of pointer chasing also.

10.3 The Lower Bound

In this section, we prove Theorem 8 in its entirety. We employ the impossibility of the
pointer chasing problem stated in Proposition 10.2.2. We start with a protocol for pointer
chasing that uses an algorithm that approximately estimates the set cover. We describe the
protocol in three sequential parts. Finally, we prove the correctness of our protocol, and use
Proposition 10.2.2 to prove the required space lower bound for set cover.

10.3.0.1 Protocol for Pointer Chasing

In this section, we see how to create a protocol 7 for PC, ,; using an algorithm A for a-
approximation of set cover in p passes over a universe U of size n and totally m sets. The
parameters a and b are chosen based on m,n,a and p as follows.

Parameters:

1/p
m—1 1 n 1
= — d b= . —_— 10.1
¢ p o p+1 <10(p + 1) log m) a+1)/p ( )

5By balanced, we mean number of inputs mapping to 0 and number of inputs mapping to 1 are equal.
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1| 1|o]loF 3,4)3,4)[3,2)[2,2)
1ol 1]lo 1,2)[3.2)l[1,9)[2,1)
ol ol 1|1 (2.3))|(3:4) |(1.4)| (2.2)
e //,J:::":::::_""PE;LJ
caleallealee) | | [aamnlmlfan
(3,4)1(3,2)[(2,2)[[(2,3) (2,1)[1(2,2)[[(1,2)](3,3)
(3,1)[1(3,1)](2,4)[|(3,4) (2,2)[((2,3)](1,3)[|(2,4)

Figure 10.1: An illustration of pointer chasing for p = 3,a = 3 and b = 4. Each function is
represented by a 3 x 4 grid containing the corresponding values. The special pointers of each
player are highlighted in green. The red dashed arrows represent how the pointers move.
The answer to the pointer chasing instance is 0.

Our reduction crucially uses public randomness to create the sets that the set cover
algorithm is run on, and does not use any private randomness. We break the protocol into
three simple parts.

We want to create a sets for each player P* for i € [p] so that each of the a sets corresponds
to b many function outputs held by P?. Since only one function output of PP™! matters,
PPt only creates one set. For P? with i € [p], the a - b function values are grouped together
in the natural way: P’ creates one set St for each j € [a] that depends only on f*(j, k) for
all k& € [b]. To continue, we first create many auxiliary sets called the U-common family
with public randomness as follows.

Construction of the U-common family:

The first part of the protocol for pointer chasing involves the creation of many auxiliary sets
using public randomness, and we describe this next.

Part (1) Protocol 7 for PC,,:
Each player P* for i € [p] samples the following using public randomness:

(1) For each j € [a], sample a set U} uniformly at random of size n/(10a - (p 4 1)) from
[n], independently of all the other sets.
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(47) Randomly partition U} into b sets, each of size n/(10a - b - (p + 1)) using public
randomness, called U, for k € [b].

Refer to Figure 10.2 for an illustration.

Uy

( Ui | Ui | Uis | Ui |
Uz

( Uz | Uz | U3 | Uz, |
Us

( Us 1 | Us 2 | Us 3 | Us 4 |

n/(10a(p + 1))

Figure 10.2: Creation of U-common family for each player: this is repeated for all
P P%2 pP3 ... PP. The illustration is when a = 3 and b = 4. There are three sets Uy, U,
and U; each of size n/(10« - (p + 1)) chosen uniformly at random. These are split into four
sets, each of size n/(10a-b- (p+ 1)) = n/(40c - (p + 1)). Although the sets Uy, Uy and Us
are shown as disjoint, they may have common elements as they are sampled independently.
However, for each i € [3], the sets U, ; for j € [4] are disjoint from each other.

We will prove some simple properties of the sets in the U-common family. Mainly, we
want to look at the intersection of any p sets with one set each picked from the first p players.
Although the below statement applies to the sets corresponding to the special pointers in
Definition 10.2.1, it holds for any collection of p sets with the aforementioned property.

Claim 10.3.1. The set (Ve UL has size at least 4a - (p 4 1) - log(m) with high probability
over the randomness of the choices of all the sets U}, fori € [p+1],j € [a],k € [b].

Proof. Each element is chosen to be in set U! with probablity exactly 1/(a-b-(p+1)) as the
set contains n/(a-b- (p+ 1)) elements chosen uniformly at random. Moreover, the choices
of UL and U!, for i # i are independent, of each other.

Hence, for any element e, the probability that it belongs to U ;Z for all 7 € [p] is:

i 1 1 (10(p+1)logm
Prle € N UL ] = (045(174‘1)) T < n

by the value of b from Eq (10.1).

1
) CoPt = ~ (10 - (p+ 1) - logm),
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Let T denote the intersection of all the sets U! for i € [p]. For any element e € U, let
X, denote the indicator random variable for whether element e is in 7. We know that the
X, random variables are negatively correlated, as U?, consists of exactly n/(10a-b- (p+1))
elements. Using Proposition 4.2.3, we get,

Pr[|T| < 4a(p + 1) -logm| = Pr[>_ X. < da(p+ 1) - (logm)]

=Pr[}_ X. < (4/10)E[>_X.]] (by linearity of expectation)

< exp(—0.18 - 10« - (p+ 1) logm) (by Proposition 4.2.3)
which proves the claim, as « > 1 and for large m. |

Creation of Set Cover Instance:

The next part of the protocol is to create the sets that the algorithm A is run on. Each
players only use the U-common sets and their own pointers in the pointer chasing instance
to create the set cover instance. This step is performed deterministically by all the players.
The sets will be collectively called the S-private family.

Part (2) Protocol 7 for PC,,:
Input: The U-common sets from Part (1) of 7, and PC, ,; instance.
Output: Set cover instance.

(i) The last player PP*! constructs one input set SP™! as follows:

St = ]\ U?p+1(1,1)-

(i1) Each other player P for 1 < ¢ < p constructs a sets for j € [a] as follows:

. 7 1—1
Si = U Ujx \ Usiip)-
kelb]

(i17) The first player P! constructs a input sets S; for j € [a] as follows:

1. 1
S] - U Uj’k-
kelb];
frE.k)=1

Refer to Figure 10.3 for an illustration.

Again, we prove some simple properties about the set cover instance.

Observation 10.3.2. There are exactly m sets created by all the p + 1 players together.
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Pl

0 1 0 1 Sll 0 Ui, 0 Ul
1 0 1 0 S% Uz 0 Uzs 0
0 0 1 1 Si 0 0 Uis Usa

(a) The sets for P

PQ
(12) || 9 || 1) || (23 S | UR UL, | UB,\UB, | UZ,\UL, | U2 \U,
G || Ly || 22) || 63) S | vgi\ul, | UB,\Ul, | UE\UL, | U2,\UL,
24) || 2) || L) || (13) S2 | UR\Ub, | U3, \US, | UE;\UL, | UR \UL,

(b) The sets for P2.

Figure 10.3: An illustration of the S-private family for players P! and P? with a = 3,b = 4.
Each S for i € [2],j € [3] is a union of all the sets to its right.

Proof. Each player P for i € [p| creates a sets and the last player PP creates one set.
Together, these are a - p+ 1 = m sets by Eq (10.1). |

The main lemma of this subsection follows. This states a gap in the values of the optimal
set cover based on the answer of the pointer chasing instance.

Lemma 10.3.3. When the answer to the pointer chasing instance is 1, there are (p + 1)
sets among m sets that cover the entire universe [n]. Otherwise, with high probability, any
collection of a- (p+ 1) sets among the m sets does not cover the universe [n].

Before we prove Lemma 10.3.3, we establish some notation. For i € [p|, we use S to
denote the set S} such that z; = (j, k) for some k € [b]. These are the sets in the S-private
family that depend on the special pointers given to the first p players. We also use SP*! to
denote the set SP*1.

First, let us see what happens when the answer to the pointer chasing instance is 1. The
following fairly direct claim states that the size of the set cover instance is small, and this
happens just by picking all S? for ¢ € [p + 1].

Claim 10.3.4. When the answer to the pointer chasing problem is 1, the set cover instance
constructed in protocol 7, has a set cover of size at most (p+ 1).

Proof. We know that the answer to the pointer chasing instance is f1(z;). We will show that

U Si=In]

i€[p+1]
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which proves the claim.

We have that S?*' = [n] \ U? by construction so we need to show that U? is covered
by the remaining sets. We will show by induction on ¢ for i € [p], that when f!(z) = 1,
the sets S}, SZ,...,S. cover all the elements in U? , which will complete the proof. This will
ensure that all elements in U 2 will be covered by the union of S!,..., SP when i = p.

For the base case, we know directly that S} = U}, as f'(z;) = 1. Assume towards the
induction hypothesis that S},...,Si! covers all of U."!. Then, the set Si contains as a
subset the set U? \ U."!, and hence the union of S}, ..., S! covers all the remaining elements

Zi—17

of the set U. by construction. |

Now, we analyze what happens when the answer to the pointer chasing instance is 0. The
intersection of all U; for i € [p], which are the sets corersponding to special pointers, will
be large by Claim 10.3.1, and we will show that less than a - (p + 1) sets from the S-private
family will not be able to cover all these elements.

Claim 10.3.5. When the answer to pointer chasing is 0, with high probability no collection
of a- (p+1) sets Ty, Ts, ..., To.(pr1) among the m sets in S-private family covers the entire
universe [n].

Proof. We will show specifically that the elements of ;¢ U;_ will not be covered by any
collection of « - (p + 1) sets from the S-private family. Let T" be the set ¢y, U. ; For each
i € [p+1], let j* € [a] be the index such that z; = (57, k) for some k € [b], i.e., j* corresponds
to the first part of the special pointer. Notice also that S = S;'f for each 7 € [p].

We argue that S} does not contain any element of set 7" first using the fact that T C U} .
Let 2y = (ji, k1), and observe that U}, ;, is disjoint from Ujll*,lu for any k' # ki, k' € [b] by
construction. Moreover, the set U, = Uy, is explicitly excluded from S}, as the answer
to the pointer chasing instance is 0. Hence, S} = S}f is a subset of Ujlf \ U:,, and does not
contain any element of Uzll. Similarly, we can argue that S for any i € [p] does not contain

any element of T as T' C U, ; Again, as T C U 8 the set SP*! does not cover any element of
T either.

It remains to argue about any collection of o - (p + 1) sets from the S-private family
excluding all S? for i € [p+ 1]. To do this, we condition on the event that the set T has at
least 4a(p + 1) - logm elements. This event happens with high probability by Claim 10.3.1.
For the rest of this proof, we do not use any randomness associated with any UJ’:; for any
i € [p]. This randomness is only used to condition on the size of the set T

We will prove the stronger statement that any collection of o - (p + 1) sets U j’ for ¢ €
[p],7 € [a] \ {j}} does not cover T, as S} C U} for all i € [p],j € [a]. We know that each
U ; is a set of n/10c - (p+ 1) elements chosen at random, independently of each other and of
T. We will use Chernoff bounds to argue that the probability that they cover the entirety
of set T is small. Fix any choice of a(p + 1) distinct sets U for i € [p],j € [a] \ {j}}.

Choose any 4a(p + 1) - (logm) elements of 7. These many distinct elements exist in
T because of our earlier conditioning. Let X.; denote the indicator random variable for
whether e is covered by the i'!' set for some e in the subset of 4a(p+ 1) - (logm) elements of
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T and, i € [a- (p+ 1)]. We have that:

1

E[X] =
[Xeil 100 - (p + 1)

as the i*" set chooses n/(10a-(p+1)) elements at random independently of T'. The expectation
of the sum of these random variables is:

E[X] = E[ZXE,Z-] =4da(p+1)-logm-a-(p+1) =4a - (logm) - (p+1)/10,

10a(p + 1)
(10.2)
by linearity of expectation. We also have,
Pr[T is covered by the collection)]
< Pr[X > 4a(p+1) - logm] (as this subset of elements of 7" must be covered)
< Pr[X > 10 - E[X]] (by Eq (10.2))

<exp(—2a- (p+1)- (logm)).
(by Proposition 4.2.3, and as the variables are negatively correlated)

There are at most (a(ﬁl)) many a(p + 1)-size collection from the m sets we are consid-

ering. A union bound over all such collections gives that with probability at most m =P+,
the set T' is covered by some a-size collection. For large m and « > 1, this probability is
small, and thus the proof of the claim is complete. |

The proof of Lemma 10.3.3 now follows directly from Claim 10.3.5 and Claim 10.3.4.
Running the streaming algorithm .A:

The final part in the construction of 7 is to actually run A and output an answer. This part
is straightforward.

Part (3) of protocol

Input: Pointer Chasing instance PC,,; and a p-pass a-approximation algorithm A for
set cover over a universe [n], taking m input sets.

Output: Answer to pointer chasing instance.

(¢) The players run A on the m = a - (p — 1) + 1 input sets S” and S for i € [p], j € [q]
over the universe [n] by sending messages to the blackboard. (See Claim 10.3.6 for
how to run A.)

(i7) If A returns a value < o+ (p+ 1) as an estimate of the size of the optimal set cover,

PP outputs that the value of the pointer chasing instance is 1. Otherwise, PP outputs
0.

First, we show that the players can run A effectively.
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Claim 10.3.6. Algorithm A that uses p-passes and s space can be run by the (p+1) players
using total communcation (p+ 1) -p- s total communication and p rounds.

Proof. Using the sets Uy, sampled with public randomness for i € [p],j € [a],k € [b], we
have:

e P' knows all the sets S? for i € [p], j € [a] as they depend only on the publicly chosen
U-common family, and the pointers given to P°.

o PPl knows the set SP*! as it depends on the publicly sampled U-common family, and
the value of fP(1,1), that PP knows.

Hence, collectively the players can run one pass of A starting from P! who inserts the sets
SJ1 for j € [a], and sends the memory state of A to the blackboard in s bits. This is followed
by P? who inserts S]2 for all j € [a], all the way till PP*! who inserts SP*1. The total
communication used to run one pass of A is (p + 1) - s bits, and can be done in one round.

To run all the p-passes, p- (p+ 1) - s bits of messages are used totally. |

Next, we argue the correctness of protocol 7.

Claim 10.3.7. If algorithm A succeeds with probability at least 2/3, protocol m for PC, 44
succeeds with probability at least 3/5.

Proof. When the answer to pointer chasing is 1, by Lemma 10.3.3, we know that the optimal
set cover is of size at most (p + 1). Hence, if A is correct, it outputs an estimate of size
at most « - (p + 1), and m outputs the correct answer as well. When the answer is 0, by
Lemma 10.3.3, we know that with high probability, the set cover size is more than - (p+1).
Thus, if A succeeds, the estimate of the size of the set cover will be more than « - (p + 1).
Protocol 7 succeeds with probability at least 3/5 for large values of m,n and a > 1. |

This concludes our description of the protocol. As we have also proved the necessary
properties along the way, proving Theorem 8 now is simple, and is covered in the next
subsection.

10.3.0.2 Finishing the Proof of Theorem 8

We can complete the proof of Theorem 8 using the impossibility result for pointer chasing
stated in Proposition 10.2.2, and our proof of the correctness of protocol 7 in Claim 10.3.7.

Proof of Theorem 8. Firstly, let us examine if parameters a, b as specified in Eq (10.1) can
be chosen. We have p <« m, so we can choose value of a as required. We also have
p-a = o(n/logm)"/®+) so parameter b can also be set to the required large value. Thus,
pointer chasing instances of the input size specified in Eq (10.1) can be constructed.

We know algorithm A uses p-passes and s-space to provide an a-approximate estimate
of the solution to a set cover instance over universe [n| with m sets, and succeed with
probability at least 2/3. We know that protocol 7 uses (p + 1)p - s bits of communication
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from Claim 10.3.6, and from Claim 10.3.7, we know it succeeds with probability at least 3/5
for large m and o > 1.

Therefore, by Proposition 10.2.2 and choice of parameters in Eq (10.1), we know that:

1 ab, ~ (m—1) (n 1/(1’)' 1 ' 1
SZ(prl)p.Q(]?)_Q(l/p) Q( D (a) alp+1) (lOlogm-(p+1))1/p>'

By simplifying the above term, we know that A uses space at least:

QO 1 m (n)l/p
pl0.logm a \«a ’

which finishes the proof. |
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11 Future Directions

In this chapter we give some open questions and further avenues of research.

11.1 Immediate Questions
We present some immediate questions left open by the results in this dissertation.

Exact Space Bounds for Each Pass. While our results in Theorem 1 and Theorem 4
give optimal asymptotic lower bounds on the number of passes in the semi-streaming setting
with O(n) space, we do not know tight bounds for any specific number of passes.

The lower bound for MIS in Chapter 5 gives a tradeoff between the number of passes
and the space used by the algorithm. It proves that in p-passes, any streaming algorithm
requires Q(n!+Y/(2*=D+e)) gpace. This translates to a lower bound of Q(n?) for one pass
algorithms [ACK19b, CDK19]. For p = 2, however, the lower bound is Q(n*/37°W) whereas
the state-of-the-art algorithm that uses two passes over the edges runs in O(ny/n) space
[ACG™15]. While our lower bound is asymptotically optimal with respect to semi-streaming
space, for any specific number of passes the correct answer is unknown.

Better Bounds for Approximate Matchings in Semi-streaming. For a (1 — ¢)-
approximation of maximum matching, the lower bound we present in Theorem 3 is 2(log(1/¢)),
whereas the current upper bounds are O(1/¢?) [ALT21], or O(logn/e) [AJJ"22] for bipar-
tite graphs. The key bottleneck in getting a better lower bound is that, in each successive
pass, the number of vertices which participate in a special hidden matching decreases by a
constant factor. For any p > 1 passes, there are a set of ~ (n/3?) set of vertices among
which a large induced matching must be found, to get a large approximation. This decay
seems unavoidable with the existing combinatorial constructions.

Maximal Matchings in Dynamic Streams. The lower bound in Theorem 4 holds for
any constant approximation even on bipartite graphs. Thus, as maximal matchings are a
2-approximation to maximum matchings, the lower bound of (loglogn) rounds remains.
The current upper bound to find a maximal matching remains O(logn) passes [AGM12].

The lower bound construction for p-passes in Theorem 4 forces the algorithm to solve
a large fraction of (n'/¢)-many smaller hard instances for (p — 1)-passes where ¢ > 1 is a
constant. Adding maximality will ensure that the algorithm solves all of these instances',
but the polynomial factor loss in the sizes of the smaller instances remains. Hence, this
framework may not lead to stronger lower bounds for maximal matchings.

Logarithmic Lower Bound for Triangle Detection. In triangle detection, as we state
in Remark B.4.3, the realistic target for a lower bound is 2(logn) due to the connections to
circuit complexity. There is still an exponential gap between our lower bound of (loglog n)

! This is similar to Theorem 1, where an MIS of all smaller subinstances must be found.
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and this target. Unlike in graph streaming lower bounds, constructing a hard instance that
may exhibit an Q(logn) lower bound is simple.

In our construction, we pad the (r — 1)-round instance with poly(n,_;) many vertices to
ensure the round elimination argument goes through. Even if we only pad the (r — 1)-round
instance with d, = (n,.)'/®() vertices, the instance may remain hard due to the local view of
vertices. This will lead to a lower bound of:

se(ny) = Qm1) = Q(n,)"")

on the bandwidth, proving an (logn) lower bound on the number of rounds in the CON-
GEST model.

There is one caveat, however: they may be able to talk about the smaller instance to
each other in the first round. The invariant in round elimination that we have used, where
only o(1) extra information about the (r — 1)-round instance is conveyed will not be true
anymore. Nonetheless, even though the first round can reveal some non-trivial information
about the smaller (r — 1)-round instance, solving the instance completely may require large
communication in r-rounds. These instances will need drastically different techniques to
analyze them.

Chaining other Communication Complexity Problems. In the Chained Index prob-
lem, k different instances of Index, all with the same answer were “chained” together. Bob
of the first instance also plays the role of Alice of the second instance, and Bob of the second
instances takes on the role of Alice of the third instance and so on.

Any two-party communication problem can similarly be chained together. For instance, if
multiple set disjointness instances are sampled from the same distribution such that they have
the same answer?, we do not know if beating the Q(n) lower bound of [KS92, Raz92, BJKS02]
is possible. Our analysis crucially uses the fact that any additional change in the entropy of
the answer must have proportional message length, but uses ad hoc techniques specific to
Index.

The Chain problem found applications in proving lower bounds for graph problems and
streaming submodular maximization (see Section 8.1). Recently, chaining set disjointness
was used to prove a lower bound on coloring graphs with low chromatic number in a single
pass [ASY26]. The techniques they use only get Q(n/poly(k)) lower bounds for chaining
k-many instances of set disjointness over a universe of size n.

Closing Gaps for Approximate Shortest Paths. There is an immediate open problem
left from Theorem 7. Our upper bound (not covered in this dissertation, can be found in
the full version [AHS26]) uses O(log®n) passes in semi-streaming O(n) space, and our lower
bound is Q(logn) passes.

Our approach to prove the lower bound relies on the framework of [FKM™04,GO16] where
for p-passes n®(/P) many instances of pointer chasing overlap. For p = w(logn/loglogn),
these constructions do not give any meaningful results.

2This is different from a direct sum version of the problem, where the instances are independent and may
have different answers, and we want to solve all of them. Here, solving any one instance suffices to find the
answer.
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11.2 Broader Directions

In this section, we give some overarching directions that the tools from our dissertation can
explore.

11.2.1 Other Related Models.

There are models closely related to the ones we discussed where there are many open direc-
tions regarding proving lower bounds.

Random Order Streams. In the graph streaming model, the edges are assumed to be
coming in any arbitrary order. All our lower bounds crucially exploit this adversarial ordering
of the edges. This assumption is not always necessary, for instance, the edges may be
arriving in a stochastic manner from some distribution. Theoretically, random order streams
is a well-studied model where the edges are assumed to be given in a uniformly random
permutation. [CCMO08,PS18,CKKP22,AB20,Ber20, CKKP22,AS523b,HW24] In fact, we know
that many problems become significantly easier as the randomness of the order can be used
to construct algorithms. For instance, we know that an approximation ratio better an (0.59)
can be achieved in a single pass in semi-streaming [AB21, Ber20, HW24] whereas this is
provably impossible in adversarial streams [Kap13, Kap21].

Pointer chasing type arguments have been used to prove lower bounds for random order
streams also [AS23b]. In the communication complexity arguments in this dissertation,
while constructing the lower bounds, we had control over the partition of the edges between
the players. Simulating streaming algorithms that receive a random order of the edges is
infeasible when the players also do not receive random subsets of the edges. [CCMO8] uses
the robust communication framework, where the players get random subsets of the edges, to
prove lower bounds for a variety of problems such as exact shortest path and connectivity
in the random order streaming model.

Exploring the power of randomness over multiple passes is an interesting question. If the
algorithm receives the edges in a fresh random order in each pass over the edges, communi-
cation complexity, even with the robust communication framework of [CCMO08], cannot be
used to simulate random order streams. This is because the edge partitions may change over
the different passes. As far as we know, there are no ways to model multiple random order
streams to prove lower bounds currently in the literature.

Congested Clique. In the CONGEST model we discussed, the vertices are only allowed
to communicate over the edges of the underlying graph. In the more powerful CONGESTED
CLIQUE model, the vertices know their immediate neighborhood, but they can communicate
to any other vertex in the graph even if an edge does not exist.

Triangle detection runs in O(n'~2/%) where w is the exponent of matrix multiplication.
This is because algebraic methods can be implemented in the congested clique model, see
[CKK"15]. The current value of w is 2.371339 [ADV 25]. However, [DKO14] showed that
proving any super-constant lower bound for a problem with a Boolean output in the congested
clique model leads to breaking circuit complexity barriers.?

3In fact, [FGKO18] adapts the framework of [DKO14] with the expander decomposition results of
[CPSZ21] to prove a same kind of result for triangle detection in the CONGEST model. More details
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With the circuit complexity barriers in mind, hoping for a tight lower bound of Q(n!=2/«)
is unrealistic, but we do not know if any lower bound, even for one or two rounds can be
proven.

11.2.2 Lower Bounds against Edge Sampling

Algorithmic approaches in the streaming model can be broadly classified into two.

(1) Vertex Sampling approaches: the algorithm samples a small subset of vertices (say
s < n) at random, and stores information about these vertices. If s = O(y/n), for
instance, all the edges between these vertices can be stored in semi-streaming memory.
This is the approach used by [ACGT15] to find a maximal independent set and by
[HIMV16, Ass17] to find a set cover. Our matching upper bound of Theorem 4 also
uses vertex sampling approaches.

(17) Edge Sampling approaches: the algorithm samples O(n - polylogn) edges at random
and stores them in memory to process the graph. Our upper bound corresponding to
Theorem 7 uses this approach. It is also used by [Ass24, AJJ"22] which give algorithms
for approximate maximum matchings.

Our lower bounds inherently partition the graph into (r — 1)-round hard instances on a
smaller set of vertices, and we are able to get tight lower bounds for algorithms that use the
vertex sampling approach as well. Both our lower bounds which are not tight (Theorems 3
and 7) for streaming algorithms have state-of-the-art algorithms that employ edge sampling
approaches. Proving tight lower bounds for algorithms where edge sampling performs better
than vertex sampling would need new techniques.

11.2.3 Structure of Hard Instances: Random versus Combinatorial

In the round elimination arguments of Theorems 1 and 4, to embed the smaller instances,
we used combinatorial constructions that ensured that the smaller instances do not interfere
with each other. In the case of Theorem 1, this was performed with the DUP graphs of
Proposition 5.4.5, in Theorem 3 we use the RS graphs from [GKK12], and in Theorem 4 we
use the one-round lower bound of [DK20]. In contrast to all these combinatorial structures,
Theorem 7 and Theorem 8 uses a reduction from pointer chasing, where, as we mentioned
in Section 2.2.2, the final instances look random.

Theorem 8 is in fact optimal in all three parameters of space, number of passes and
the approximation factor, and uses random looking sets to carefully choose subsets of the
universe. We did not need combinatorial structure to embed multiple hard instances from
(p — 1)-passes because there was only one underlying instance. It would be interesting to
explore what other problems exhibit this property, where one smaller instance suffices to
prove optimal lower bounds, and random constructions can be employed.

11.2.4 Lower Bounds for Problems with Minimal Locality

In distributed computing, we know multiple problems with ©(y/n + D)-round complexity
where D is the diameter of the graph, such as minimum spanning tree [KP95,SHK " 12], global

about their result can be found in Chapter B.
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minimum cut [DEMN21, SHK™12], shortest path approximations [BFKL21, BKKL17, Elk04]
and approximate maximum flow [GKK"18 SHK"12]. The dependence on the diameter is
easy to see even in the LOCAL model without any bandwidth constraints: at least some
information about the entire graph must be propagated before any algorithm can arrive at an
answer. The Q(y/n) lower bound holds because of bandwidth constraints in the CONGEST

model.

The set disjointness framework has led to poly(n) lower bounds for other problems which
are easy in the LOCAL model. The hardness of these problems in CONGEST is purely due
to the bandwidth limitations, and one prime example is detecting p-cliques for constant p.
[CIK18] proves a lower bound of Q(y/n) for this problem, and the state-of-the-art upper bound
is O(n'=2/?) [EFF+22]. [CK18] also shows that there is a protocol in two-party communication
for detecing p-cliques such that no lower bound larger than Q(\/ﬁ) can be proven.

Our techniques with round elimination to prove Theorem 5 may not be amenable to prove
poly(n)-round lower bounds as the sizes of the hard instances grow in each round. The other
results which prove Q(poly(n))-lower bounds on the number of passes in the streaming model
from [ACK19a, AGL"24] are only applicable to problems that have a high locality, namely
lexicographically first maximal independent set and degeneracy. Currently, as far as we
know, there are no techniques that could be useful in proving an w(y/n) lower bound for
detecting p-cliques.

11.3 Conclusion

Obtaining efficient algorithms and matching lower bounds has been the holy grail of theoreti-
cal computer science, and in the setting of streaming and distributed computing, such results
can be achieved unconditionally through information-theoretic arguments. This dissertation
proves such optimal multi-pass streaming lower bounds, resolving the complexity of several
problems. Beyond streaming, it makes a first step towards getting multi-round distributed
computing lower bounds with new techniques.

We return to the guiding objective stated in Chapter 1:

Aim: To develop a toolkit to prove optimal lower bounds for
graph problems with more stringent models of communication.

The results of this dissertation make concrete progress toward this aim. While we now
understand some problems quite well, several others remain unresolved as outlined in this
chapter where new techniques and ideas may be needed.
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A Missing Proofs

A.1 Round Elimination for Index: Proof of Claim 3.1.3

Proof of Claim 3.1.5. Distribution of M,i are the same in D and D’ as Alice and Bob use
public randomness to sample them exactly from D, and i is independent of M. However, the
distribution of x conditioned on M and i differs in both cases.

In distribution D, the entirety of x is sampled conditioned on M and i. In distribution
D', x(i) is sampled independent of M and i. Nonetheless, we show that these distributions

Y

are close to each other. Let uy denote the uniform random variable from {0, 1}.

B D6 M0 =D (x())lleva
= o DO [ M) = g

(M,i
(as in ECHO, b is chosen uniformly at random from {0,1})

1 : : : . :

< 5 (M%ND \/]D)(D(X(I) | MJi) || us) (by Fact 4.3.10 Pinskers inequality)
1

<= \/ E  D(D(x(i) | M,i) || u2) (by Jensen’s inequality)
2 (M,i)~D
1

akh I(x(i) ; M, i). (by Fact 4.3.4, and as x(i) is uniform over {0, 1} in D)

We can prove that the mutual information between x(i) and M, i is small directly.

I(x(i) s M, i) = T(x(0) 1) + I(x(i) ;M | )

(by Fact 4.3.1-(7), chain rule of mutual information)

0+ I(x(i); M | i) (as x(i) is independent of i)
1

=— Z]I ;M |i=1) (by definition of conditional mutual information)
n
1

= =N I(x() ;M | i =
- Z |i=1)
1

=—- Z]I(x(z) M) (as i is independent of the distribution of x, M)
n “=
1

< —- Z]I ;M | x(< 7)) (by Proposition 4.3.2, as x(i) L x(< 1))
n
1

= —-I(z; M) (by Fact 4.3.1-(7), chain rule of mutual information)
n
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IN
Sle3|=

-H(rM) (as entropy is positive)

< (as the length of messages is upper bounded by 7/100)

This directly gives that:

. . - 1 S
E | ID(() | M) = D(ci)a < 5 /-

(M’

To prove the claim:

D(X7 M7 I) - D/(Xa Ma i)”tvd
S ||D(M7 I) - D,(M7 i)Htvd

. . / .
+ B P [ M, i) = D (x(0))leva
+ o I?})) . ID(x(—i) | M,i,x(i)) — D'(x(i) | M, i,x(i))|ltva (by Fact 4.3.8)
1
<0+ 3 \/g +0 (by our bound, and as the other distributions are the same)
n
1 s
<. 02
—2 Vn

This completes the proof. |

A.2 Matchings in Random Bipartite Graphs: Proof of Proposi-
tion 9.3.15

In this subsection, we prove Proposition 9.3.15.

Proposition 9.3.15 (restated). For any large enough integer k > 0, in a random bipartite
graph G = (LU R, E) where L = R = {1,2,...,k}, and E is k edges chosen uniformly at
random without repetition from the set

ECLxR\{(@1)]ic€lk]},
with probability at least 1 — 1/k?, there exists a matching in G of size at least 0.1k.

Proof. We analyze the probability that the maximum matching size is at most k/10. As we
are working with bipartite graphs, by Konig’s theorem, we know that the size of a vertex
cover is also k/10 when the matching is of size k/10. For any specific set A C LU R, we
can bound the probability that A is a vertex cover of G. Then, we do a union bound for all
possible choices of A.

For any set A C L U R, with |A| < ck, for some constant 0 < ¢ < 1, we have,

Pr[A is a vertex cover]
=Pr[(L\A) x (R\A)NE = ®] (as there are no edges with both end points out of A)

307



< (;{;2 - 12 ;H . |R\A|> : (k{k) (no vertex pairs are chosen from (L \ A) x (R\ A))
- (k;?(l — ;1 —0)2)> _ (k{_k) (as |L\ A] > (1 — o)k, [R\ A] > (1 —c)k)
9 k k g ¢ — (p q
<(ee-)0)" () (a5 (/)" < (*) < (ep/a)" for any p.q > 1)
< (1.1e- (2c — )" (as k*/(k* — k) < 1.1 for k > 11)

The total number of choices for set A is,

(32 ) e (D)

again, as (i:) < (e-2k/ck)*.

We continue with the union bound.

Pr[Largest matching in G has < 0.1k edges]

= Pr[There exists vertex cover of size 0.1k]

< ) Pr[Ais a vertex cover]
A:JA|<0.1k=ck

<ck-((2¢/c)*-1.1e- (2c — )" (by our bounds from earlier)
< 0.1k - (0.85)F (for choice of small constant ¢ = 0.1)
<1/K% (for large values of k)

This completes the proof. |

A.3 Extending Proposition 5.4.5 to all Graph Sizes

Recall that in the proof of Proposition 5.4.5, the graph G constructed only exists for all
integers ¢ > 1, which does not include all large enough integers n as in the statement of the
proposition.

To fix this, we simply take the largest possible G with fewer than n vertices and pad each
layer with extra vertices to have exactly n vertices overall as required. This padding does
not change the parameters p and ¢. As such, we show that for any choice of large enough
number of vertices n there exists a choice of n’ that is consistent with some integer ¢ such
that G exists and n > n' > n/ 20(V1ogn) - This implies a negligible loss on the bounds of p
and ¢ when G is padded.

To that end, in the construction of G, we have that d* = log %7 = d-log((k +-2) - £) and
thus

log(kl) < dy <log(3kl), and (A.1)
log(k(€+1)) < dey1 < log(3k(¢ + 1)) < log(6k¢) (A2)
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where d; := log((k +2) - £) refers to the choice of d that depends only on integer ¢ (since k is
fixed). Let n be as in the statement of the proposition where n = b- (k + 1) for some large
enough integer b since the required DUP graph is a (k + 1)-layered graph. Fix a choice of ¢
such that

V=(k+2)-0)%<b< ((k+2)(£+1))% (A.3)

where ' also defines the integer n’ = ' - (k 4+ 1). Then, using the bounds in Eq (A.1),
Eq (A.2), and Eq (A.3), we have that

b k 2) . (¢ 1 log(6k£) log (kL) log6
- v < : (—i(_k l 2() ,—;)10)2(16@) = (1 + E) ((k+2)-(€+1))

< exp (W) - (6k0)* < 20000,

n
n

Finally, since (k€)'°2*0 < ((k +2)-£)* =¥ < b < n, we have that

log(k€) = \/log(k€)e) < \/logn.

This concludes the proof for all graph sizes.
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B CONGEST Lower Bounds and Circuit Com-
plexity Barriers

This appendix is a note on the barrier proven by [EFF"22] for proving lower bounds on
the number of rounds required to solve triangle detection in CONGEST, and how they may
break barriers in circuit complexity. We optimize the parameters a bit further to improve the
result from n®*" lower bound breaking barriers in circuit complexity to n?(1/1glgn) Jower
bound breaking the same barriers in a weaker sense, but the framework of these reductions
are exactly the same as [EFF22], and we claim no novelty for these ideas.

Another purpose of this appendix is to keep track of all parameters involved explic-
itly which leads to the following observation. Even though, strictly speaking, proving an
nel/leglogn) Jower bound for triangle detection does not break circuit complexity barriers
currently, it is plausible that even proving an Q(log®n) lower bound for some large constant
¢ > 1 could break circuit complexity barriers assuming CONGEST algorithms for expander
routing can be made to run in polylog (n) rounds (see Remark B.4.3)".

B.1 Background on Expander Decomposition and Routing

In this section, we state the prior results on expander decomposition and routing in graphs
with high conductance in the CONGEST model. We start with some basic definitions and
results.

Definitions and terminology. In any graph G = (V, E), we use m to denote the number
of edges and n to denote the total number of vertices.? We use deg(v) to denote the degree
of v.

For any subset S C V, we use vol(S) to denote Y, cgdeg(v). The conductance of a
cut S and V' \ S is defined as:

{(u,v) | (u,v) € E;ue S,veV\ S}
min{vol(S),vol(V '\ S)} '

B(S) =

For the special case S = (), we set ®(S) = 0. The conductance of a graph G is defined
as,
&= min P(9).
SCV,0<|S|<n
A uniform lazy random walk in a graph starting from a vertex s € V performs the
following step iteratively: with probability 1/2, stay at the current vertex; otherwise, pick
a uniformly random neighbor of the current vertex and move to that neighbor. In any

'To our knowledge, currently, no CONGEST lower bounds rule out such a possibility.

2In the other parts of this paper, n referred to the number of vertices in one layer of a tripartite graph.
Throughout this appendix, we are not working with tripartite graphs and use n to denote the total number
of vertices.
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connected graph G, the stationary distribution of a lazy random walk is w(u) = deg(u)/2m
for all uw € V.

Let p;(v) denote the probability that after ¢ > 0 steps, a lazy random walk starting from
vertex s € V lands at v for each v € V. Then the mixing time, denoted by 7,,;.(G) of
graph G is defined as the minimum ¢ such that for all s,v € V,

p; (v) = (V)] < w(v)/n.

The following relation between mixing time and conductance is well known [JS89]:

1 logn
0(2) < sl < @( 2 ) (B.1)
It is also known that the diameter D of any graph is at most the mixing time of the graph.

B.2 Results on Expander Decomposition in CONGEST

An expander is any graph which has large conductance, usually at least 1/polylog(n). We
now define the standard expander decomposition, where the vertex set of the input graph
has to be partitioned into clusters that form expanders.

Definition B.2.1 (Expander Decomposition). Given a graph G = (V, E), and parameters
e € (0,1) and ¢ € (0,1), an expander decomposition of G is a partition of V into sets
ViuVou...UV, for some integer £ > 0 such that,

1. The subgraph of G induced by each partition V; for i € [] is an expander with conduc-
tance at least ¢.

2. The number of edges (u,v) € E such that u € V; and v € V; for i # j € [{], also called
inter-cluster edges, is at most € - |E)|.

Each partition V; for i € [{] is termed a cluster of the decomposition.

In the CONGEST model, we want to perform expander decomposition and require that
at the end of the decomposition, each node knows the partition that it belongs to.

Definition B.2.2 (Expander Decomposition in CONGEST). Given a graph G = (V, E)
in the CONGEST model, given parameters £,¢ € (0,1), the expander decomposition in
CONGEST problem is to find an expander decomposition ViU . ..UV, with parameters ¢ and
e such that each vertex v € V' knows which partition V; for i € [{] it belongs to.

We use Texp(e, ¢, n) to denote the minimum number of CONGEST rounds that such a
decomposition can be implemented in for all n-vertex graphs.

The following result is known for expander decomposition in CONGEST.

Proposition B.2.3 ([CMGS25, Theorem 1.2]). There is an algorithm in the CONGEST
model that solves Definition B.2.2; there exists some constants cconp, Cexp > 1 Such that, for

any ¢ € (0,1),
Texp(¢ . lOchoxu (n), Qb, TL) S (lOg n)CEXP . ¢_4‘

311



The algorithm is randomized and succeeds with high probability.

It is easy to see that once Definition B.2.2 is solved, each vertex can also identify the
number of vertices and the edges inside the cluster that it belongs to.

Claim B.2.4. In any graph G, after Definition B.2.2 is solved with parameters e, ¢, in an
additional O(logn - $2) rounds, each vertex v € V can also know:

1. For each uw € N(v), which cluster V; for i € [{] that u belongs to.
2. If v € V;, the size of cluster V;, and the total number of edges inside cluster V;.

3. If v €V, each vertex also gets an identity from [|V;|] that is distinct from the identities
of all other vertices in V;, and v knows the identities of all its neighbors that are also
present in V.

Proof. To communicate the cluster that each neighbor of v belongs to, one additional round
is sufficient, as each vertex u € V' can broadcast to all its neighbors the identity of the cluster
u belongs to in logn bits.

Let v € V;, let G; be the subgraph of GG induced by V;, and let D be the diameter of
G;. The vertices can compute a rooted spanning tree of G; in O(D) time by performing a
breadth-first search from each node, and using the identities of the nodes in V' for tie-breaking
in choosing which breadth-first tree becomes the spanning tree. Once such a spanning tree
is computed, the total number of vertices and edges inside GG; can be collected through the
edges of the tree in O(D) many rounds. The required identities of vertices in V; can also be
generated by propagating new identities from the root vertex of the spanning tree in O(D)
many rounds.

We know that the diameter of the graph G; is at most O(logn - $—2), by Eq (B.1) and
the properties of the expander decomposition, which proves the claim. |

B.3 Results on Routing Algorithms in CONGEST

We cover the results on routing demand instances from [GKS17], following the presentation
of these results in [CPSZ21].

Definition B.3.1 (Routing in CONGEST). In a graph G = (V, E) in the CONGEST model,

an instance of the routing problem is defined as:

1. There are a source-destination pairs (s1,11), (S2,t2), ..., (Sq,ta) for some a € N. Each
source s; has to send a message of length at most O(logn) to vertex t; fori € |a]. Fach
vertexv € V' knows all vertices u such that (v, u) is one of the source-destination pairs,
and the message v should send to u.?

2. Fach vertex v € V is the source of at most deg(v) messages and is the destination of
at most deg(v) messages.

3The vertices need not know any other information about the source-destination pairs.
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There may be multiple instances of the routing problem that need to be routed sequentially.

We use a tuple (Prou(n), Qrou(n)) to denote the runtime of an algorithm in CONGEST
that on n-vertex graphs, uses Piou(n) - Tmiz Tounds of preprocessing steps, and after these
steps, can route each instance of the routing problem in Q.on(N) * Tz time, where Ty, is the
mixing time of the underlying graph G.

Let us state one existing routing algorithm that we employ. This way of presenting the
results of [GIKS17] can be found in Section 2.1 of [CPSZ21].

Proposition B.3.2 (cf. Lemma 3.2, 3.3 and 3.4 of [GKS17]). There exists constants cp,cq >
1 such that, for any integer k > 1, there exists a routing algorithm with:

Prou(n)
@rou(n)

that succeeds with high probability. Note that there is also a Ty factor in the total number
of rounds based on the definitions in Definition B.3.1.

k-n** . (logn)*™* . O(1),

<
< (logn)@™* - 0(1),

Another routing algorithm is from [GL18], which is better than the ones we state from
[GKS17] for a certain ranges of number of instances of routing, although it does not admit
a tradeoff in preprocessing and routing requests.

To conclude our background section, we summarize the problems we consider and the
functions corresponding to their runtimes. This may help the reader keep track of these
functions while perusing the next subsection.

Function | Definition

Texp(g,¢,n) | The minimum number of rounds taken by a CONGEST
algorithm that finds an expander decomposition with
parameters ¢, ¢ of the input n-vertex graph.

Prou(n) In the routing problem, P(n) - T, is the total number
of rounds required for preprocessing.

Qrou(n) In the routing problem, after pre-processing, Q(n) - Tz
is the total number of rounds required to handle one
instance of the routing demand problem.

B.4 From Circuits to CONGEST Algorithms

In this section, we will show how CONGEST lower bounds can also imply circuit lower
bounds for an explicit function. For n,m > 1, let f,,, : {0,1}?*™1°8" — {0, 1} denote the
function that takes as input a representation of a graph G = (V, E') where each edge is given
by 2logn bits denoting the identities of the two end points of the edge in logn bits each.
The function outputs 1 if the input graph has a triangle, and outputs 0 otherwise.

We show that we can simulate a circuit that computes f, ,,, in the CONGEST model.
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Lemma B.4.1. Given a family of circuits C = {C},m>1 that compute function f, ,, with
constant fan-in and fan-out, depth d(n,m) and total number of gates at most m-s(n,m), for
any graph G = (V, E), for any parameters € € (0,1/3) and ¢ € (0, 1), there is an algorithm
in CONGEST that solves triangle detection in

(Texp(g, ¢,n) +O(logn - ¢=2) - (Prou(n) + Qrou(n) - s(n,m) - d(n, m))) -0 (%)

many rounds.

Proof. First, we perform expander decomposition on graph G with parameters €, ¢ in Tox, (€, ¢, 1)
many rounds. Each cluster performs the following procedures for simulating circuits in par-
allel.

Choosing the circuit. We use the result in Claim B.2.4 to make sure each vertex in any
cluster V; knows all the information listed in the statement of Claim B.2.4. We use new(v)
to denote the identities from Claim B.2.4.

In each cluster V;, a vertex v € V; is said to be a good node if the number of neighbors
of v inside cluster V; is at least as many as the number of neighbors of v outside cluster V;.
All other vertices are called bad nodes.

We let graph G; be the subgraph of G with the union of all the edges incident on the
good nodes of V; (including ones which go out of V;), and all the edges between two vertices
in V;. Using an argument similar to the one in Claim B.2.4, the total number of these edges
can be known to all vertices in V; in O(logn - ¢~2) rounds. Let m; be the total number of
these edges.

Each cluster V; simulates the circuit C), ,,,, and each vertex in cluster V; knows the value
of n and m;. Hence, all the vertices in the cluster know which circuit to simulate.

Assignment of gates to vertices. Each gate g of the circuit C,, ,,, is assigned to one of
the nodes in V; that is responsible for computing the output of gate g, as well as sending
this output to all the gates in the next layer of the circuit that g feeds into. The assignment
of gates is as follows:

(1) Each gate g of the input layer corresponds to some edge (u, v) of graph G. If both u,v €
V;, all these 2logn gates are assigned to either u or v, lexicographically breaking ties
based on new(u) and new(v). Moreover, which gate among the input layer corresponds
to which edge can be fixed by arguments similar to the proof of Claim B.2.4: the root
of the spanning tree can communicate to each of its neighbors a partition of the input
gates corresponding to the number of edges in each of the subtrees, and this can be
done recursively. This will take O(log(n) - $~2) rounds, also based on the upper bound
on the diameter of the cluster.

(17) Each gate in any layer which is not the input layer, is assigned to a vertex in V; so that
the total number of gates in any layer given to any vertex v is at most 2-s(n, m;)-deg;(v),
where deg;(v) is the total number of neighbors of v inside the cluster as follows:
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(a) The gates assigned to each vertex v form 2 - s(n,m;) many disjoint contiguous
segments in layer j.

(b) There is a partition of [m;] into |V;| many contiguous segments, and each segment
is given to a vertex v € V;. Let [gy1, g»2| be the segment given to vertex v, and
we require that g, — ¢, 1 + 1 = deg;(v).

(c) All the gates numbered (z — 1) - (m;) + y is assigned to vertex v for each z €
2 s(n,mi)], gu1 <y < gua if such a gate exists.

The total number of gates in each layer is at most m; - s(n,m;), so, all the gates
are assigned to some vertex. Fach vertex v can also be made to know the integers
gv1 and g,o with arguments similar to assigning gates in the input layer: the root
picks a contiguous segment of length equal to its degree for itself starting from 1, then
partitions the rest of the gates among its subtrees based on the number of edges. This
step is performed recursively in each subtree. Totally in O(log(n) - $—2) rounds, each
vertex v knows g, ; and g, 2 and hence, all the gates that are assigned to it.

Next, we show how the vertices can communicate to each other the output of the gates they
are assigned to.

Routing gate outputs. The vertices simulate the circuit layer by layer starting from the
input layer. We prove that this simulation is possible by induction. For the base case, we
know that the value of all the gates in the input layer is known to the vertices to which the
gates are assigned to trivially. For the induction hypothesis, let us assume that the output
of all the gates in layer j — 1 is known to the vertices that they are assigned to. We will show
that the output of all these gates in layer 5 — 1, once found, can be routed to the vertices
that are assigned the gates in layer j that they feed into.

Only for the purpose of routing the output of gates in each layer, we assume that each
vertex v € V; has deg;(v) many identities: all integers from g, to g,» (including g, ; and
Gv2). The identities of each vertex can be specified by O(logm;) bits g,1,gv2 < m;. The
vertices can send all their identities to their neighbors in 1 additional round.

The vertices use the preprocessing routine for the routing algorithm, which can be run
in P,ou(n) rounds. Next, for each gate g, the vertex v that g is assigned to needs to send the
output of g to O(1) many vertices, which are assigned the gates in layer j that g feeds into.
The identities of these vertices are known to v as it knows circuit C,, ,, (if the gate number
is g, (¢ — 1) mod m; + 1 is the identity of the vertex that g is assigned to) and the output
of each gate is also only 1 bit. The total number of gates assigned to each vertex v is at
most s(n,m;) - 2 - deg;(v), this can be viewed as O(s(n, m;)) many instances of the routing
problem, each of which takes Qou(n) - O(logn - ¢=2)."

1Here, we assign multiple identites to each vertex, to have a total of deg;(v) many identites each, and
we claim the routing algorithm can still be run correctly. This can be easily seen by performing the routing
algorithm on another graph with m; vertices: a replacement product of the original graph in cluster V; with
a family of O(1)-regular low-degree expanders of conductance 2(1). Each vertex in the new graph will have
a unique identity from [m;], and any round of a CONGEST algorithm can be simulated in the original graph
in cluster V;. Refer to Section 4 and Proposition 4.2 of [ASW19] for details on replacement products and
the fact that the mixing time increases by at most an O(1) factor, respectively.
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This routing process is repeated till the last layer of the circuit, and if a triangle is
found in graph G; the vertex with the output gate of the circuit outputs the existence of the
triangle, and the algorithm terminates.

Recursion. If there is no triangle found in any of the clusters, all the edges (u,v) where
u, v are two good nodes inside the same cluster, i.e., u,v € V; for some i € [{] are removed.
(Note the definition of a good node is with respect to the cluster it belongs to.) First, we
argue that we remove at least (1 — 3¢) - m edges.

We know by the parameters on the expander decomposition that the total number of
inter-cluster edges is at most £ - m. We will argue that each edge (u,v) with u,v € V; that is
not removed can be charged to an inter-cluster edge, so that each inter-cluster edge receives
at most two charges. This will prove that the total number of edges left is at most 3 - € - m.
Let (u1,v), (u2,v), ..., (uq,v) be all the edges incident to some bad node v in cluster V; with
u; € V; for all j € [a]. We know that v has at least a many edges to vertices outside cluster
V; by the definition of bad nodes. We charge each of these edges to one such inter-cluster
edge incident on v, so that each inter-cluster edge receives at most one charge. Globally,
each inter-cluster edge (z,y) receives at most two charges, as it receives at most one charge
from each of its end-points.

We have shown that at least half the edges are removed, and we recurse on the remain-
ing network by computing another expander decomposition and circuit simulation. This
recursion is done till there are only O(1) edges left in the graph, wherein the existence of a
triangle can be detected trivially in O(1) rounds. The total number of levels of recursion is
at most logm/(log(1/3¢)).

Correctness. It is easy to see that if the algorithm outputs the existence of a triangle,
there is a triangle in the graph, as the outputs of the circuits are correct. The edges we
remove at each level of the recursion are incident on two good nodes from the same cluster
Vi. The only way such an edge (u,v) can be a part of a triangle is if there exists some vertex
w € V with (u,w), (v,w) € E. However, when the circuit is simulated in V;, the edges
(u,w) and (v, w) would be included as a part of the input, as u,v are good nodes. Hence
the existence of a triangle would be detected by the circuit. Therefore, when the algorithm
declares that there is no triangle after all the levels of the recursion, no triangle exists in the
graph.

Total number of rounds. The number of levels of the recursion is O((logn)/(log(c2/3))).
Assuming T (g, 0, 1), Piou(n), Qrou(n), s(n, m) and d(n, m) are increasing functions in n, m,
each level of the recursion takes:

(i) Texp(e, ¢, n) rounds to compute the expander decomposition.

(ii) O(logn - ¢=2) rounds to propagate the required information to all the nodes in each
cluster before circuit simulation.

(ii1) Prou(n)-O(logn-¢~2) pre-processing time before circuit simulation via routing requests
(as Tmiz = O(logn - ¢72)).
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(iv) O(s(n,m))-Qrou(n)-O(logn-¢~?2) rounds to compute one layer of the circuit, repeated
for d(n, m) many layers.

This completes the proof. |

The following result now establishes the barrier for proving CONGEST lower bounds.

Proposition B.4.2. If there exists a large enough constant ¢ > 0 and integer ng, such
that for all n > ng triangle detection in CONGEST requires n®'°81°8™ rounds, then there
is an explicit function f : {0,1}Y — {0,1} such that the following is true. There exists
integer Ny such that for all N > Ny, there exists no family of circuits computing fn with
depth O(log N), constant fan-in, constant fan-out and size N'*¢/108186 N for some constant
c depending on ¢ only.

Proof. The proof is a direct application of Lemma B.4.1 and the results of Propositions B.2.3
and B.3.2.

Firstly, in Proposition B.2.3, we set ¢ = log™“>"(n)/6. This gives:

Texp(¢ - log®™ (n), ¢, n) < (logn)™ - ¢~*
— Texp<1/6, (log n)*CCOND’ n) S (10g n)cExp+4cCOND '

This also sets the mixing time of the clusters as O(1) - (log n)?®o»™! by Eq (B.1).

Next, we set parameter k in Proposition B.3.2 to be k = loglogn/100(cq + cp). This
gives:

O(log IOg TL) X (n400(0Q+0p)/loglogn . (log n)loglogn) < n(2+4DO(CQ+Cp))/(10glogn)’

O(1) - (log n)loglogn < nl/loglogn’

Prou(n)
Qrou(n)

<
<

for large enough n.

Let N :=2mlogn, and fy be the function that takes as input m edges, each represented
by 2log n bits for both the end-points, and computes whether there is a triangle in the input
graph. Given a circuit of depth O(log N) = O(logn), and size s(n,m), by Lemma B.4.1,
there is an algorithm that solves triangle detection in CONGEST in

(Toxp(1/6, (logn) > n) + O(log* >+ n) - (Prou(n) + Qrou(n) - s(n,m) - d(n,m))) - O(logn)
— pOW/loglogn) gy ). (by our equations above, and depth O(logn))
By our premise, we get s(n,m) > ne'/loglogn for some constant ¢, which is a function of c.

This proves that the size of the circuits is at least m - n¢/leglogn > p1+Q(1/loglogm) - for gp
explicit function on at least N = ©(mlogm) bits. |}

Barrier aspect of Claim B.4.2. We can now provide the main message of this appendix.
Claim B.4.2 implies a barrier because of the following: the current lower bounds in circuit
complexity on the size of a circuit with constant fan-in and fan-out computing an explicit
function on N bits using arbitrary Boolean operator gates in O(log N) depth is (3+1/86)N —
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o(N) (see [GKW21]). Obtaining any superlinear lower bound on the size of such circuits has
been a major open problem in complexity theory for decades. A lower bound of nfi1/leglogn)
rounds in CONGEST for triangle detection then implies an N1T2(1/lglogN) gize Jower bounds
for an explicit problem (detecting a triangle) on above circuits, way above the longstanding
©(N) threshold of existing lower bounds.

Remark B.4.3. Claim B.J.2 identifies n*(1/198187) rounds as a barrier for proving dis-
tributed CONGEST lower bounds for triangle detection. However, the arguments here can
imply even more.

It is plausible that the runtime of the expander routing in Definition B.3.1 (which is the
bottleneck here) can be improved much beyond what is currently known. In fact, it is possible
that these problems can be solved in polylog(n) rounds in CONGEST. Thus, in absence of a
lower bound that rules out possibility of such an algorithm for expander routing, any lower
bound for distributed triangle detection of the form Q(log®(n)) rounds, for some sufficiently
large constant ¢ > 1, has the potential of breaking current circuit complexity barriers.

As a result, we believe that at this stage, namely in absence of a concrete lower bound on
Definition B.3.1 for the parameters mentioned earlier, the limit of one can realistically hope
for an unconditional lower bound for distributed triangle detection is polylog (n) and even
Q(logn) rounds.
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