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Abstract

In this paper we present improved bounds for approximating maximum matchings in bipartite graphs in
the streaming model. First, we consider the question of how well maximum matching can be approximated
in a single pass over the input when O(n) space is allowed, where n is the number of vertices in the
input graph. Two natural variants of this problem have been considered in the literature: (1) the edge
arrival setting, where edges arrive in the stream and (2) the vertex arrival setting, where vertices on one
side of the graph arrive in the stream together with all their incident edges. The latter setting has also
been studied extensively in the context of online algorithms, where each arriving vertex has to either be
matched irrevocably or discarded upon arrival. In the online setting, the celebrated algorithm of Karp-
Vazirani-Vazirani achieves a 1 — 1/e approximation by crucially using randomization (and using O(n)
space). Despite the fact that the streaming model is less restrictive in that the algorithm is not constrained
to match vertices irrevocably upon arrival, the best known approximation in the streaming model with
vertex arrivals and O(n) space is the same factor of 1 — 1/e.

We show that no (possibly randomized) single pass streaming algorithm constrained to use O(n) space
can achieve a better than 1 — 1/e approximation to maximum matching, even in the vertex arrival setting.
This leads to the striking conclusion that no single pass streaming algorithm can get any advantage over
online algorithms unless it uses significantly more than O(n) space. Additionally, our bound yields the
best known impossibility result for approximating matchings in the edge arrival model (improving upon
the bound of 2/3 proved by Goel at al[SODA’12]).

Second, we consider the problem of approximating matchings in multiple passes in the vertex arrival
setting. We show that a simple fractional load balancing approach achieves approximation ratio 1 —

e FEF1 (k-1 =1~ \/lek + o(1/k) in k passes using linear space. Thus, our algorithm achieves

the best possible 1 — 1/e approximation in a single pass and improves upon the 1 — O(/loglog k/k)
approximation in & passes due to Ahn and Guha[ICALP’11]. Additionally, our approach yields an efficient
solution to the Gap-Existence problem considered by Charles et al[EC’10].
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1 Introduction

The need to process modern massive data sets necessitates rethinking classical solutions to many combinato-
rial optimization problems from the point of view of space usage and type of access to the data that algorithms
assume. Applications in domains such as processing web-scale graphs, network monitoring or data mining
among many others prohibit solutions that load the whole input into memory and assume random access to
it. The streaming model of computation has emerged as a more realistic model for processing modern data
sets. In this model the input is given to the algorithm as a stream, possibly with multiple passes allowed. The
goal is to design algorithms that require small space and ideally one or a small constant number of passes over
the data stream to compute a (often approximate) solution. For many problems with applications in network
monitoring, it has been shown that space polylogarithmic in the size of the input is often sufficient to compute
very good approximate solutions. On the other hand, even basic graph algorithms have been shown to require
Q(n) space in the streaming model[FKM™035]], where n is the number of vertices. A common relaxation is to
allow O(n - polylog(n)) space, a setting often referred to as the semi-streaming model.

1.1 Matchings in the streaming model

The problem of approximating maximum matchings in bipartite graphs has received significant attention
recently, and very efficient small-space solutions are known when multiple passes are allowed[FKM™04,
McGO05! [EKS09, |AG11, IKMM12|]. The best known algorithm due to Ahn and Guha [AGI11]] achieves a
1 — O(y/loglog k/k) in k passes for the weighted as well as the unweighted version of the problem using
O(kn) space.

All algorithms mentioned above require at least two passes to achieve a nontrivial approximation. The
problem of approximating matchings in a single pass has recently received significant attention|GKKI12|
KMM12]. Two natural variants of this problem have been considered in the literature: (1) the edge arrival
setting, where edges arrive in the stream and (2) the vertex arrival setting, when vertices on one side of
the graph arrive in the stream together with all their incident edges. The latter setting has also been studied
extensively in the context of online algorithms, where each arriving vertex has to either be matched irrevocably
or discarded upon arrival.

In a single pass, the best known approximation in the edge arrival setting is still 1/2, achieved by simply
keeping a maximal matching (this was improved to 1/2 + € for a constant € > 0 under the additional assump-
tion of random edge arrivals [KMM12])). It was shown in [GKK12]|] that no O(n) space algorithm can achieve
a better than 2/3 approximation in this setting.

In the vertex arrival setting, the best known algorithms achieve an approximation of 1 — 1/e. The as-
sumption of vertex arrivals allows one to leverage results from online algorithms [KVV90, MY 11, [ KMT11]].
In the online model vertices on one side of the graph are known, and vertices on the other side arrive in
an adversarial order. The algorithm has to either match a vertex irrevocably or discard upon arrival. The
celebrated algorithm of Karp-Vazirani-Vazirani achieves a 1 — 1/e approximation for the online problem by
crucially using randomization (additionally, this algorithm only uses O(n) space). A deterministic single pass
O(n) space 1 — 1/e approximation in the vertex arrival setting was given in [GKK12] (such a deterministic
solution is provably impossible in the online setting). In [GKK12], the authors also showed by analyzing a
natural one-round communication problem that no single-pass streaming algorithm that uses O(n) space can
obtain a better than 3/4 approximation in the vertex arrival setting. They also provided a protocol for this
communication problem that matches the 3/4 approximation ratio, suggesting that new techniques would be
needed to prove a stronger impossibility result.

Recent work. The lower bound presented in this paper has recently been improved to ﬁ ~ 0.591
by [Kap21] for the more general edge arrival model, following exciting developments in online match-



ing [WWT53| ELSWT3, IGKM™19]. A 2/3-approximation to maximum matching in a single pass over a
randomly ordered stream of edges in nlogo(l) n space has recently been given by [Ber20] (reducing the
space complexity of the approach of [ABB™19] from 6(713/ Hton logo(l) n), and very recently improved
to 2/3 + Q(1) by [AB21]. A 1 — O(1/vk) approximation in k passes using nlog®™") n space was given
by [ALT21]].

1.2 Our results

In this paper, we improve upon the best known bounds for both the single pass and multi-pass settings. In
the single pass setting, we prove an optimal impossibility result for vertex arrivals, which also yields the best
known impossibility result in the edge arrival model. For the multipass setting, we give a simple algorithm
that improves upon the approximation obtained by Ahn and Guha in the vertex arrival setting, as well as yields
an efficient solution to the Gap-Existence problem considered by Charles et al[CCD™10].

Lower bounds. Our main result is an optimal bound on the best approximation ratio that a single-pass O(n)
space streaming algorithm can achieve in the vertex arrival setting:

Theorem 1 No (possibly randomized) one-pass streaming algorithm can obtain a (1—1/e+c)-approximation
to the maximum matching with probability at least 3/4 for any constant ¢ > 0, unless it uses at least
nit(1/loglogn) space, even in the vertex arrival model.

Remark 2 In fact, we prove a more refined statement: for every integer k > 2 if the edge set is partitioned
among k players communicating in the number-in-hand model (with the i-th player sending a single message
to the (i + 1)-th after receiving a message from the (i — 1)-th player) no algorithm can achieve a 1 — (1 —
1/k)* + Q(1) approximation to maximum matching unless it uses n'*+?(1/1°81867) communication.

We note that this bound is matched by the randomized KVV algorithm[KVV90] for the online problem and
the deterministic O(n) space algorithm of [GKK12]. One striking consequence of our bound is that no single-
pass streaming algorithm can improve upon the more constrained online algorithm of KVV, which has to make
irrevocable decisions, unless is uses significantly more than O(n) space. Our bound also improves upon the
best known bound of 2/3 for small space one-pass streaming algorithms in the edge arrival model.

It was shown in [GKK12] via an analysis of the natural two-party communication problem that no one-pass
streaming algorithm that uses O(n) space can achieve approximation better than 2/3 in the edge arrival setting
and 3/4 in the vertex arrival setting. Furthermore, the authors also gave a communication protocol that proves
the optimality of both bounds for the communication problem, thus suggesting that a more intricate approach
would be needed to prove better impossibility results. While the lower bounds from [GKK12] follow from a
construction of a distribution on inputs that consists of two parts and hence yields a two-party communication
problem, here we obtain an improvement by constructing hard input sequences that consist of k parts instead
of two, getting a lower bound that approaches 1 — 1/e for large k.

Upper bounds. We show that a simple algorithm based on fractional load balancing achieves the optimal
1 — 1/e approximation in a single pass and 1 — \/ﬁ + o(k‘_l/ 2) approximation in k passes, improving upon
the best known algorithms for this setting:

Theorem 3 There exists an algorithm for approximating the maximum matching M in a bipartite graph
G = (P,Q, E) with the P side arriving in the stream to factor 1 — e *kF=1/(k—1)! = 1— ﬁ +O0(k=3/?)
in k passes using O(|P| + |Q)|) space. The algorithm can be implemented to run in nearly linear time in the
number of edges in the graph per pass, with space complexity O(|P| + |Q)).



The gap-existence problem. In [CCD ™ 10] the authors give an algorithm for the closely related gap-existence
problem. In this problem the algorithm is given a bipartite graph G = (A, I, E), where A is the set of
advertisers with budgets B,,a € A and [ is the set of impressions. The graph is lopsided in the sense that
|I| > |A|. A matching M is complete if |[M N §(i)| = 1foralli € I and |M Nd(a)| = B, forall a € A.
The gap-existence problem consists of distinguishing between two cases:

(YES) there exists a complete matching with budgets B,;
(NO) there does not exist a complete matching with budgets | (1 — €)B,].

The approach of [CCD™10] is via sampling the I side of the graph, and yields a solution that allows
for non-trivial subsampling when the budgets are large. In particular, they obtain an algorithm with runtime

(@) (‘A| ISQg L pp— ), which is sublinear in the size of the graph when all budgets are large. In Section

ming | Ba|
we improve significantly upon their result, showing

Theorem 4 Gap-Existence can be solved in O(log(£ > o B, Ba)/ €?) passes using space O(Y_ . 4 Ba/€).
The time taken for each pass is nearly linear in the representation of the graph.

It should also be noted that the result of [CCD™ 10]] could be viewed as a single pass algorithm, albeit with the
stronger assumption that the arrival order in the stream is random.

Organization: We start by presenting a toy version of our lower bound construction in Section The
construction in Section [2| does not give a strong streaming lower bound, but captures most of the properties
of our hard input distribution, while at the same time being quite simple to describe. In Section 3] we give
the actual lower bound construction and prove Theorem [Il Our basic multipass algorithm for approximating
matchings is presented in Section 4} and the algorithm for Gap-existence is given in Section

2 A toy construction

In this section we show that for every integer £ > 2 there exists a distribution D on input instances to the
bipartite matching problem such that a graph G with N vertices sampled from distribution D has a nearly
perfect matching with high probability, but any single-pass streaming algorithm that maintains a subset of
edges of G in memory and outputs a matching in the subset of edges retained cannot achieve a better than
1 — (1 — 1/k)* + 6 approximation for a constant § > 0 unless it maintains Q(N log N) edges.

We define a family of graphs that forms the basis of our hard input instances in Section In Section[2.2]
we define a hard input distribution based on these graphs, prove Theorem [I3] (our main result in this section),
which provides the 1 — (1 — 1/k)* + ¢ upper bound on the approximation ratio that an algorithm that stores
o(nlogn) edges.

2.1 Construction of the input family of graphs

We construct bipartite graphs G = (S, T, E), with S and T the two sides of the bipartition.

Vertices of G: the T side of the bipartition Let k£ > 2 be a large constant integer. Let m > 1 a multiple
of k be a sufficiently large integer. Let T = [m]™, i.e. vertices in T are vectors of dimension n, with each
co-ordinate taking values in [m] = {1,2,...,m}. This way we have N := |T'| = m™, son = Q(log N)
for every constant m. The vertices on the S side of the bipartition will also be associated with points on the
hypercube [m]", as defined below.



Vertices of GG: the S side of the bipartition To define the vertices in the partition S = SyUS 1 U. ..USk, we
first partition the set of coordinates [n] into k equal size blocks [n] = B1U...UBy. Graphs G = G(j1,. .., k)

will be parameterized by a sequence (j1,. .., Jx) € B1X...x By of coordinates. Also for each point z € [m/|"
let Z, be an independent Bernoulli 0/1 random variable with expectation 1/k — we will later choose some
fixing of these random variables for the final construction. Then for every ¢ = 0, ..., k we let

T,={yeml":y;. € (m/k,m]forallr =1,...,i}

Si={zreT:Z =1} (1)

Note that 7y = T, and for every i = 0, ...,k — 1 the set S; is a subsampling of T; at rate 1/k. We also let,
foreveryi=0,...,k—1land j € B;11

T/ ={yeTi:y; € (m/k,m]}
S ={reS;:Z,=1andz; € (m/k,m]}.

We also define foreachi =0,...,k — 1
S;={re€S;:xj € (m/k,m| forallr =i+1,... k}. (2)
We will use

Theorem 5 (Chernoff bound) Ler X1, ..., X, be independent Bernoulli random variables, let ;v :== E[> """ | X;].
Then for every § € (0,1) one has P[| > | X; — p| > op] < 20 /3,

We first note that

Lemma 6 For any k > 2 the following conditions hold. (1) For every choice of j1, ..., ji and every i =

0,...,k one has |T;| = (1 — %)Z|T| For every n € (0,1/2) there exists an event Eset—sizes that occurs with
probability at least 1 — k(log N)*e= 27" N/K) over the random variables Zy,x € [m|™ such that conditioned
on Eset—sizes one has for every choice of (j1, . .., ji) € B1X...x By, simultaneously for everyi =0, ..., k—1

2) |S;| = A £n)|T;|/k () |Sf| = (1£0()(1 —1/k)|S;|, and (4) |S}| = (1 £ n)|Tk|/k (note that this
quantity does not depend on 1).

Proof: (1) follows directly by definition of 7;. For (2) we first note that by an application of Chernoff bounds

for a fixed collection jy, . . ., j, one has |S;| = (1 = 1)|T;|/k with probability at least 1 — e~ 2(7*N/k)_\where

we used the fact that (1—1/k)? > (1—1/k)¥ > (1—1/2)? foreveryi = 0, ..., k, since k > 2 by assumption

of the lemma. A union bound over at most (log N )k choices for j1, ..., j; and k choices for ¢ gives the result

of the lemma. The third and fourth bound follow analogously. [ |
We need the following simple lemma:

Lemma 7 Foreveryi=0,...,k—1, every (j1,...,ji;) € By X ... X B the following conditions hold. For
every j € B;iq, every z € Tij let deg;(z) denote the number of ' € Bix1 \ {j} such that z € Tijl. Let
deg;(z) denote the number of j' € Bit1 \ {j} such that z € T; \ T/. Then for every 1) € (0,1/2) one has
deg;(2) € (1 £n)(1 = 1/k)(|Biy1| — 1) and deg;(2) € (1 n)(|Biy1| — 1)/k for all but a N=0*/m?)
fraction of z € T. The same bounds hold for z € Sg .

Proof: Recall that T; = {y € [m]" : y;. € (m/k,m] forallr =1,...,i}. We thus have

Tij ={y € [m]" :y;, € (m/k,m|forallr =1,...,iand y; € (m/k,m]}



and

Tijl ={ye[m":y; € (m/k,m]forallr =1,...,iand y; € (m/k,m]}.
Since j. € B, foreveryr =1,... 4, and j, j'" € Bit1, and By, ..., By are disjoint, we have that coordinate
y; is unconstrained in 77, a uniformly random z € T} satisfies zjs € (m/k, m] with probability exactly
1 — 1/k. Furthermore, these events are independent for different collections of coordinates in B;11 \ {j}.

Select z € T/ uniformly at random. For j/ € Bjy; \ {j} let F =1lifz € T/ "and F;; = 0 otherwise (note
that E[Fj/] = 1 — 1/k for every j' € B;j;1 \ {j}). We now have by the Chernoff bound (Theorem [5) that for
every n € (0,1/2)

ST Er g (101 - 1/k)(|Biga| - 1)| < 2e7 0 1Benaly = N=R07/m?),
j'€Bi+1\{j}

PzNUNIF(Tg )

where we used the fact that | B;11| = n/m = (log,, N)/m in the last transition. This proves the first claim.
The proof of the second and third claim is analogous. [ |

Edges of G. Foreachi = 0,...,k — 1 edges of the subgraph G = (P;, Q, E;) will be associated with
coordinates in B, 1, as we now describe. Specifically, each coordinate j € B;,; will correspond to a set of
edges in G that form a rather large near-matching (of size 2(IN/k), as described below).

Foreach: = 0,...,k — 1 the edge set E; C S; x T; are defined as follows. For each coordinate j € B;
for each z € [m]" we let

linej(z) = {2’ € [m]": (2’ —x)s =0 forall s # j}

denote the line through z in coordinate direction j. Note that [line;(z)| = m for all z. Furthermore, we have

Lemma 8 For every n € (0,1/2), if C > 0 is a sufficiently large constant, then for m > Cn~2klogn=' a

multiple of k, for everyi =0,... . k—1, every (j1,...,J;) € B1 X ... X B; for eachy € T; one has for each
J € Biy1

(1) |linej(y)| = m and line;(y) C T;;

(2) |linej(y) \ T!| = m/k;

(3) there exists an event Eiurge—iines(J1s- -, Ji,J) that occurs with probability at least 1 — e~ N/k)

such that conditioned on Eigrge—tines(Jis - - - Ji Jj) the number of y € T; such that |line;(y) N Sf\ ¢
(1 £ n)|line;(y)|(1 — 1/k)/k is upper bounded by n?|T;|.

In particular, there exists an event Ejqrge—iines that occurs with probability at least 1 — k(log N )ke_Q("N /k)
such that for every i = 0, ...,k — 1, every collection ji,...,j; every j € B;.1 one has that the number of

y € T; such that |line;(y) N S;| & (1 £ n)|line;(x)|/k is upper bounded by 2n*|T;|.

Proof: The first claim follows since, due to the assumption that y € T; we have

linej(y) = {y € m]™ : (¥ —y)s = Oforall s # j}

= {y/ €[m]": (y —y)s =0foralls #j,yg»r € (m/k,m] forall r = 1,...,1’}
CT;
since j # j1, - - -, j; due to the assumption that j € B;. 1.



The second claim follows similarly. For the third claim note that

Ey [lline;) il = > Palyes]]
y’ Eline; (y)NT?

7

= [line;()[(1 — 1/k)/k,

where we used the fact that |line;(y) N TZJ\ = m/k for every y € T; by (2) and |line;(y)| = m by (1). Since
m/k > Cn~2logn~! for a constant C' > 0 by assumption of the lemma, the claim follows by the Chernoff
bound (Theorem [3)). The final claim follows by a union bound over all choices of 7, j; soesJis ] |

We now condition on the event 4y ge—iines from Lemmalg] so that that |line; (2)NS/| & (1+n)|line;(x)|/k
foralli =0,...,k —1,j € B;_1 and all but 21?|T}| choices of = € T}.

Defining the edges induced by 7; U S;. We now define the edges of G = G(j1,. .., ji) induced by T; U S;
(note that these edges are a function of the prefix (j1, ..., j;) only). The edge set is a union of a large number
of induced subgraphs of constant size. We will need

Definition 9 (Typical line) For everyi = 0,...,k — 1, every (j1,...,Ji) € B1 x ... x By, j € By, for
z € T; we say that linej(z) is typical if |line;(2)NS7| € (1£n)|line;(z)|(1—1/k)/k = (1xn)(1—1/k)m/k
and atypical otherwise.

For every y € Tj, if line;(y) is typical, let I/iﬁéj(y) be an arbitrary subset of line;(y) N Sf of size (1 —
n)|line;(y)|(1 — 1/k)/k = (1 — n)(1 — 1/k) - m/k, and let line;(y) := () otherwise. We now define the

edge set of I;. For every j € B;y1, every y € T; include a complete bipartite graph between line;(y) and
line;(y) N (T; \ T7Y), ie.

E;= |J E/, where E] = | ] line;(y) x (line;(y) N (T; \ 77)). 3)
JEBit1 yeT;

Note that for every a € line;(y) N (T} \ TZJ) and b € linej(y) we have (a — b), = 0 for all ¢ # j,
a;j € [1,m/k] and b; € (m/k, m]. We now prove that for every j there exists a matching of (most of) .S; to
TA\TY.

First note that it follows immediately that there exists a matching of at least a (1 — 1/k — O(n + 1°k))
fraction of S; to T; \ Tij . Indeed, for every y € T; \ Tij such that line;(y) is typical as per Definition [9 one

can match line;(y), which constitutes a (1 —7)(1 — 1/k) fraction of line;(y), to line;(y) N (73 \TZJ ) through

the edges of the complete bipartite graph line;(y) x (line;(y) N (T; \ Tij )). At the same time the number
of 7’s that belong to atypical lines is at most 21%|T;| = O(n?k)|S;| by conditioning on Elarge—lines and the
high probability event Ese;—gsizes from Lemmal6l While this would have sufficed for proving a 1 — 1/e lower
bound, we would like to get a lower bound of 1 — (1 — 1/k)* for every k > 2. For that we need the slightly
harder

Lemma 10 For every n € (0,1/2), if C > 0 is a sufficiently large constant, then for m > Cn~2klogn~! a

multiple of k, conditioned on Ejqrge—iines (defined in LemmalS) and Eset—sizes (defined in Lemmal6)) for every
i=0,....,k—1 every (j1,...,Ji) € By X ... X B; for each j € B, there exists a matching of at least
(1 — O+ n%k))|S;| = N~ /m*) nodes in S; to T; \ T! for sufficiently large N.

Proof: Let C' > 0 be sufficiently large as prescribed by Lemma([8l We prove the existence of the required
matching by exhibiting a fractional matching of appropriate size, which implies the result by the integrality
of the bipartite matching polytope. The construction proceeds over three steps.



Step 1 For every x € S; such that line;(z) is typical put fractional mass k/m on every edge in line;(z) x
(line;(z) N (T; \ T7)). Since |linej(x) N (T; \ T})| = m/k by Lemmal[8] (2), this places a unit of mass on
the neighborhood of every vertex in line;(x). Since |linej(x)| = (1 — n)(1 — 1/k) - m/k by definition, this
places fractional mass (1 — n)(1 — 1/k) on every y € line;(z) N (T; \ T7), leaving at least 1/k capacity on
each such y. We assign more fractional mass to use the remaining 1/k mass up to an O(7) term in step 2.
Step 2 For every = € S; \ S/ put fractional mass
: @)
€:=
(m/k)- (1 +n)(1 = 1/k)(|Bj| = 1)
on every edge connecting x to y € T;. Note that these edges correspond to coordinates j' € B;y1 \ {j}. In
particular, if (z,y) is an edge corresponding to coordinate j’, then we have y, = x4 for all ¢ # 5/, and in
particular it must be that y € T; \ 77.
Step 3 Let deg;(z) denote the number of ;' € Bjy1 \ {j} such that z € T/ ', and let deg;(y) denote the
number of j/ € Bjyy \ {j} such that y € T; \ T?. We now remove all fractional mass assigned to vertices
r € S; withdeg;(z) & (1£n)1(|Bit1|—1) and vertices y € T} with deg;(z) ¢ (1£n)(1—=1/k)(|Biy1|—1).
We refer to such nodes as atypical. '
We now prove upper and lower bounds on the fractional mass assigned by this rule to every z € S}, y €

T\ Tij . This establishes feasibility of the fractional solution and lower bounds its value respectively.

Upper bounding load (feasibility). Forevery j' € B;y1\{ ]} every vertex x is either connected to exactly

[line; (x) N (T; \TJ )| = m/k nodes in T; \T] with edges in EJ or zero nodes (when x belongs to an atypical
line in direction j'). In the former case coordinate j contrlbutes exactly € - (m/k) fractional mass (where € is
defined in (4)), and in the latter it contributes 0. We now get that the total mass contributed to x by directions

j§' # jis no larger than deg;(z) - (m/k) - € = deg;(x) - (m/k) - (1+n)(m/k)-(11—1/k)(\Bj\—1)' By Lemmal(7l for
all but N1=207°/m?) of & ¢ S; one has

deg;(z) € (1 £n)(1 = 1/k)(|Biy1] = 1). ©)

We call such z typical. We thus get that the total mass assigned to edges incident on typical = € S; \ Sij is
upper bounded by (1 + n)(1 — 1/k)(|Bi+1]| — 1) - (m/k) - CYAIETE (11 7RE = < 1 and the fractional

assignment is feasible for all but N~ Qr*/m) podes (1 e. for all typical nodes as per definition above).
Similarly, get by Lemmal[7for all but N1=%*/m*) of y € T; \ 1% J one has

deg;(y) € <1in) F(1Bisa| = 1). (6)

Now note that |h/n\e/y(:n)| = (1 —n)m(1 — 1/k)/k for every z such that the corresponding line is typical.
The degree in E7 of a vertex y € T; \ T/ such that line;/ (y) is thus exactly (1 — n)m(1 — 1/k)/k if the
corresponding line is typical, and is zero otherwise. The amount of mass assigned to y is thus deg, (y) - ((1 —

n)ym(l —1/k)/k) - CEEICIOE (1 TR TT) < (1 —n)/k < 1/k. Thus, together with the amount of mass

assigned in Step 1 to vertices y € T; \ 17, 7 our assignment is feasible for all but N1~ Q0r*/m) podes (i.e. for
all typical nodes as per definition above).

Lower bounding fractional matching size. In Step 1 we assigned (1 — 1)(1 — 1/k) to every node in
y € T; \ T/ that belongs to a typical line in direction j. The number of such nodes is at least (1 — O(n?k))|S;|
by Lemma [ (3) together with Lemma [6] since we condition on Elarge—tines and Esep_sizes. In Step 2 we



assigned € := (m/k)-(1+n)(11—1/k)(\Bj|—1) mass to every edge from x € S; \ Sg toy € T; \ Tij along some
direction j" € B;11 \ {j} if the corresponding line is typical. Thus, for every j' we assigned € - (m/k) mass
to every  that belonged to a typical line in direction j (all but O(n?k)|S;| such x for every direction ;' by
conditioning on £y ge—iines)- Altogether x € S; \ Sf thus contributed at least

> > e (m/k)

J'€Bi+1\{s} xeSi\S{:x typical and
line;/ (z) typical

> Y | et mie Y e (m/k)

J'€Bipa\{j} meSi\Sg:x typical

= —nPe(m/k) - |Bin|-|Til + D> e (m/k)- deg;(x)
xGSi\Sg :z typical

=0T+ >, e (m/k)-deg;(),
xESi\Sf:x typical

where we used the fact that, conditioned on &4y ge—iines» by Lemmal8] (3) for every ¢ and every j € B;y all
but 1?|T;| belong to typical lines in direction j, as well as the definition of ¢ in (). We now lower bound the
second term:

> e (m/k) - deg;(z) = > e (m/k)(1 =n)(1 = 1/k)(|Biy1] = 1)

xeSi\Sf :z typical xeSi\Sf 1z typical

> Y a-om)

xESi\Sg :x typical
> (1= 0(m)I8; \ 5| = N2/,

where the first transition is by definition of typical x, and the second is by Lemmal7l Putting the bounds above
together shows that we constructed a fractional matching of size at least (1 — O(n -+ n2k))|S;| — N—20%/m?)
as required. |

2.2 Hard input distribution and its analysis

Hard input distribution. First select values of random variables {Zm}we[m]n so that Eet—sizes and Ejgrge—tines
occur (we will verify that this is feasible later in the proof of Theorem[Il where we set parameters). The input
graph is generated as follows. First for every ¢ = 0, ...,k —1 let j; be uniformly random in B;. Then for each
i =0,...,k — 1 the edges of the graph induced by S; U T;, namely E; (defined in (3)) arrive in the stream
in an arbitrary order. Finally, a perfect matching of T}, to a fresh set Sy, of vertices on the S side arrives. We
denote this distribution over input graphs by D. In this section we are assuming a stylized model, where after
every stage the algorithm must select s = o( N log N) edges to keep in memory, and at the end of the stream
must output a matching in the subgraph that it maintained. We show in Theorem [1| that no such algorithm
can achieve a better than 1 — 1/e approximation to maximum matching. More specifically, we show that
no algorithm can achieve a significantly better than factor 1 — (1 — 1/k)* approximation on a k-stage input
instance for every constant k > 2.



Intuition for the construction and lower bound. We will show in that in order to have performance better
than 1 — (1 —1/k)* + & on our instance the algorithm needs to store at least Q(6N/k) edges from at least one
of the sets Ef 1 (see @), for some i = 0,...,k — 1. However, since at each step j; 11 is uniformly random
in B;;1 this is impossible if the algorithm can only store s = o( N log V) edges (i.e. any sublinear fraction of
the total number of edges in the graph).

The analysis relies on the several auxiliary lemmas. First, we show that the input graph contains a large
matching:

Lemma 11 For every n € (0,1/2), if C > 0 is a sufficiently large constant, then for m > Cn~2klogn~!

a multiple of k, conditioned on Eqyge—1ines (defined in Lemmal8) and Eget—sizes (defined in Lemmalf)), every
(J1,---,Jk) € B1 X ... X By the graph G = G(j1,. .., ji) contains a matching of size at least (1 — O(n +
n%k))|S| if N is sufficiently large.

Proof: Let C' > 0 be sufficiently large as dictated by Lemma[l0l Now by Lemmal[IQlfor everyi =0, ..., k—1

match at least (1 — O(n + n2k))|S;| — N=20*/m)|T| of S; to T; \TZ] Then match Sy, to T}. For every fixed

k,n,m, if N is sufficiently large (i.e. if n = log,,, N is sufficiently large), one has NV —Qn*/m?) n/k and is

thus absorbed in the O(n) error term. |
The following lemma is the source of hardness of our input instance:

Lemma 12 For every k > 2, every n € (0,1/2), every integer m a multiple of k, every (j1,...,jx) €
By X ... % By, foreveryi=0,...,k — 1 forevery edge (z,y), x € S either y € T}, or (z,y) € EJ'™.

Proof: Consider a edge (z,y) with z € S} that is not in Ef “*1. We now show that y € T}, proving the lemma.
Let j # ji+1 € Bt be such that (z,y) € Ef —such a j exists by definition of the edge set E; (recall (3)).
This in particular means that j. # j forall7 = 1,... k, since j € B;y1 and the blocks B,,r =1,...,k are
disjoint. By definition of E we have y € T; \ 7/ and « € S;. Furthermore, we have (z — y)s = 0 for all
s # j. We thus have z;,,, = y;,,, foralli = 0,...,k — 1. Butsince zj,,, > 7 foralli =0,...,k—1
(by definition of S} in (2) and assumption that = € S;), this implies y;,,, > 7 foralli = 0,...,k — 1, so
y € Ty, (by definition of Ty, see ().

|

Lemma 13 For every k > 2, n € (0,1/2), if m is an integer multiple of k such that m > Cn~2klogn~!

for a sufficiently large constant C > 0, and if the input graph G = G(j1,...,Jr) is selected according to
the input distribution D defined above, the following conditions hold. If the streaming algorithm, after being
presented with edges revealed in the i-th stage for i = 0, ...,k — 1, must store a number of edges after each
phase, with the overall set of edges remembered over all stages denoted by E', then any matching Marc
contained in E' satisfies

k—1
Mazal < (1= (1= 1/0)") 7]+ 1B 0 B + 00T,
1=0

Proof: Let the constant C' > 0 be sufficiently large as dictated by Lemmas[8land[10l We consider the standard
reduction of bipartite matching to max-flow (i.e. connect source s to .S, sink ¢ to I") and exhibit a cut in the
graph (S U {s}, T U {t}, E') of value at most (1 — (1 —1/k)*) |T| + S |EI** n E'| + O(n)|T|. By
max-flow/min-cut theorem this gives the result.

We now exhibit a cut in this graph and upper bound its size. The source side of the cut is {s} U Sy U T} U
Uf:_ol Sz. By Lemmal[l2ledges incident on S},i = 0, ...,k — 1 either belong to the matching M;"*" or go to



T}, so edges incident on S},i = 0,...,k — 1 contribute at most Zf:_ol E{i“ N E’| to the cut value. We thus
have that the value of the cut is bounded by

k—1 k-1
Tl +> 1S\ S7 |+ > B[ nE). %)
1=0 1=0

It remains to bound the size of T}, as well as the sizes of S; \ S;. We condition on the event Eser—gizes
and Lemmal[6l Conditioned on this event we have |T}| = (1 — 1/k)*|T’| and

S5 = (L £0)|Tl/k = (1 +O0m) (L — 1/k)*/k.

Similarly, we have by Lemma [6 (1) that |T;| = (1 — 1/k)*|T|, and thus by Lemma [6 (2) that |S;| =
(1£0(n)(1 —1/k)*|T|/k. Using these bounds we get

k—1 k—1 k—1
YIS\ ST =) 15i =) 1]
=0 =0 =0

k—1

=1£0(m) p_(1- L/k)IT|/k — (1% O(0))(1 — 1/k)* (T

= (1+0m)(1 -1 —=1/E)")|T] - (1+0(n)1 —1/k)*|T| (by summing the geometric series)
= (L£0())(1 —2(1 — 1/k)")|T|

Putting the bounds above together with (7)), we thus have that the size of the cut is bounded by

k—1 k—1
el + > 1S\ S;I+ > B nE|
1=0 =0

k—1
= (1= /RNT|+ (1 £ 0m)(1 - 201 — R)T| + 3 |E 0 Bl
=0
k—1
= (1£0m)(1— A - 1/kT|+ Y |E N E
=0
k—1
_ (1 (1— 1/1<:)k) T+ 3[BT 0 B+ O)|T)|
=0
as required. [ |

We now prove

Theorem 14 For every k > 2, for any n € (0,1/k3), if m > Cn~2klogn~" for a sufficiently large absolute
constant C' > 0 is a multiple of k, then if the graph G = G(j1, ..., ji) is selected according to the input
distribution D defined above, and the algorithm, after being presented with edges revealed in the i-th stage,
stores s = o(log N) edges, the following conditions hold. If M arq is the maximum matching in the set of
edges E' that the algorithm stored over all the stages, one has

Mazel < (1= (1= 1/R)*) 7]+ 0|7

with probability at least 99/100.
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Proof: Denote the set of edges that the algorithm commits to after seeing the subgraph S; x T} by E;. By
Lemmal/[I3]the size of the matching that the algorithm outputs at the end is upper bounded by

k—1
(1= 1/R)MTI+ )1 N E.
i=0

We will show that with high probability zi;:—(]l |E/ N E;| < zi;:—(]l s/|Bis1| = O(K?* - s/n), where s is the
number of edges that the algorithm stores at every step. Recall that for each ¢ = 0, ...,k — 1, conditioned on
(j1,--.,Ji), the special index j; 1 is chosen uniformly at random in B;, implying that

4 B
jl7"'7ji:| > IBINE|= E] = s/|Bi+1l-

Eji+l HEZJZH N Ez

[ Bit] B | Bit1]
Summing over all i = 0,...,k — 1, we get
k—1 ‘ B k—1
E Y IE N El| = s/|Bisal = O(* - s/n) = o(k*[T) = o(|T)),
i=0 i=0

since s = o(log N) by assumption of the theorem and log N = ©(n) (as m is a constant). The result now
follows by Markov’s inequality. |

Theorem 15 For every k > 2, every § € (0, 1), there exists an input distribution D on bipartite graphs such
that any streaming algorithm that stores s = o(N log N) edges achieves an approximation ratio of at most
1—(1—1/k)* +96.

Proof: Consider the distribution D with = ¢§/k> for a sufficiently small constant ¢ > 0 and m >
Cn~2klogn~! a multiple of k for the constant C' > 0 from Lemma[8l Then by Theorem [I4] one has

Mazgl < (1= (U= 1/R)F)ITI+OMIT] < (1= (1= 1/k)F) ITI+E/2IT) = (1= (1= 1/k) +8/2) N

with probability at least 99/100. At the same time by Lemmal[l1l conditioned on conditioned on Elarge—lines
(defined in Lemma[8) and Eset—sizes (defined in Lemmal[6), every (j1,...,Jk) € By X ... X By the graph
G = G(j1,. .., ji) contains a matching of size at least (1—O(n+n?k))|S| > (1—-5§/10)N if N is sufficiently
large. Thus, the approximation ratio achieved by the algorithm is at most

1—(1—1/k)*+45/2

< _ _ k
T <1-(1-1/k)* +4,

as required.
It remains to note that by Lemmal§]the event Elarge—lines 0ccurs with probability at least 1—k(log N )ke_Q(”N /k) >
1 — o(1) over the choice of Z,’s since k and 7 are independent of N by our setting of parameters. Similarly,
by Lemma [6] the event Eer—gizes Occurs with probability at least 1 — k(log N)ke_Q(”N/k) > 1—o0(1).
Thus, the upper bound on the approximation ratio achieve by the algorithm holds with probability at least
99/100 — o(1) > 98/100, as required.
|
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3 Single pass streaming lower bound

In the rest of the section we define a distribution on input instances for our problem of approximating maxi-
mum matchings in a single pass in the streaming model. Our construction follows its simple version presented
in Section 2l A major difference is that we replace coordinate directions with an exponential size family of
nearly orthogonal vectors, thereby achieving a lower bound of n!T(1/loglogn) on the space complexity of
obtaining a better than 1 — 1/e approximation in a single pass. This approach is inspired by techniques for
constructing Ruzsa-Szemerédi graphs pioneered in [FLNT02] and extensions developed in [GKK12].

3.1 Construction of host graphs G(uy, ..., u;)

We first introduce notation. Each graph in our family of host graphs will be indexed by a k-tuple of vectors
(uy,...,ux) € Fy X ... x Fy, where F;,j = 1,..., k are families of vectors in {0, 1}"". We choose F; so
that vectors in U§:1 Fj =: F are of equal Hamming weight and nearly orthogonal. Specifically, the following
lemma guarantees the existence of a large family F such that for every u, v € F it holds that [u| = |v| = w
and (u,v) < ew, where w = ©(e*m). Here for a vector u € {0,1}™ we write |u| to denote the Hamming
weight of u. We assume from now on that |Fi| = |F2| = ... = |Fi| = d for a parameter d. The lemma
below shows that we can have d = 2€“™) The specific form of the dependence of the exponent on € will
not be important for the qualitative nature of our results, however, as we will ultimately set € to be a small
constant.
We will use the following standard lower bound on the size of such families:

Lemma 16 For any € € (0,1), any integers m > 1 and w = (€/2)m, there exists a collection F, e C
{0,1}™ of vectors of Hamming weight w with 10og | Fonw.e| = Q(€>m) such that for all u # u' € Fy .,
(u,u’) < ew.

Proof: The proof is via the probabilistic method. Partition [m] into w subsets Iy, ..., I, with |I5| = m/w
for s = 1,...,w. We pick uy,...,uy independently as follows. For every j = 1,..., N, the vector u;
includes exactly one random element of I for each s = 1, ..., w. This ensures that the Hamming weight of

each u; is exactly w.

We now show that the vectors have small intersection size with high probability. Fix ¢ # j € [N]. Imagine
u; being fixed and picking the w elements of u; one by one. Let X denote the indicator random variable
for the event that the sth element of u; (picked from I;) is also in S;. Then (u;, u;) = Z;”Zl X}, and we
set 4 := E[(u;,u;)]. Note that p = (w/m) - w, since for every s = 1,...,w the vector u; has exactly one
nonzero coordinate in [, and the probability that u; chooses the same coordinate is 1/|I;| = w/m. We have
P[(u;,u;) > ew] = P[>, X; > 2pu] The random variables X are independent and thus the Chernoff

bound yields

Pl(us, ;) > 2p) < (Z)u < e~ SHw/mpw) < gmectm

for a constant ¢ > 0. Setting N = 2(n2 e)ec’m/2 gq that (g) < N2 = g(lnze)ec®m — gee?m by a union bound

with positive probability [u; N u;| < ew for all 7 # j, simultaneously, as desired. Note for this choice of N,
we have log | Fyw.c| = log N = ©(e2m). [ |
We also associate with each u € F;,j = 1,...,k arandom variable U, that is uniformly distributed over

the integers
{0,1,...,k/0 —1} - W - (0/k), ®)

where 6 € (0,1) is a parameter that we will set to a small constant times 1/poly(k), and W is a parameter
that will later set to poly(k) - w (where w is the Hamming weight of the vectors in the collection F). The
variables Uy, and Uy, are independent for u # v.

12



As before, the sides of the bipartition of the graph G(uy, ..., u;) that we need to construct are denoted
by T and S = SpU...USk, where SpUS1U...USy is a partition of S. We use the notation [a] = {1,...,a}
for integer a > 1. In our construction the 7' = T side of the graph is identified with a hypercube [m?4]™ for
a value of m to be chosen later, and each set S;,¢ = 0,...,k — 1 is identified with a subsampled hypercube
[m*]™. The vertices of the last set Sj, do not have any special structure. Vertices x € T ory € S; will often be
treated as points x,y € [m*™. Forz € T and u € F we use the dot product notation (x,u) = Yo xiou; €
Z. For an interval [a, b] and a number W we will write [a, b] - W to denote the set of integers belonging to
the interval [a - W, b - W]. Finally, for an integer ¢ and an integer W we will write ¢ mod W to denote the
residue of ¢ modulo W that belongs to [0, W — 1].

3.1.1 Defining the vertex set of the graph G(uy, ..., ux)

We will use

Definition 17 (Ground sets X,Y) Let X* = Y = [m*™ for some integer m > 0. Let X be a random
subset of X* where each point of X* appears independently with probability 1/k.

We will refer to vertices in X and Y as points in [m*]™. The host graph G is generated by first selecting a
k-tuple (uy,...,ux) € Fi X ... X Fg, and then defining the vertex and edge set as we describe below. Before
proceeding with the construction, we list relevant parameters here.

Parameters of the construction
* k — the number of phases in the hard input distribution;
* w — Hamming weight of binary vectors in F;

* ¢ — upper bound on the maximum dot product of any pair of distinct vectors from JF, normalized by
their Hamming weight w;

1 —small constant governing separation of red and blue vertices — see () and (1Q).

Sets of red, white and blue vertices R, W, B. Consider fixed w € {0,1}", and let

RY(w)={yecY :((y,w)+U(w)) mod W €[0,1/k) - W}
(red vertices with respect to w)

WY (w)={yeY:((y,w)+U(w)) mod W € ([L/k,1/k+n)U[l—n,1)) W}
(white vertices with respect to w)

BY(w)={yeY:((yyw)+U(w)) mod W e [1/k+n,1-n) W}

(blue vertices with respect to w)

®)

It is convenient to also define
R (w)={z e X*: ((z,w)+U(w)) mod W € [0,1/k)- W}

WX (w)={z e X*: ((z,w) +U(w)) mod W e ([1/k,1/k+n)U[l —n,1))-W}  (10)
BYX (w)={z e X*: ((z,w) + U(w)) mod W € [1/k+n,1—n) W},

13



as well as let
RY(w) = R¥ (w)nX, W¥(w)=wW¥ (w)nX, B¥(w)=B¥(w)nX. (11)

The intuition for these sets is simple: ideally, we would like to partition vertices y € 7; into two classes,
depending on whether their dot product with w is in [0, 1/k) - W (red points) or [1/k, 1) - W (blue points; we
ignore the shift U(w) for this intuitive discussion), and then match points in one color class in X to points
in the other color class in Y. This would work fine if the set F of vectors that we use contained orthogonal
vectors only, as in our toy construction in Section 2l Since the family of vectors F that we use consists of
vectors with small (constant) dot products, we need a ‘buffer’ between the two classes above, provided by the
set of white vertices WY .

Nested sequence of sets 7; and sets S;. Foralli =0,...,klet
Ti={yeY :((y,u;) +U(u;)) mod W € [1/k,1)- W, forall j € [1:4]} 12
Si={reX:((z,uj)+U(u;)) mod W e [1/k,1) - W, forall j = [1 : 1]},
sothat Tp =Y and Sg = X. Forevery¢ =0,...,k —1and w € F;1; we let
W ={yeY:((y,u;) +U(u;)) mod W € [1/k,1)- W, forall j € [1:1]
and
((ysw) + U(w)) mod W € [1/k,1) - W} "~
SY ={re X :((z,u;) +U(u;)) mod W € [1/k,1)-W, forall j =[1:1]
and
((z,w)+U(w)) mod W e [1/k,1) - W}
Also, let
Sf={xeS;:((z,uj) +U(uj)) mod W e [1/k,1)-W, (14)

forall j € [1: k]}.

Note that the sets S are obtained from S; by adding extra constraints on dot products with vectors u;, namely
for j =i+ 1,...,k (this is because all vertices in S; already satisfy the constraints above for j = 1 : i by
definition of S;).

Vertex set of G(uy,...,ux). The graph G(uy,...,u;) whose edges we define shortly will be a bipartite
graph with the sides of the bipartition given by 7" = T and S = SgU. ..US, where Ty and S;,i = 0,1, ...,k
are as defined above. Note that the union of .S;’s in the definition of .S is understood as a disjoint union. In
other words, vertices in both S and T are naturally labelled with points on the hypercube in [m?*]™. These
labels are distinct for vertices in T, but not for vertices in S. However, such labels are distinct for vertices in
S; forevery i = 0,1,..., k. We denote the number of vertices on the () side of the bipartition, i.e., in T, by
n. We will have |S| = O(|T]), so that the total number of vertices in our instance is O(n).

Estimates on the size of T}, S;, TV, S*, R, B,W. We will need the following lemma, whose proof is given
in Appendix [A]

Lemma 18 For every m > 2, integer W > 1 and &' € (0,1) such that 1/8' is an integer, if Y = [m*]"™ and
the set S is defined by

S={yeY:(y,u)+ Ay mod W € [ay,by) W, forallu € U},
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where U is a collection of binary vectors of fixed length w and ay,by € [0, 1] are constant integer multiples
of 1/ L for an integer L, the following conditions hold if W is an integer multiple of w - lem(L,1/§"), Ay/W
are multiples of 1/ L and m is sufficiently large.

If maxyey veu(u,v)/|v| <&, then

u#v

S| = Y[ ][] (bu — aw)| < [U[?(6LS + 4/m) - [Y].
ueld

We now apply LemmalI8]to bound the size of various relevant subsets of Y and X . We gather the resulting
bound in the following

Lemma 19 There exists an event € over X that occurs with probability at least 99/100 such that the following
bounds hold conditioned on E.

For every € € (0,1), every integer k > 2, every choice of shifts U(u) € F, every (uy,...,ux) €
Fi1 X Fa X ... X Fp, if W (see (12) and (I4)) is an integer multiple of w - k/(e - 0) (see @®)), then for
sufficiently large integer m

) |T;] = (1= 1/k) Y|+ Ay |Ai] = O(k3€/0) - |Y | for everyi € {0,1,2,...,k};

Ail = O(k3¢/0) - |Y| for everyi € {0,1,2,...,k};

Q) |9i] = (1 = 1/R)|Y] + A,
Q) [S7] = +(1 = 1/k)F Y|+ Ay, |A;] = O(k3¢/0) - |Y;

@ TV = (1= 1/k)THY |+ Ay, |As] = O(k3¢/0) - |Y| for everyi € {0,1,2,...,k — 1} and w € Fiy1;
(5) |SV¥]| = £(1—1/k)HY |+ Ay |As] = O(k3€/0) - |Y| for every i € {0,1,2,... ,k—1} and w € Fiy1.

Proof: We fix the values of the shifts U(u), u € F as well as the sequence (uy,...,u;) € Fi X Fa X... X Fg,
and take a union bound over such fixings later (this is important for establishing the bounds on various subsets
of S, as those depend on the random choice of X; see (12), (13) and (I4)). By (I2) we have

Ti={yeY:((y,u;) +U(u;)) mod W € [1/k,1)- W, forall j € [1:4]}
Si={reX:((z,u;)+U(u;)) mod W e [1/k,1)-W, forall j = [1 :4]}.

We start with 7;, where we apply Lemma [I8 with &/ = {uy,...,u;}. We thus have a, = {1/k +
U(u)/W}, by = {1+ U(u)/W} forall u € U (where {-} stands for the fractional part of the argument).
Since U(w) are integer multiples of W /k by definition (see (), we get that setting L = k/6 ensures
that ay,, by are multiples of 1/L. Recall that vectors uy,...,u; € {0,1}"™ have Hamming weight w and
maxs¢(us,u;)/w < € by assumption of the lemma. Since further 1 is an integer multiple of w - k/(e - 6),
we get that indeed W is an integer multiple of w - lem(L, 1/¢), and hence the preconditions of Lemma
are satisfied. We now get by Lemmal[I8] using the fact that [T, o, (bu — au) = (1 — 1/k)" by our setting of
parameters, that

IT3| — (1 = 1/k)" Y| < [U|*(6Le + 4/m) - Y|
< k*(6(k/0)e + 4/m) - |Y|
= O(k¢/0) - Y|,

where in the last step we used the assumption of our lemma that m if sufficiently large as a function of k and
e. This proves (1). The proof of (4) is similar, withtf = {uy,...,u;, w}.
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Similarly, since every element of X* = Y appears in X independently with probability 1/k (see Defini-
tion [I7)), an application of Lemma[I8]as above shows that

1 i
Ex([1Si]] = 2 (1~ /)Y £ O(Ke/0) - [Y]).
We thus also get by an application of Chernoff bounds (Theorem [3]) we get that for every i = 0,..., k
P([Si] ~EISilll > ¢ [Y]) < 2¢ M/, (15)

The bound above is for a fixed choice of the shifts U(u), u € F. The number of such choices is bounded by
(m®)?" < elY1'”* when m is larger than a constant. The number of choice of (ug,...,ug) € FixFax...x
T is bounded by 282" < elY1"* a5 well, and therefore we have ||S;| — E[|S;]]| < € - |Y| for every choice of
shifts with probability at least 1 — 2¢~<*IY1/(6%) Denote the success event by &;. Conditioned on ﬂfz_ol &; one
has [|S;] — £((1 = 1/k)!|Y|| = O(k®¢/0) - |Y|, proving (2).

Similarly, since every element of X* = Y appears in X independently with probability 1/k (see Defini-
tion [I7), an application of Lemma[I8]as above shows that for every w € F; 1

Ex(ISY]] = (1~ /R Y] & O(e/0) - [¥]).

We thus also get by an application of Chernoff bounds (Theorem [5) we get that for every i = 0,...,k — 1
and w € Fjq

P|SY] —E[ISY]]] > ¢ - Y]] < 26~ VV/GR), (16)

Similarly to the above, we take a union bound over all fixings of shifts U(u),u € F and choices of
(ur,ug,...,ux) € F1 X FaX...xFy, getting an upper bound of 2e=<*IY1/(6%) on the probability of the failure
event. Denote the success event by &; . Conditioned on ﬂf:_(]l Nwez;,, Ei,w onehas [[S¥] — 2((1 = 1/k)HHY || =
O(K3¢/0) - |Y|, proving (5).
Finally, recall that by one has forevery i € 0,1,...,k—1
Si={zxeS;:((z,w)+U(u)) mod We[l/k,1)-W, foralll € [1: K|}
={zem™NnX:((z,n)+U(w)) mod W € [1/k,1)-W, foralll € [1: k]}
=T, NX.

We now have by (1) that
el — (1= 1/k)*|Y|| = O(k¢/6) - Y.

We thus get, since X contains every element of [m*]™ independently with probability 1/k by Defini-
tion 7] that Ex[|S}|] = |T%|/k, and thus by Chernoff bounds (Theorem [3)

P||S;] = E[S]]| > - [Y]] < 267V, (17)
Similarly to the above, we take a union bound over all fixings of shifts U(u),u € F and choices of
(ur,ug,...,ux) € Fy X Fa X ... % Fy, getting an upper bound of 2e=*IY1/(6k) on the probability of the fail-

ure event. Denote the success event by &; .. Conditioned on ﬂfz_ol & one has |[S7| — 2((1- 1/k)*Y|| =
O(K3¢/0) - |Y|, as required.
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We now let & = (ﬂle 5,-) N (ﬂle 5,-7*) N (ﬂfz_ol mweFZ—H Si,w). Using a union bound together
with (13), (16) and we get

k—1 k—1 k—1
P&l >1- Zp[gi] - ZP[&,*] - Z PlEi w]
i=0 i=0 i=0 weFi1
> 1 — 2k2m2e~ < IV1/(6F)
> 1 — 2k2m2e= "/ (6F)
> 99/100
as long as m is sufficiently large as a function of € and k. [ |

3.1.2 Defining the edge set of the graph G(uy, ..., u;)

First, the only edges incident on vertices in S}, are the edges of a perfect matching between Sj, and 7. In the
rest of the section we define edges incident on S;, ¢ = 0, ...,k — 1. The following definition will be useful in
the analysis. Let Bad C [m*]™ be defined by

Bad := {y € [m"]™ : Jis.t.y; <m?ory; > m* —m?}. (18)

Note that [Bad| < 2m?/m* = o(1) by a union bound.

Foreachi =0,...,k — 1 we will have I'(S;) C T; (see for the definitions of .S; and ;). The edges
incident to .S; can be partitioned into an induced union of nearly regular constant degree subgraphs. Each such
subgraph is indexed by a vector w € F;41, and is denoted by H}¥. We now give the construction of these
subgraphs.

The graph H}" is a disjoint union of constant size complete bipartite graphs, where each such constant
size graph corresponds to a set of points on the integer lattice that lie on a short line segment in direction w
(recall that w € {0, 1}"™). In what follows we first define the relevant lines (Sets LY and £%X), and then define
the edges of H;".

Defining sets of lines £ and £X. For an arbitrary y € RY let

U(y) == {W%W)J :

line¥ (y, w) := {y’ € RY 1/ =y+ \-w suchthat ((y) = E(y)} . (19)
Similarly, for z € BX" let

and define

line™” (z, w) := {3:/ e BX 2’ =z + \-w suchthat {(2) = E(:p)} .
and for z € BX let
line™ (z, w) := {a' € BX .2/ =2+ \-w such that £(z') = Uz)}. (20)

Note that for every fixed w and every pair 1, 29 € X \Bad one has either lineX " (21, w) = lineX " (29, w)
or line™®” (z1, w) Nline™ (22, w) = 0. Analogous properties hold for line” and line¥". Let

gX(W): U lineX(x,w) and EY(W): U liney(y,w).
z€X\Bad y€Y \Bad
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Note that for every y € Y \ Bad and every w there exists a unique line LX € £X(w) such that for
every z € LX and y € line(y,w) =: LY one has z — y = Aw for some integer A and £(x) = ((y).
We call LX the pair of LY. We denote the function mapping y-lines to their corresponding pair z-lines by
Tw : LY (W) — LX(w). Let LX"(w) and 77, be defined analogously.

We now give bounds on the size of lines. We start with

Claim 20 (Size of line* (y, w)) If m > W/|w| and W/|w| is an integer multiple of k, then for all y €
RY \ Bad, w € \X_, F; one has |line¥ (y,w)| = W/ (k|w]).

Proof: First note that for every integer A\, w € Ule Fi and every y € Y one has, letting ¢ = y + Aw,
', w) +U(w) = ((y + A - w,w) + U(w)) = ((y, W) + U(W)) + A|w].

Note that every A that results in {(y + Aw) = {(y) satisfies |A\| < W/|w|, and thus by our assumption
y € Y \ Bad we have y + Aw € Y since m > W/|w| by assumption of the claim.

Recall that 3/ € lineY (yy, w) amounts to two conditions: 3’ € RY and £(y’) = £(y), where the former
constraint is

((¥',w) +U(w)) (mod W)€ [0,1/k) - W. 2D

Letting z := L((y’WHU‘S“’)) mod WJ , we note that the set of values of X results in (21]) being satisfied at the same

time as £(y') = £(y) is exactly {—2, —z + 1,..., —z + W/(k|w|) — 1}. We thus have that [line¥ (y, w)| =

W/(klw|) forally € Y \ Bad, as required. [ |
We have

Claim 21 (Size of line™ (z, w)) For every ¢ € (0,1), every n € (0,1/10) such that 1/n is an integer, if
m > W/|w| is sufficiently large and W /|w| is an integer multiple of lem(k,1/n), W/|w| > w, the
following conditions hold.

With probability at least 99/100 over the choice of X C X* for every setting of U(w), w € Ule Fi, for
all but 2n*|Y | points © € BX\Bad, every w € Ule F; one has |line™ (z,w)| > +(1-1/k)(1—dn—e)W/|w|
for sufficiently large m as a function of n, k, W/|w| and e.

Proof: For every integer A and every x € X* \ Bad one has

((z+A-w,w) +U(w)) = ((z,w) + U(w)) + Alw|.

Letting z := L((%WHU'E;T)) mod W

satisfied at the same time as £(y’) = £(y) is exactly {—z + WW\ (F+m),....—z+ %(1 —n) — 1}. We thus
get that the set of values of A that result in 2’ = z + X - w € line™ (z, w) has size (1 — 1/k — 2n)W/|w
required.

Note that every A that results in /(z + A\w) = £(x) satisfies [\| < W/|w/|, and thus by our assumption
x € X*\ Bad we have 2’ + Aw € X* since mm > W/|w| by assumption of the claim. In order to establish
the claim, it suffices to analyze the sampling process involved in constructing X from X*.

Since for every L~ the set L is a random subsampling of LX", where each element of X* is included
in X independently with probability 1/k, we have E [|[LX|] = £|LX"| = 2(1 — 1/k — 2n)W/|w]| for every
y € Y \ Bad. Since X is obtained from X* by independent sampling at rate 1/k, we get by the Chernoff
bound (Theorem [3))

J , we note that the set of values of A results in the equation above being

, as

P||ILX| & (1+ €)= (1— 1/k —2n) |LX|| < 2e=<IL1/(12),

1
z
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where we used the fact that 1 — 1/k —2n > 1 —1/2 —1/5 < 1/4, since n < 1/10 by assumption of the
claim. Since

1—e)(1=1/k—2n)—(1—-€e—4n)(1-1/k)=1—-e)(1—1/k) — (1 —€)2n
—(1—e)(1—1/k)+4n(1 —1/k)
=2n(—1+e+2(1—-1/k))
>2ne >0 (since k > 2),

we in particular have

P LY < (1—c—dn)s (1—1/k)|LX|| < 21X 1/028), 22)

=

Now as long as |LX"| > 48kIn(1/n)/€%, we have that the rhs above is upper bounded by 72. Since
|LX"| = W/(k|w]|) by Claim 20, this follows since W > W - |[w| by assumption of the claim.

Finally, note that for every w we just showed that a single line LX deviates from expectation with proba-
bility at most 72. Since distinct lines do not overlap, an application of Chernoff bounds shows that for every
w the probability that the number of lines LX € £X (w) that deviate from expectation is at most 2n?|LX (w)|
with probability at least

1— 2€—Q(n2|ﬁx*|) —1— 2€—Q(n2m47”/(W/|w|))‘

A union bound over at most 2™ vectors w € F and at most (m®)2" choices for the shifts U(w),w € F,
yields failure probability at most 2 - 2™ - (m®)2" . e~ QP mI/ (RW/IWD) 1 /100 as long as m is sufficiently
large as a function of 7, k and W/|w]|. [ |

Defining bipartite cliques induced by LY U 7*(LY). We start with

Definition 22 (Typical lines) For w € |J*_, F; and LY € LY (w) we say that LY and its pair 7e (L") are
typical if [mw (LY)] > (1 = 1/k)(1 — 40 — e)W/|w].

If LY is typical as per Definition22] let LY denote an arbitrary subset of LY of cardinality (1—4n—¢)|LY |.
Similarly, let L denote an arbitrary subset of 7 (L") of cardinality (1—4n—¢)(1—1/k)|LY |. Our parameter
setting will ensure that |LY | = W/(k|w]) is an integer multiple of lcm(1/n,1/¢, k), so this is feasible. For
convenience let LX = LY = () for lines that are not typical. We thus have |LX| = (1 — 1/k)|L" |. Now let

E(LY):=LY x L. (23)
Note that for a typical line LY € LY (w) the degree of a vertex y € LY in E (LY) is either zero or

(1 —dn—e)(L = 1/k)|LY| = (1 —dn — e)(1 — 1/k) - 17 =: (1 — 1/k)7, where we let

w
yi= (1= 4y — &)

, (24)
|wl
and the degree of a vertex z € m(LY) is either zero or (1 — 4y — €)|LY | = (1 — 4n — G)WVV' = 7. Also note
that all edges in the graph that we just defined are of the form (c, d), where
W
c=d+ X w, |\ < —. (25)

|wl
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Defining the edges of ¥, w € F; ;. Let

Bre= | Eine(s.w),
yeET\TY

where E(liney(y, w)) is defined in 23), 7; is defined in (I2) and T} is defined in (13). Note that since our
vectors are only nearly orthogonal, for a y € T; we do not necessarily have line (y, w) C T;. We now let

EY = EY N (T; x S;). (26)

3.1.3 Induced property of subgraphs ¥

We now show that the graphs H}" constructed above are induced for each ¢ and w € F;. The argument is
similar to [FLNT02, [GKK12].

Claim 23 For everyn € (0,1), integer k > 2, if e € (0, 1) is smaller than n, then for every i =0,... k—1,
the edge set EY (defined in (26)) is an induced union of subgraphs HY .

Proof: Recall that F;;; was chosen as a family of binary vectors of fixed weight with small intersections,
namely for every w, w’ € F; 11, w # w’ one has

(w, W) < e|lw|. (27)

Suppose that an edge (¢,d) € E(HY),c € X,d € Y is induced by HZ-‘"’/ for w # w. Since edges of
HY' connect red points in Y with respect to w’ to blue points in X with respect to w’ (see (I9), (20) and
the definition of edges in H} in (23) and (26); see also (I9) and @0)), it must be that d € RY (w') and
c € BX(w'), so

|(c—d,w')| >n-W. (28)

However, by (27) together with (23) one has
w

w
‘W‘ (W7W/) < —€|W| =eW < UI/Vv

|wl

since € < 7 by assumption of the claim. This yields a contradiction with (28)), and hence H} are induced. W

(e —d,w')[ =[A]- (w,w) <

3.1.4 Existence of a large matching in the host graph

We now show that with high probability over the choice of the random shifts U(v),v € Ule Fi, for any
i = 0,...,k — 1 any collection uy,...,u;-1,us € Fs,s = 1,...,2 — 1 and w € F,;; there exists a
matching of 1 — O(k3¢/n) fraction of S; to T; \ T}. Formally we prove

Claim 24 For every integer k > 2, sufficiently small n € (0, 1) such that 1/n is an integer, € € (0, c - n*/k®)
for a sufficiently small constant ¢ > 0 such that 1/ €'/2 is an integer, if 0 = 1 (see 8)) and W/w is an integer
multiple of k/ (e - 6), the following conditions hold for sufficiently large m.

There exists an event Epglanced—degrees that occurs with probability at least 99 /100 over the choice of
random shifts U(v),v € U§:1 Fj, foreveryi=0,...,k—1, every collection uy,...,us € Fs,s =1,...,i
and every w € F; 1 such that conditioned on Evgianced—degrees and the event € from Lemmall9 there exists a
matching of 1 — O(k3€'/2 /n) fraction of S; to T; \ T}".
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Proof: We will do this by exhibiting a fractional matching of appropriate size. Recall that a fractional match-
ing is an assignment of non-negative weights z. to edges e of the graph such that for every vertex v of the
graph one has ) . S(v) Ze < 1. We now exhibit a fractional matching in the graph in three steps.

First, for every typical line LY € £ (w) that touches T} \ T}¥ we assign weights to every edge of E(LY)
in such a way that every vertex in " that has nonzero degree in E(LY) receives 1 — 1/k fractional mass, and
every vertex in (L") that has a nonzero degree receives mass 1. Then we assign fractional mass uniformly
to edges incident on vertices in .S; \ S} to ensure that these vertices contribute the missing 1/k fraction of
mass to vertices in LY, up to a small error term that is independent of k, the number of rounds in the game,
and can be made arbitrarily small by choosing the maximum dot product € between vectors in U§:1 F; small,
and making the ‘buffer’ between red and blue vertices appropriately small (this mass is assigned to edges in
lines LY € £Y (v) for v € Fiy1 \ {w}). This ensures that the matching supported by the lines that touch
T; \ T} is about the size of .S;. The only problem is that this matching uses edges outside of 7; \ T} and S;.
We then show that pruning to edges contained in (7; \ 7;¥) x S; only affects matching size by a small error
term, completing the proof.

Step 1: weights on edges of /1. Recalling that for a typical line LY € £Y (w) the degree of every vertex
in LY is either zero or (1 — 1/k)~ (where  is defined in (24))), we put weight 1/~ on every edge of E(LY).
This way every vertex of nonzero degree in LY gets fractional mass 1 — 1/k, and every vertex of nonzero
degree in (LY gets fractional mass 1.

Step 2: weights on edges of [1 for v # w. We start by showing that for a fixed v and for every y € Y
one has that Py (y)[y € RY(v)] is very close to #. Indeed, recall that U(v) is uniformly random over the set

{0,...,k/0 — 1} - W - (8/k),

where 6 € (0,1) is a parameter that by assumptions of the lemma is equal to 7 (see (8)). Using the definition
of RY (v) (see [@)) we can now bound

Pywly € R (V)] = Py[((y.v) + U(v)) mod W € [0,1/k) - W].

Writing (y,v) = LW(?(bv/)k)J - W - (8/k) + ((y,v) mod (W - (0/k))) and recalling that U(v) is uniformly
random in {0, ..., k/0 — 1} - W - (6/k) by definition as well as that 1/6 is an integer, we get that

Puwl((y,v) +U(v)) mod W € [0,1/k) - W] = (1/0)/(k/0) = 1/k,

as required. A similar argument shows that for every = € S; one has Py (y)[z € BX'(v)] =1—1/k —2n.
Indeed, this is because

Puwl((z,v) +U(v)) mod W e [1/k+n,1—mn) W] =(k/0)(1—1/k—2n)/(k/0) =1—1/k —2n,

where we used the assumption that 6 = 7.

Next note that each vertex y € RY (w) \ Bad has degree (1 — 1/k)y or 0 in HY, and for every v the
fraction of vertices that have degree 0 in H,” is at most 2n2|Y'| by Claim 211 Furthermore, since the random
shifts U (v) are independent for distinct v, we obtain using Chernoff bounds (Theorem [3) for 6 € (0,1) that
for every w € Fiyq and every y € T; \ T}

_ 52
]P){U(V)}ve}'i+l,v#w Z I[y € RY(V)] g (]‘ :l: 5)d/k S 26 ’ d/(gk)

VEFi+1,VEW
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Similarly we have for every w € F;1; and z € S; \ S¥ and 0 > 47

_ 52
PlUmherven | 2o Lo € BXW] ¢ (1L £6)d(1—1/k)| < 267742,

VEFi+1,VEW

Let Epalanced—degrees denote the event that for every every collection uy, ..., u;—1,us € Fs,5 = 1,...,i—
1,everyw € Fiyi,everyy € Tyonehas 3 cr ooy Iy € RY (v)] € (146)d/k (i.e. yisared vertex with
respect to about the expected number of vectors v) and > c 7 | o Iz € BX(v)] ¢ (1 +£6)d(1 — 1/k)
(i.e. x is a blue vertex with respect to about the expected number of vectors v). Since there are only O(m*™)
vertices in Y and X, and ||J; F;| < 2™, and d = 2™, for any constant k, 7, and sufficiently large m a
union bound shows that Eygjanced—degrees Occurs with probability at least 99 /100.

The assignment of fractional weights on edges incident to vertices in S; \ S}" is as follows: we put weight
m on each edge of E(LY) for LY € £Y(v) that is incident on 3y € T; \ T¥. We now verify
feasibility of this solution in the presence of weights assigned in step 1, and then compute the size of the
matching.

To verify feasibility, note that, conditioned on Eyalanced—degrees- the contribution of this assignment to any
vertex in S* \ S%(w) is at most

1

T AT LRy =1,

where we used the fact that the degree of a vertex in \S; \ S}V in a subgraph induced by a typical line is at most
7. Contribution to any vertex in 7; \ 7V is at most

1

A1k A toa T4k (A=1/ky =1/k

where we used the fact that the degree of a vertex in 7; \ 7} in a subgraph induced by a typical line is at most
(1 — 1/k)~. Thus, the total mass assigned to vertices in T; \ T}V as well as .S; \ S} is upper bounded by 1.

To lower bound the value of the fractional solution, first note that by Claim 21] with high probability over
the choice of X for every w at most 21)%|Y| points belong to atypical lines (see Definition 22), which corre-
sponds to a loss of at most 217%|Y"| in matching size. Now recall that a line is called typical (see Definition
if |mw(LY)| > (1 — 1/k — 4n — €)W/|w|. Thus, at most a 47 + ¢ fraction of mass assigned is lost due to
this. Since this applies to every v € F;1, Vv # w, as well, we get that the constructed fractional matching is
feasible, and its size is at least (1 — O(5 + €))|S;| — O(n?)|Y| = (1 — O(nk))|S;|, where we set § = 47 and
used the fact that conditioned on the event £ from Lemma[l19 one has |.S;| = Q(1/k)|Y|.

Step 3: bounding effect of truncation of EZW to E7¥ Insteps I and 2 we showed that the mass we assigned
to Y corresponds to a feasible matching of size at least (1 — O(nk))|S;|. We now show that truncating £}
to EY (see (26)) does not lead to a significant loss in matching size. Recall that by

Ti={yeY :((y,u;) +U(u;)) mod W e [1/k,1)-W, forall j € [1:1i]}
Si={reX:((z,u;)+U(u;)) mod W e [1/k,1)-W, forall j = [1:4]}

For every y € T; one has by (12)) that ((y,u;) +U(u;)) mod W € [1/k,1)-W forall j =1,...,4, and

hence for every A € (0, W/|w|] andevery j =1,...,i

[(y + 2w, 1) = (y, ;)] < AMw,u5) < eA[w| < eW
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by choice of the family F7, ..., F;. We thus get that y + Aw belongs to the set
Ti:={y Y :((y,u;) +U(u;)) mod W € ([0,e) U[1/k —¢,1))-W, forall j € [1:4]},

i.e. the result of relaxing the constraints that define 7; by a € in every direction. At the same time

TAT, S J{veY : () +U(w)) mod W e ([0,6) U[1/k —¢,1/k)) - W}
j=1

C O{y €Y :((y,uj) +U(uy)) mod W e ([0,e/?)U[1/k —€/21/k)) - W}
j=1

and thus

IGATI <) Hy €Y : ((gwy) +Ulwy)) mod W e ([0,e) U[L/k — /% 1/k)) - W}
j=1

< 2k(6(k/6) - €/2 +4/m)|Y|  (by Lemmal[I8)

To obtain the last bound, we applied Lemma [I8] for each j = 1,...,i withf = {u;}, & = eand L =
(k/0)-e~ /2. Now recalling that by (26) one has E}Y := E}* N (T; x S;) and that S; is obtained by intersecting
T; with X, we get that the edges pruned from EZW by restricting to 7; x S; as above are incident on as set of
vertices of size at most

AT; \ Ty < 4k(6(k/0) - /2 + 4/m)|Y|. (29)
Since every vertex received at most 1 unit of fractional mass, the size of the matching supported by £ is thus
at least the size of the matching supported by E minus 2k - (6(k/6) - €'/2 4+ 4/m)|Y| = O(k%¢'/? /n)|Y | =
O(Kk3c'/2/8)|S;| giving the result. In the last transition we used the fact that |S;| = Q(|Y|/k) when € <

c - 62 /kS for a sufficiently small constant ¢ > 0 (by Lemma[I9), as well as the assumption that § = 7.
|

3.1.5 Existence of a sparse directed cut

Define
Z:={yeY :((y,u;) +U(u;)) mod W e ([1/k —¢€,1/k)U0,¢)) - W for some j € [1: k|}. (30)
We prove

Claim 25 For every integer k > 2, € € (0,1) such that 1/€'/2 is an integer, if W/w is an integer multiple of
k/(e - 0), the following conditions hold for sufficiently large m.

Foreveryi=0,1,...,k — 1 the subgraph H* induced by (T; \ (I U Z)) U S} only contains the edges
of Ej"**. In addition, one has |Z| < 2k?(6¢'/2 /0 + 4/m)|Y|.

Proof: Recall that the sets S are defined in (I4). First note that if an edge (c,d),c € P,d € @ belongs to
H*, then ¢ € Sf and d € T", so (c, d) necessarily belongs to some graph HY, where w € F; ;1. Then we
have by (23) that

d—c=X-w, where |\| < W/|w]|.

Thus, we have for all j = 1,. .., k using the orthogonality condition (27)

(= dyuy)] < 20 |(w,uy)] < W 31)

|wl
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Now recall that ¢ € S} by assumption, so by (I12) and (14)
(¢,u;) +U(u;) mod W e [1/k,1)-W,Vj=1,... k.
Thus, by one has
(d,uj)+U(u;) mod W e ([1/k —¢€,1]U[0,¢)) - W, forall j =1,...,k,

i.e. d € ZUTPF. Thus, the subgraph H* contains only edges of E;”“ forevery ¢ = 0,...,k — 1, as required.
It remains to bound the size of Z. We first note that

Z={yeY:((y,u;) +U(u;)) mod W e ([1/k —€,1/k)U]0,€)) - W for some j € [1: k]}

k
CUweY: ((y,wy) +U(wy)) mod W e ([1/k—e1/k)u(0,€))- W} )
=1

k
CJlweY : (yw) +U(wy) mod W e ([1/k— €% 1/k) U0, /%)) - W},
j=1

Foreach j = 1,...,k we now use Lemma[I§with i/ = {u;}, au; = % —€by, = %, and then again with
au; = 0,by; = €. Inboth cases we set L = (k/0) - 1/€/2. We thus get

J

{y €Y :((y,uy) +U(w;)) mod W e ([1/k — €2, 1/k) U [0,e"/2)) - W}
< 2(6Le+4/m) - |Y]
< 2(6keY? /6 + 4/m) - Y.

Using this together with @2) yields |Z| < 2k2(6€Y/2 + 4/m)|Y

, as required.

3.2 Distribution over inputs

We now formally define our hard input distribution. The input graph G’ is generated as follows. First sample
X C {0,1}"™ as in Definition[I7] then for every w € U?zl JF; sample the shift U (w) independently as per (8)).
Finally, sample us € F5,s = 1,..., k independently and uniformly at random, and let G := G(uy,...,ux)
denote the host graph as constructed in Section 3.1l For every v € Fi 1 andy € T; \ T} let by € {0,1}
denote a Bernoulli random variable with expectation 1 — & for a small £ € (0, 1) that we will set later. The
variables by are independent conditioned on

dooby = [ =OIT\TYT
yeT\TY

for every v € Fiy1. In other words, b¥ encodes a uniformly random subset of 7; \ T}¥ of size [(1—&)T; \ 1}’ ].
Forevery i =0,...,k —1let B; :== {b} }ycr,,, yer\¥-

Definition 26 (Subsampling of the host graph) Fori =0, ..., k — 1 let the graph G’ (uy.;; Bo.;) be formed
by including, for every v € Fi11 andy € T; \ T)Y all edges incident on y in H) if by = 1 and none of these
edges otherwise. Fori =k, let G'(uy.x; Bo.x—1) contain all edges incident on Sy. Let

k—1
G = <U G/(ulzi;Bozz’)> U G/(ulszBO:k—l)'

=0
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The stream consists of k + 1 phases: for each i = 0, ...,k the vertices and edges of G’(uy.;, By.;) incident
on S; arrive in phase ¢ in an arbitrary order.
We start with the following claim

Claim 27 For every & € (0,1), every integer k > 2, sufficiently small n € (0, 1) such that 1/ is an integer,
€ € (0,c-n?/kS) for a sufficiently small constant ¢ > 0 such that 1/ €'/2 is an integer; if 0 = 7 (see ) and
W /w is an integer multiple of k /(e - 0), the following conditions hold for sufficiently large m.

There exists an event Ejqrge—matching that occurs with probability at least 97/100 over the choice of
random shifts U(v),v € U§:1 F; and choice of Uf:_ol {6y tveripr wer\1y, the graph G’ contains a matching
of size at least (1 — O(€ + k*e'/2 /n))|Y|.

Proof: By Claim[24]there exists an event Evalanced—degrees that depends only on the choice of X and the shifts
Uw),w € U§:1 Fj such that conditioned on Eyuianced—degrees and event £ from Lemma [19] by Claim 24]
foreveryit = 0,...,k —1land uy,...,us € Fs,s = 1,...,7iand w € F;;; there exists a matching M;
of 1 — O(k>¢Y/2 /) fraction of S; to T; \ T;""**. Furthermore, the set Sy, can be perfectly matched to T} by
definition. Let M be a union of these matchings. Note that conditioned on Eyjanced—degrees the matching M
satisfies

M| = (1= O + K¢ /n))|S| + |Ti|
k—1
> (1= O+ k2 /m) Y |Si| + T3

T
- O

> (1= O+ K2 /) Yy (1= 1/k)|Y|/k + |Te| = O(k'e/0)|Y]|

> (1 -0+ K2 /)1 — (1= 1/B)")[Y]+ (1 - 1/k)¥|Y| — O(k*e/0)
> (1—0(&+ ke )Y,

where we used Lemmal[I9] (2), in the third transition and Lemmal[i9] (1), in the forth transition.

Now recall that G’ contains every edge of M with probability at least 1 — &, and these events are negatively
associated for different edges, since for every (y, ) € MNHY+! one has (y,z) € G’ if and only if b, """ = 1,
and b;”l are negatively associated for different y by construction. We thus get by an application of Chernoff
bounds that

-
Il

PM NG| < (1 —26)|M|] < e UEMD o= AEm™),

We now define the event £y ge—matching t0 be the intersection of Eygianced—degrees With the success events for
i=0,...,k— 1above, getting that P[4, ge—matching] = 1 — 97/100 by a union bound.
|

3.3 Bounding performance of a small space algorithm

By Yao’s minimax principle it is sufficient to upper bound the performance of a deterministic small space
algorithm that succeeds with probability at least 1/2. To do that, we bound the size of the matching that a
small space algorithm can output at the end of the stream. Let M 47 denote the matching that the algorithm
outputs. We first upper bound the approximation ratio that the algorithm obtains in terms of the number of
edges in E(H,"™') N Marg, fori =0,1,...,k— 1.

Lemma 28 For every integer k > 2, ¢ € (0, 1) such that 1/ €'/2 is an integer, if W /w is an integer multiple
of k/(e - 0) (see @), the following conditions hold for sufficiently large m.

If the graph G' is generated as per Definition and M apc is any matching in G', then |Marc| <
(1= 1/R)Y |+ 300 [B(H;) N Mar| + O(k!/?/0) - Y.
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Proof: Consider the cut (4, B), where A = (T"\ (T}, U Z))UU (S \Sf)and B = T,rgLJSkUUi€ 01 SruZ.
Recall that the sets T}, .S; are defined in (12), Sf is defined in (14) and Z is defined in (30).

By the maxflow/mincut theorem, the size of the matching output by the algorithm is bounded by |A N
S|+ |BNT|+|(ANT) x (BNS))NMarg|

By Claim 23] the subgraph M4rc N (T; x S;) induced by (7; \ (T} U Z)) U S} only contains the edges of
H" forevery i =0,...,k — 1. Thus,

k—1
(ANT) x (BNS) N Maral <> |EH;™") N Mag|
=0
and we get
k—1 k—1
(Mare| < [ S\ S|+ 1Tkl +12] + > |BE(H ") N Marg|
=0 =0
k—1 k—1 k—1 (33)
= JSi| + 1Tl = | S5 | + 121+ D | B(H ") N Margl
=0 =0 =0

Furthermore, again by Claim 23] one has |Z| < 2k2(6€'/2/6 4 4/m)|Y|. By Lemma[I9] (1) one has
IT;| = (1 — 1/E) Y| 4+ A, |Ai] = O(k3€¢/0) - |Y | for every i € {0,1,2, ..., k}. By Lemmal[I9] (2) one has
1Si| = (L= 1/k)! Y|+ As, |A;] = O(k3¢/0) - |Y | for every i € {0,1,2,...,k} and by Lemma[I9] (3) one
has |S7| = (1 — 1/k)*|Y| + Ay, |Ai| = O(k%¢/0) - |Y| for every i € {0,1,2,...,k}. Substituting these
bounds into (33)), we get

k— k-1
1 1 .
(Maral < ;E L= 1/k)Y] ~ ;Eu—l/k) Y]
k-1
+ (1= 1/R)F Y[+ Y IBHS ) N Mage| + O(K3eV/?/6) - ||,
7=0

We now use the fact that Zfz_ol (1 —1/k)!|Y| = (1 — (1 — 1/k)¥)|Y| in the upper bound above to get

k—1
[Mara| < (1= (1= 1ROV |+ D [EH) N Mara| + Ok /6) - |V,
i=0
as required. [ |
We will use

Lemma 29 (Data Processing Inequality) For any random variables (X,Y, Z) such that X — Y — Z forms
a Markov chain, we have 1(X;7) < I(X;Y).

Lemma 30 For every integer k > 2, if € < n, the following conditions hold for sufficiently large m.
Let M a1 denote the subset of edges of G' output by a space s streaming algorithm after a single pass
over the edges of G' presented in the order defined above. If

k—1
Mara N U E(Hiuiﬂ) > cn
=0

with probability more than 1/2 over the randomness used to generate the graph G', then s = Q. j,(nd).
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Proof: Recall that we define M 41 to be the empty set if the matching output by ALG contains edges that
are not in G, and that
]P [

where the probability is over the choice of u.; (the vectors defining the host graph ) and By.;_1 (the random
variables used to subsample the host graph G to generate G'), subsampling X and the shifts {U(w)}. Define,
forv € Fii1,

k—1
Mara N U E(Hiuiﬂ)
=0

> cn] > 1/2, (34)

MXLG = Mg N E(HZV)

Note that M, ~ depends on 4, since v uniquely determines 7 (since it belongs to ;11 and no other F;, j =
0,1,...,k — 1). Also define

5many—edgeS(i) = A{|M}.q| > en/(6k)}.
We have, using (34), that there exists an index 0 < ¢ < k — 1 such that
Pulzk,BO;k,l,X,{U(w)}[gmany—edges(i)] > 1/(6k)

Fix one such index 7 in what follows. We have by an averaging argument applied to (using Claim
to conclude that the edge sets of H;¥ are disjoint for distinct w € ;1) that there exists a fixing F' =
(ulzi, Bg.i—1, X, {U(W)}) of ui.;, Bo.i—1, X, {U(W)} such that

Pu; 1k 1,Big—1 [Emany—edges ()| F] > 1/ (6k).
For every v € F;;; define
Emany—edges (1, V) = Emany—edges (1) A {i41 = v}.
We have
1/(6k) <Pu, 1 Bis—s [Emany—edges (D) F] < By [Puy o Bis— 1 [Emany—edges (i) | F]]

1 . 35
= | Fir] E : ]P)ui+2:k7Bi:k—1[gmany_5d965(27v)|F]' (35)
v veFit1

Let II denote the state of the algorithm after processing
i—1
U G'(u1.5; Bo:j) | UG (u1; Bosi—1, Bs),

J=0

where G'(u1.;; Bo.j) is given by Definition We now lower bound I(II; B;) (which then gives a lower
bound on the entropy of II, and therefore on the space s). First note that

Bi — {by}ve}—i+1 — H — MALG
forms a Markov chain, and thus by the data processing inequality (Lemma[29) we have
I(ILB;) > I(Mara; By). (36)

It thus suffices to lower bound I(Marq;Bi) = H(B;) — H(B;|Marc). We upper bound the second term.
First let £/ denote the indicator random variable of &4,y —edges(¢) conditioned on {u.; = uy;; and Bg,;—1 =
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Bo.i—1} (note that by choice of the index i we have Ey, ., | B,,_,[£] > 1/(6k). Further, forevery v € F; 1
let £V denote the indicator random variable of &,4ny—cdges (i, V) conditioned on {uy;; = w14, Boi—1 =
By.i—1}. Note that by (33) we have

Evunir(F)[EY] > 1/(6k). (37)
H(B;|II) < Z H(b¥|I) (by subadditivity of entropy)
veFit1
< 3 HE,EYm)
veFit1
= Z (H(EY) + H(b¥|IL EY)) (38)
veFit1
< ) (L+H@EILEY)) (since EY € {0,1})
veFit1
=d+ Y HO[LE'=1)-P[E¥=1]+ » HO'[I,E" =0)-PE =0]
veFit1 veFit1

We now bound the terms on the rhs. First, since for every v one has that b¥ has a fixed number of nonzeros
in uniformly random positions by definition,

HW|ILEY =0) < H®Y). (39)

We now bound the second sum on the last line of (38). First recall that if EY = 1, then [MY, | >
cn/(6k), and MY, . is a subset of the edges of G'(u1:;—1,v; B1:;). Let b := B;. Recall that for every vertex
y € T; \ T we include edges incident on it in HY if by = 1 and do not otherwise. We thus have, for every
y € T; \ T;Y such that §(y) N MY, ; # 0 that by = 1. Define for v € F;11

_ (T;\TY) 0 MY, 4l
T\ T} | ’

V.

and note that whenever [MY; | > cn/(6k), we get using Lemma [I9] (1) and (4), as well as the fact that
¢ < 1/10 by our choice of parameters (since ¢ < (c/k)® for a sufficiently large constant C' > 1),

v cn/(6k)
V= 7|Ti N > ¢/30. (40)

We may assume that 7V < 1/3 (remove some edges from MY, ~ otherwise). We have

TATY| = MY
HOV|MY EY =1)<1 v
¥V, B =1) < °g2<f<1—s>m\Tm—\MxLGr

(1= I\ TY
< log, <(1 —&— )T \Tzv‘>7

where we used the assumption that v¥ < 1/3 and the fact that { < 1/3 by our setting of parameters. We thus
get

(41)

H(bV’MXLG7EV - 1) < (1 - ’Yv)ujl \EV’H2 <1 - 1 _gfyv> ’
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since

A="IGNTY N _ (1 =)L\ TY|
o8 <(1 — &= )IT; \TN> ~ s ((1 - =)= W)IT; \Ti"|>

< - mm T (1- ).

where the last transition is by subadditivity of entropy. At this point we also note that

(1=t (1= = ) = €loma(1/€) + €2 - Elog 1= + O(€?)

< My(1— ) = €log 7= + O(&?)
< Hy(1—-&)—Q(€-¢)+0(€%)  (by @) and Claim 31).

since Ha(1 — &) = €logy(1/€) + £In2 + O(£?) and € is smaller than a constant. Putting the above bounds
together, and noting that by subadditivity of entropy

H(Y) < |T\TY|Ha (1 =€) = [T\ T7Y] - (§logo(1/€) + 2+ O(€2)),
we get, since £ is smaller than c by a large constant factor by our choice of £, that

H(bY|Marg, EY = 1) < H(bY) = Q(c- &) - [T\ T
< H(bY) = Qc-&/k) - [T

Using this upper bound in (38)), we get

HBM) <d+ > HO|ILEY=1)-PE]+ > HO) (1-PEY])

veFit1 veFit1

<d+ Y (HOY) = Qc-&/k)-|T)) - PEV]+ Y H@®Y)-(1-P[EY)
VE]'—Z‘+1 VE]'—Z‘+1

<d+ Y HE) -0 ¢/m)- T Y PIEY]
VE]:i+1 V€.7'—7;+1

= H(Bl) - Q(C : S/k) ' ’T‘ : ’E-ﬁ-l‘ ' EV~UNIF(F1’+1)[EV] +d

< H(By) = Qc-&/k%) - |T| - |Figa| +d (by B7))

< H(Bi) = Qc-&/K%) - |T| - | Firl

< H(B;) — Qk(c) - dn

Using this bound in (36), we get I(B; : IT) > Q(c) - dn, and therefore
s > H(IT) > I(B;;II) > Qi (nd),
as required. [ |

Claim 31 For every & > 0 the function (1 — ) Ha(1 — %) is decreasing in ~y for all v € (0,1 — &).
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Proof: We have

£ \_ 1 § 1 £ lL—7

e LR et

T In2

Since £ In 1_77 is decreasing iny € (0, 1), it suffices to show that (1—v—¢) In (1 + ﬁ) is decreasing
in fory € (0,1 — &). Letting z = 1 — v — &, it suffices to show that = In(1 + %) is increasing in z for
z € (0,1 — &). Rescaling by &, it suffices to show that z1In(1 + 1) is increasing in  for all > 0. The

T

derivative with respect to x is In(1+ %) — x%rl, which approaches 0 as x — oco. The derivative of this function
is —m, which is negative for all z > 0, and thus In(1 + 1) — Z‘L-i-l > (O forall z > 0. [ |

We can now give
Proof of Theorem I} Since ALG provides a better than (1 — 1/e + ¢)-approximation for some constant ¢ > 0
by assumption, there exists integer k such that 1 — (1 — 1/k)* + ¢/2 <1 — 1/e + ¢ (we assume that 2/c is
an integer, which can be ensured by reducing c by at most a factor of 2).

Setting parameters. Let G’ be generated as per Definition 26 with parameters selected as follows. First let
¢ =1 = (c¢/k)* for a sufficiently large integer A > 1 (recall that ¢ is the rate at which we subsample edges of
G to obtain G"). Then let ¢ = (1/k)?? for a sufficiently large integer B > 1 (note that 1/ €'/2 is an integer).
Finally let m be an integer multiple of 1/¢, let w = em and let W = w - k/(e - 0), where 6 = n.

We have by Claim27]that the graph G’ (as per Definition 26]) contains matching of size at least (1 —O(£ +
k3¢/n))|S| with probability at least 97/100. We also note that

k—1 k—1
151 = 3183 + 8] = (1 = 1/R) Y /K + (1 — 1/k)F[Y| £ O(K'e/0)|Y|
i=0 =0

= (IiO(k4e/9))|Y|
= (14 ¢/100)|Y|

by Lemma[I9] (1) and (2), since O(k*¢/6) = O(k*¢/n) < ¢/100 when A and B above are larger than an
absolute constant (as we verify below in (43))). Thus, the algorithm must output a matching of size at least

(1-(1- 1/k:)k +¢/2)(1 — ¢/100)%|Y| > (1 — (1 — 1/k)k +c/4)|Y] (42)
with probability at least 1/2. The inequality above uses the fact that
O(& + k'e/n) = O((¢/k)™* + K*(n/k)*" /n)
= O((¢/k)* + (n/k)*P~%)

= O((c¢/k)™ + (¢/k)*P7H)
< ¢/100

(43)

as long as A and B are larger than an absolute constant.
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Now let M 41 be the matching output by a single pass streaming algorithm ALG on the graph G’ pre-
sented in the order prescribed by our input distribution. For convenience we define M 41 to be the empty set
if ALG outputs an edge that was not in G’. By Lemma[28] we have

k—1
|Mazc| < (1= 1/k)MY |+ Y |E(H ") N Maga| + Ok /2 /0)|Y|. (44)
=0

Using this together with [@4), as well as the fact that O(k3¢'/2/8) < ¢/100 as long as A and B above are
larger than an absolute constant, we get

k—1
P> |EH"") N Mara| > (¢/8) -n| > 1/2
=0

by assumption of the theorem. We now have by Lemma [30] that the space complexity s of the algorithm
satisfies s = Q ,(nd). Since n = mA™ and d = 22Em) = 29Um) for any fixed ¢ by Lemmal[l6l we get that
nd = ntt91/loglogn) 4 required.

|

4 Multipass approximation for matchings

In this section we present our algorithm for approximating matchings in multiple passes in the vertex arrival
setting, proving Theorem 31

4.1 The algorithm

Let G = (P,Q, E) denote a bipartite graph. We assume that vertices in P arrive in the stream together with
all their edges. At each step the algorithm maintains a fractional matching { f.}.cr, where the capacity of
each vertex in () is infinite and the capacity of each vertex u € P is equal to the number of times it has
appeared in so far (i.e. always between 1 and k). The capacity of an edge e = (u,v),u € P,v € @Q is equal
to the capacity of u. For a vertex u € P we write §(u) to denote the set of neighbors of u in G.

The fractional matching f, is initialized at zero, and upon arrival of a vertex u € P the algorithm con-
tinuously assigns a single unit of water to its least loaded neighbors. At the end of the k passes we obtain a
bona-fide matching by reducing the load of vertices on the () side that were assigned more than & units of
fractional mass down to k units (simply reduce the load on neighboring edges). Scaling the resulting allo-
cation by 1/k gives a feasible fractional matching, which can then be rounded to an integral matching using
standard techniques in nearly linear time in the support size of the matching. The algorithm for processing a
vertex u € P upon arrival is summarized in Algorithm [Tl below.

Algorithm 1: PROCESSVERTEX(G, u, d(u))

1: WATERFILLING(G', u, 6(u)) D> Assign one unit of water to least loaded neighbors
2: REMOVECYCLES(G, f).

The function WATERFILLING(G', u, 6(u)) increases the load of the least loaded neighbors of u simultane-
ously (with other neighbors joining if the load reaches their level) until one unit of water in total is dispensed
out of u. Here the support of the fractional matching { f. }.cz maintained by the algorithm is denoted by G’.
The function REMOVECYCLES(G’, f) reroutes flow among cycles that could have emerged in the process,
ensuring that the flow is supported on at most |P| + |@Q| — 1 edges.
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Efficient implementation. First note that WATERFILLING(G’, u, 6(u)) can be implemented to run in time
O(|0(u)|log n). Indeed, we need to find # such that

Z max{f — ¢,,0} =1,

e=(u,v)€d(u)

where ¢, is the load of v € @ in the current fractional allocation. The function on the lhs is non-decreasing
for all 6 > min,_, 4)es(u) Cv» 80 the root can be found to within polynomial precision in O(log n) time using
binary search.

Similarly, the function REMOVECYCLES can be implemented to run in nearly linear time at the expense
of a loss of an O(logn) factor in space complexity. To achieve this we first buffer incoming vertices until
the number of edges received is ©(n) and only perform cycle removal after such a batch has been received.
Let f : E — R denote the allocation corresponding to one such batch. Write f = E?:%Og n) g-i fi, where
fi + E — {0, 1} encode the sets of edges whose i-th bit in the allocation f is set to 1. Denote the corresponding
edge setsby E; C E,i=0,1,...,0(logn). Now for every E; run DFS to find cycles, and note that every
time a cycle in F; is found, we zero out half of the edges on the cycle while rerouting flow in f;. Thus, the
amount of work on Fj; is indeed linear in its size, resulting in a nearly linear runtime bound overall.

We now turn to analyzing the approximation ratio. We first give a sketch of the proof under additional
assumptions on the graph G, and then proceed to give the relevant definitions and the complete argument.

4.2 Analysis in a simple case (when G has a perfect matching)

In this section we assume that G = (P, @, F) has a perfect matching M in order to illustrate the main idea
behind our analysis.
We start with

Definition 32 (Level sets b°) For each k > 1 and all > 0 denote by b*(x) the number of vertices in Q that
have load at least x after k passes in Algorithm I}

Note that b*(z) is non-increasing in  and b*(x) — b¥~1(z) > 0 for all 2. Furthermore, we have
b*(0) = |M| and / vF(x)dx = k|M|. (45)
0

The first equality holds since G is assumed to contain a perfect matching, and the second holds since every
vertex u € P contributed 1 unit of water, amounting to | M| = | P| amount of water overall, and (43)) calculates
the sum of loads on all v € @. Furthermore, note that the size of the matching constructed by the algorithm
after k passes is exactly equal to

1 k
- / ¥ (x)dz, (46)
k Jo

since every vertex v € Q) with load z contributes % -min{k, z} to the matching. Hence the approximation
ratio after k passes is at least

1 1/°°k
1—— .~ b"(z)dx, a7
o ) T

where we used (43) to convert into (47). Thus, it is sufficient to lower bound fok bk (z)dz in order to
analyze the approximation ratio, and we turn to bounding this quantity.

First consider the case k = 1. For each such vertex u consider its match M (u). Since u ended up at level
at least x after the first pass, its match M (u) must be at level at least x after the first pass as well, as levels are
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non-decreasing. Hence, we have

b'(z) = |[{u € P :uisatlevel > x after first pass}|

> {u € P : u allocated some water at level > x during first pass}|
(e e]
> / bl(s)ds
x

for all z > 0. This, however, together with (@3] can be shown to imply that [>°b'(s)ds < |M|- e~ for all
x. We thus get using (47) that the approximation ratio after one pass is at least 1 — 1/e.

Now suppose that k£ > 1 and consider vertices v € () that are at level at least x after k-th pass, but were
at a lower level after (k — 1)-th pass. There are exactly b*(z) — b*~!(z) such vertices. Since these vertices
u were at level at least x after k-th pass, their matches M (u) must have also been at level at least « after the
k-th pass, implying similarly to the above that

(48)

)z [ () — b (s))ds (49)

for all z > 0. The above equation implies that for all £ > 1
o o
/ b (s)ds < [M] / F(s)ds, (50)
x €T

where 1—F*(z) is the cdf of the Gamma distribution with scale 1 and shape k, i.e. F*(z) = [ e™%s*71/(k—

T

1)!ds. Using this in yields the desired bound on the approximation ratio, i.e. 1 — e *E*~1 /k!.

4.3 Analysis in a general case

The proof sketch we gave in the previous subsection works under the assumption that G has a perfect match-
ing. The general case is more involved. While the analysis above proceeds by showing that not too much
mass will be in the tail |, koo b*(x)dz, here we find it more convenient to show that substantial mass will be

in the head of the distribution, i.e. bound fok b*(z)dx from below. We extend the argument using a careful
reweighting of vertices and scaling of levels guided by the structure of the canonical decomposition of G
introduced in [GKK12]], which we now define.

Let G = (P,Q, E) denote a bipartite graph. For a set S C P we denote the set of neighbors of S by
I'(S). For a number @ > 0 the graph G is said to have vertex expansion at least « if [I'(S)| > «|S]| for all
S C P. The canonical decomposition of G is defined as follows:

Definition 33 (Canonical decomposition) Ler G = (P, Q, E) denote a bipartite graph. A partition of Q =
Ujer 75, T3 NTi = 0,5 # i and P = U7 55,55 N S; = 0,j # i together with numbers o > 0, where
aj < 1forj <0andaj > 1 for j > 0is called a canonical partition if

1. for all i one has I’ (Ujez,jgz' Sj) C UJGZ,jgiTj;
2. |T(S)NTj| > «|S| forall S C Sj forall j € I;
3. |T;1/1S;] = o, forall j € T.

Here T C 7 is a set of indices.

See Fig. [ll for an illustration.
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Figure 1: Canonical decomposition of a bipartite graph. Note that edges from S; only go to T} with j < ¢
(property (1)).

Vertex capacities and canonical matching. First, define vertex capacities as follows. For v € P let j be
such that u € Sj(see Fig.[I), and let ¢(u) := min{1, c; } . Similarly, for v € @ let j be such that v € T} (see
Fig.[I) and let ¢(v) := min{1, 1/c; }. We will also use

Claim 34 (Monotonicity of capacities) For every i < j and every v € T;,w € T} one has c¢(v) > c(w).
Similarly, for every i < j and every v € S;,w € S; one has ¢(v) < c(w).

Proof: Follows by monotonicity of «;’s. [ |

Definition 35 (Canonical matching) Let M : E — |0, 1] be a (possibly fractional) matching in G such that
D ees(u) Te = c(u) forallu € P=\J; Sjand 3 e, Te = c(v) forallv € Q = J; Tj.

Such a matching exists by properties (2) and (3) of the canonical decomposition. Furthermore, any such M
is a maximum matching in G, since |M| = |C|, where C' = (Uj;ajzlSj) U (Uj;aj<1Tj) forms a vertex
cover in G by property (1) of the canonical decomposition. For every integer j = 1,...,k and e € E we
let MZ € [0, 1] denote the load assigned by our algorithm in the j-th pass to edge e. Note that M does not
necessarily form a matching, but for every u € P and every j one has > __ 5(u) M (e) = 1, since every vertex
on the P side dispenses one unit of water in every pass. We note that

Claim 36 For every graph G, if (S;,T}) is the canonical decomposition (as per Definition 33), M a canon-
ical matching in G (as per Definition 35, and vertex capacities as defined above, then ),  pc(u) =

2 veq c(v) = [M].

Shadow allocation and density function ¢ (z). We will use the concept of a shadow allocation, in which

whenever « units of water are added to a vertex v € () in the original allocation, a/c(v) units of water are

added to v in the shadow allocation. Now whenever water from a vertex u € P is added to vertex v € () at

level x during the j-th pass in the shadow allocation, we let qﬁ%(m) := c(u), where ¢ is the density function.
The following claim is crucial for our analysis:

Claim 37 For every graph G, if M is a maximum matching in G, vertex capacities ¢ and density function ¢
are defined as above, one has ), ., c(v) IS db(x)de = M| forall j =1,... k.
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Proof:

veQ 0 veQ e=(u,v)€d(v)

I
g
o)
S
=
S

where the first equality is by definition of the shadow allocation, the fourth is by definition of M and the last
is by Claim 36 u

Load of a vertex and level of an edge. The core of our analysis will consist of bounding the distribution
of water levels among vertices in () in the shadow allocation, showing that there cannot be too many highly
overloaded vertices. For a vertex v € @ let [*(v) denote the load of v in the shadow allocation after the k-th
pass. For an edge e = (u,v) let [¥(e) denote the load of v in the shadow allocation after u is processed in the
k-th pass. The key property of [¥(e) that we need is given by

Lemma 38 For every k > 1, every e = (u,v) such that M’“(e) > 0and f = (u,w) such that M (f) > 0 one
has 1F(f) > ¥ (e).

Proof: Denote the load of v in the original (as opposed to shadow) allocation after w is processed during
the k-th pass by x, and denote the load of w in the original (as opposed to shadow) allocation after w is
processed during the k-th pass by y. We have y > x by the definition of the waterfilling algorithm. Also
note that I*(e) = x/c(v) and I¥(f) = y/c(w) by definition of the shadow allocation. By the properties of the
canonical decomposition one has v € T;,w € T} for some i < j, and hence c(v) > ¢(w) by Claim[34l We
therefore have

F(f) = y/e(w) 2 y/e(v) = z/c(v) = 1*(e),

as required. [ |

Reweighted level set sizes b*. For every > 0, integer k > 1 we let b*(z) denote the (weighted) number
of vertices with load at least = in the shadow allocation, defined as follows:

bk(‘r) = Z C(U) ’ ]llk(v)Zm'
veEQR

Note that b*(0) = > veq c(v) = |M] for every k. We have

Lemma 39 Algorithm![ll constructs a matching of size at least % fok V¥ (z)dx.
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Proof: For a vertex v € () let lmg( v) denote the water level of at v in the original allocation after k passes.
Then v contributes  min{k, lo;¢(v)} to the matching. At the same time [*(v) = l’g,,g( )/c(v), so

1
E/o b (2)da = + / Z ) Lik)zode
=T Z c(v) -min{k‘,lk(v)}

vEQR
1
= E Z C( mln{k7 org( )/C(U)}
vEQR
1 .
= E Z Hlln{C( k? l]grg( )}
vEQR
1 .
< Z E mln{kv ll;rg(v)}v
veEQR
where we used the fact that ¢(v) < 1 for all v in the last step. This completes the proof of the lemma. |

Bounding the evolution of b* (). In what follows we derive bounds on the reweighted level set sizes b*(z),
which then allow us to lower bound + fok v* (x)dx. We start with

Lemma 40 One has forall x > O and all k > 1

Proof: First note that

(D

= c(u) Z MP¥(e)

o(u)

by definition of the shadow allocation and density function ¢. Recall that for an edge e = (u,v) we let I*(e)
denote the load of vertex v right after w arrives in the k-th pass. At the same time,

bk(x) = Z C(’U) ) ]llk(v)zx

veEQR

Z Z M(e)  (since Z M (e) = c(v) for every v)

veQ e=(u,w)EE e=(u,v)eE (52)
1k (v)>z

> Z Z M (e).

ucP e=(u,w)eF
*(e)ze
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Now recall that by Lemma[38] for every v € P if u dispensed some water at level at least x in the shadow
allocation during the k-th pass, i.e. if

> M*(e) > 0,
e=(u,v)€8(u):lk(e)>x

then its canonical matches, namely vertices v such that M, ,y > 0, were at level at least z in the shadow
allocation after u was processed during k-th pass. In particular, in that case we have

Z M(e) = c(u).

e=(u,w)EE:lk(e)>x

Since ), _ (u,0)E6(w)lk () > ]\7’“(6) < 1 always, we thus get for every u € P
c(u) > M*(e) < > M (e).
e=(u,v)ed(u):l*(e)>x e=(u,v)EE:*(v)>x

Indeed, if the sum on the lhs is positive, then the sum on the rhs equals c¢(u) (which suffices since the lhs
is bounded by c(u)), and if the sum in the lhs is zero, then the inequality holds trivially since the rhs is
nonnegative. Summing over v € P, we get

> e(w) > MEe) <> > M(e).

ueP e=(u,v)€d(u):lk (e)>x uEP e=(uv)eE:lk(e)>x

This, together with (51)) and (32) yields b* (x) > f ZUEQ v) - ¢F(s)ds, as required.

We now get, letting b° = 0 for convenience,
Lemma 41 Forall v > 0and all k > 1 one has | M| — b*(z) < [7(b"(s) — b"71(s))ds.

Proof: By Lemma@(] we have b*(z) > [ > ve0 c(v)¢F(s)ds. Putting this together with Claim 37 we get
M| —b¥(z) < [ e (v)¢F(s)ds for all z > 0 and k& > 1. To complete the proof, we note that, since
Pr(s) < 1f0rallv,k: s,

/ Z qbk )ds < / Z 1[v is allocated water at level s in pass k]ds
veEQ veQR
/ Z ]llk ]llk—l(v)<s)d8
veEQR

- /0 (V" (s) — B (s))ds

for all £ > 1 and z > 0, where we let b° = 0 for convenience. [ ]
We now prove lower bounds on b* (). Recall that for integer k& > 1

Fk(:n):/ooe_s Rk 'dS—Ze Tt /i), (53)

so that 1 — F*(z) is the cdf of the Gamma distribution with scale 1 and shape k. We now prove our main
lower bound on b*:
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Lemma 42 For every k > 1 for all z > 0 one has [ b*(s)ds > |M|- [ F¥(s)ds.

Proof: We prove the claim of the lemma by induction on k.

Base: k = 1 Recall that by Lemma&T] one has

|M| —bl(z) < /x bl(s)ds.

0

Letting f(z fo bl(s)ds, we get by rearranging (534) and noting that f'(x)

bl () that f'(x) >

M| — f(z )for all x > 0. We also have f(0) = 0. Thus, we have f(z) > |[M|- (1 —e™*)

|M|- [ F'(s)ds, as required.

Inductive step: £ — 1 — k£ We need to prove that

/x Ve (s)ds > | M| - /x F*(s)ds.

0 0

Using Lemma 4] and the inductive hypothesis, we get for all z > 0

k(g [T $) — b 1(s))ds
V() > M| /O<b<> b=1(s))d

M- /0 b (s)ds + /0 b (s)ds

xT xT
> |M| — /0 V¥ (s)ds + | M]| - /0 F*=1(s)ds.  (by the inductive hypothesis)

Let f(x fo b*(s)ds (note that f(0) = 0). We have from (36) that

f(@) > M| — f(z) + M| /0 " PR (s)ds.

Thus, for all z > 0 one has f(x) > g(x), where g(z) is given by the solution of

J(x) = |M]| - glz) + M| /0 " P (s)ds,

(55)

(56)

which we now solve. The latter implication holds by Claim [50] applied to |[M| — f(x). Note that since

g(0) = 0, we have by the above that ¢'(0) = |M|. Thus, h(z) = ¢'(x) satisfies
W(x) = —h(z) + M| - F*}(2), h(0) = |M].

The solution to (37)) is given by

h(z) = |M]|-e® (/0 S FF=1(s)ds + 1> .

Calculating the integral in (58)) using the expression for F*~1(s) given by (33) yields

o k=2 k-1
/ o 1 ds—/ / 2 P 2_Zdzd8—/ Z—s]ds—zj—:nj
0 _
7j=1
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and hence

k-
xr
h(z) = |M|-e™* </ " F*1(s)ds + 1> = |M]|-e Z =l 41
0 .
by (53). We thus get g(z) = [y h(s)ds = |M]|- [y F*(s)ds, and therefore [ b*(s

|M|- [ F*(s)ds as requlred

Given Lemma 2] we immediately obtain

k-1

=)

Theorem 43 Algorithm[Ilachieves a (1 —e™*
the input stream.

Proof: By Lemma [39] together with Lemma[42] the approximation ratio is at least

. l/kb’l‘t(m)dgn>l/ka(ac dx = . OOF"“(ac)alac
|M| & Jo “kJo a k J '

We now recall (by (33)) that F*(z) = Z? é e %z /5!, Integrating by parts, we have

[e.e] [e.e]
/ ezt [jldx = —e_xaj]/j”zo —I—/ e T2d /(G — 1)\d,
k k

and hence
1 o | pook-l ‘ = .
- Fk = T jlde = = — e kK /41,
k/k (z)dz k/k ;e 27 /jldx k;)(k 5)e "k [
Since
1 k—1 k—1 .
PO (k- e FK/j1 = }{:e PRI e PRI (- 1) = e TR (k
7=0 7j=1
we thus get

1 1 [k
mﬂ.z/)$@Mx21—é*W4ﬂk—Dh
0

as required.

kpk—1 1 —-3/2
Remark 44 We note that the approximation ratio satisfies < W = Jon + O(k / ).

S Gap-existence

— M| F}()

yds > f(x) >

)-approximation to maximum matchings in k passes over

1),

In this section we show how our techniques yield an efficient algorithm for Gap-existence, thereby proving

Theorem 4]
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We now describe DISCRETIZEDWATERFILLING, which is a version of Algorithm [Il We will explicitly
maintain a subset I* C I of size O(|A|/e) while relying on an oracle NEWNEIGHBOR (a, I*) that, given any
set I* C I, outputs any node ¢ € I\ I* that a is connected to or () if all neighbors of a are in I*. The difference

Algorithm 2: DISCRETIZEDWATERFILLING(G, a, €, k)

LI« >N (a) C I stands for the vertex neighborhood of a € A
2: while < 1 unit of water allocated do

3:  while 3¢ € N(a) N I* withlevel < (¢/4)k and < 1 unit of water has been allocated do
4: Allocate water to ¢ until it is at level (e/4)k
5 if one unit of water has been allocated from a then
6: return
7 end if
8 i <~ NEWNEIGHBOR (a, [*) >NEWNEIGHBOR (a, I*) returns () if all neighbors of a are in I*
9: if i # () then
10: I « 1= U{i}
11: else
12: break from both loops
13: end if

14:  end while
15: end while
16: Perform water filling on neighbors in /™.

First we prove
Lemma 45 The space used by Algorithm2is O(|A|/e).

Proof: Call a vertex saturated if the amount of water in it is at least ek. The number of saturated vertices is

O(]A|/¢) since there are k|A| units of water in the system, and each saturated vertex accounts for at least k.

We say that an unsaturated vertex 4 belongs to a € A if ¢ was added to /* when NEWNEIGHBOR was called

from a. Note that for each a € A only one ¢ € I belongs to a. Thus, this amounts to at most | A| additional

vertices. |
Our algorithm for Gap-Existence is as follows:

Algorithm 3: GAPEXISTENCE(G, €)

1: Run DISCRETIZEDWATERFILLING(G) with k = O(log(}_ ,c 4 Ba/€)/€?).
2: Output YES if at most €/2 water is allocated above level k/(1 — ¢/2), and NO otherwise.

We now assume that we are in the YES case, i.e. there exists a matching with budgets B,, and prove that
the algorithm will find a matching with budgets | (1 — €)B,].
We recall definitions of levels and level set sizes below.

Definition 46 Define 1* (i) to be the level of water at vertex i after the k-th pass (here we refer to the level
of water in the actual allocation constructed by waterfilling, not the shadow allocation used for analysis
purposes in Section 4.3).

Definition 47 (Level set sizes) For each k > 1 and all x > 0 denote by bk(w) the number of vertices in 1
that have load at least - after k passes, i.e. the number of vertices i € I with IF(i) > x.

Note that b*(z) is non-increasing in z and b* () — b*~!(z) > 0 for all z, and [;° b*(2)dx = k| A|, since
every vertex dispenses one unit of water in every pass.
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We now note that the allocation constructed by DISCRETIZEDWATERFILLING can be used to obtain a
matching as follows: we first scale the allocation by a factor of 1 — €/2, then take all water allocated below
level k. Dividing by 1/k gives a matching where every vertex in A is assigned at least

1 o0

(1—¢€/2)- B, vF (x)dx (60)

b Jkja—er2)
fractional mass. Thus, if the second term is bounded by €/2, then the graph contains a matching with budgets
|(1 —€)By],a € A, i.e. if the algorithm outputs YES, it is correct. In what follows we show that in the YES
case, i.e. when the input graph admits a matching with budgets B,, a € A, the second term is indeed bounded
by €/2.

For simplicity of notation we assume from now on that every a € A is replaced with B, unit demand
copies (and we use A to denote the set of those copies, abusing notation somewhat). We assume that we are
in the YES case, i.e. the original graph contains a matching with budgets B, and thus the new graph admits
a perfect matching of the A side — denote this matching by M. For every edge e of G, every k we let M*(e)
denote the amount of fractional mass allocated along edge e in the k-th pass. For an edge e = (a,i) we let
1¥(e) denote the load of vertex i right after a arrives in the k-th pass, and let 1¥(4) denote the load of 7 after
the k-th pass.

Lemma 48 One has for all k > 1 and x > (e/4) - k

) 2 [0 — 1 s (61)
where b° = 0.

Proof: Intuitively, the lemma follows since if a vertex a € A ended up allocating water at level at least x
during the k-th pass, its match must have been at level at least = when a arrived. Together with the fact that
levels are monotone increasing this gives the result. We now give the details.

First note that

/OOZ(bk(s)—bk_l(s))ds:Z S ME(e)

iel 1€l e=(a,i)€d(7)
k
*(e)>z - (62)
S DI
acA e=(a,i)€d(a)
1k(e)>x
At the same time
(@) = Lkysa
1€l
> Z Z M(e)  (since Z M (e) < 1foreveryic I)
lkzle).;m e=(a,i)EF e=(a,i)€E (63)

> Z Z M (e).

a€A e=(a,i)€E
1k (e)>x

Now note that if @ € A dispensed some water at level at least « during the k-th pass, i.e. if

> M*(e) > 0,

e=(a,i)€d(a):lk (e)>x
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then vertices i such that M, ;) > 0 were at level at least x after a was processed during k-th pass. In particular,

in that case we have
Z M(e) = 1.
e=(ai)EE:lk(e)>x

Since 3. (4.1 e8(a)ith (¢)>a Mk(e) < 1 always, we thus get for every a € A
> M*(e) < > M(e).
e=(a,i)€d(a):lk (e)>x e=(ai)EE:lk(i)>x

Indeed, if the sum on the lhs is positive, then the sum on the rhs equals 1 (which suffices since the lhs is
bounded by 1), and if the sum in the lhs is zero, then the inequality holds trivially since the rhs is nonnegative.
Summing over a € A, we get

> > MEe) <> > M(e).

a€A e=(a,i)€d(a):l* (e)>x a€A e=(a,i)€E:l*(e)>x

This, together with (62) and (63) yields b*(z) > [ 3. (bF(s) — bF~1(s))ds, as required. [ |
We now get, letting A = (¢/4) - k to s1rnp11fy notation,

Lemma 49 Forallk > 1andall x > A, then
/ b (s)ds < |A| - / F(s)ds. (64)
T z—A

Proof: We prove the lemma by induction on k.

Base: k = 1 Recall that by Lemma 48] one has
bl (z) > / h bl(s)ds, (65)
forall z > A. Let f(x) = [°b'(s)ds, so that f(z) < |A] for every z, and note that for z > A
Fla) = V@) < = [ ¥ (s)ds = ~fa).

Let g(x) be a function such that g(A) = |A| and ¢'(z) = —g(z) for all z > A. Then we have
f(z) < g(z) for all x > A, and therefore for all z > A

/oo b (s)ds = f(z) < gla) = |Aje="t2 = |A]. /oo e=Sds = | A| /oo F(s)ds.
T z—A T

—A

Inductive step: £ — 1 — k£ We need to prove that

/ b (s)ds < |A| / F(s)ds. (66)
Using Lemma 48 we get for all x > A
vF(x) > / (bF(s) — b*"Y(s))ds = / bE(s)ds — | A / FFY(x), (67)
x T z—A
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where we used the inductive hypothesis to upper bound [ bF~1(s)ds with [A| - [ \ FF~1(s)ds. We

thus have that the function f(x f b*(s)ds satisfies
fo) < —f@+ 1Al [~ P, f8) < kAL

where the last condition comes from the fact that every vertex in A dispenses one unit of water in every
pass overall, so the total amount of water dispensed at level x or above is bounded by k|A|.

Let g satisfy

(@) ==g(@) + A1+ [ P a(8) = KA 9

so that g(x) = [ b¥(s)ds for z > A (by Claim[50lbelow). Let h(z) = ¢’ (), so that
W (z) = —h(z) —|A| - F*" Yz — A) (69)
and h(A) = ¢'(A) = —g(A) + |A] - [;° F*(s)ds = —k|A| + (k — 1)|A| = —|A|. The second

to last equality holds since fooo F*=1(s)ds equals the expectation of the sum of k& — 1 exponentially
distributed variables of unit scale, which is k — 1.

The solution to (69) is given by

z—A
h(z) = e~ 2+5 <—\A[ . / e FF1(s)ds — ]A\) . (70)
0
Calculating the integral in ([ﬂ}]) yields
/ o Y(s)ds = / / 26 dz2ds
0
= /m Mi%s’ds (71)
0 =0
k—1
1 :
= — (@ =AY,
=
and hence
k—1 1
hz) =e ™2 | —|A] - ﬁ(iﬂ —A) — 4]
j=1
k—1 1 '
R (@ — A
i=0 7’
= —|A|- FF(z — A)

by (33). Therefore



and [ bF(s)ds = f(z) < g(z) = |A|- [° 5 F*(s — A)ds, as required.
|

Claim 50 Foreveryg:R — R, if f : R — Rsatisfies f'(z) < —f(x)+g(z), f(0) = afor some a = 0, then
f(z) < h(x) for h : R — R that satisfies h(x) = —h'(x) + g(x), h(0) = a and is pointwise non-decreasing
in a.

Proof: Let ¢(x) = e” f(x), so that
qd(z) = e"f(z) +e"f'(x) < e"f(z) + " (—f(2) + g(2)) = e"g(2).

Integrating from 0 to z, we get q(z) < ¢(0) + [ eSg(s)ds = f(0) + [ eSg(s)ds. Letting h(z) :=
“(fy e*g(s)ds + f(0)), we note that

ﬂmzeﬂ«mgeﬁumrygﬁw@M$=hm>

It remains to note that h'(z) = —h(x) + g(x) for all z > 0, h(0) = f(0) = a, and h(x) is non-decreasing in
f(0) = a, as required. [ |
We will need

Lemma 51 Forallk > 1andd >0

1 o0
—/ FH(@)de < k- e~ (1 + 5)F
k Jra+s)

Proof: Recalling that F*(z) = Zf 01 e~z /5! and using integration by parts

/ e_mznj/j!daj = —e_mznj/j!mlw) —I—/ e_xﬂfj_l/(j —1)ldz,

E(1+9) k(1+06)
we get
o) o) k—1
F*(z)dx :/ e ad [jldx
/k(1+6) k(146) QZ:;]
k—1 _
= (k=) " k(1 + ) /3!
§=0
(72)
§€_5k 1+5 kzk,j—i-l/]
< e k(1 40)* ka]/j'
=k-e (14 0)k.
|

We now use Lemma [49] to upper bound the second term in (60) by €/2, as required. By Lemma [49] we

have
%/ Ve(x)de < |A|- FF(k/(1 —€/2) — (e/4)k). (73)
k/(1—e/2)
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Since

k(1= f2) — (/) = k- L2 e2 g (/A= €/2)

1—¢/2 1—¢€/2
_ €/2 — (e/4)(1 —¢/2)
_k<1+ 1—¢/2 >
> k(1+¢€/4)

when € is smaller than an absolute constant, we get, letting 0 = €/4 for convenience of notation, that by
Lemma 3]
1

—/ bk(x)dx <k- e~ k(0—In(1+5)) <k- e—Q(E2k) 74
k Jr@1+s)

as long as 0 = ©O(e) is smaller than an absolute constant. Hence, letting k& = C ln(% Y aca Ba)/ €2 for a
sufficiently large constant C' > 0, we get by (60) that every advertizer is satisfied with budget at least

(1 - 6/2) B, — %/ bk(x)dx >a- B, — <Z Ba> . ke—Q(ezk)
k

/(1=€/2) vy
> (1—¢/2) By —¢/2
2 (1 - 6) - B,

This completes the proof of Theorem
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A Proofs omitted from Section 3

Lemma [8] (Restated) For every m > 2, integer W > 1 and &' € (0,1) such that 1/0' is an integer, if
Y = [m*|™ and the set S is defined by

S={yeY:(y,u)+ Ay mod W € [ay,by) W, forallu € U},

where U is a collection of binary vectors of fixed length w and ay,by € [0, 1] are constant integer multiples
of 1/ L for an integer L, the following conditions hold if W is an integer multiple of w - lem(L,1/8"), Ay /W
are multiples of 1/ L and m is sufficiently large.

If maxyey,veu(u,v)/|v| < &, then
u#v

S| = 1V]- T] (bu = aw)| < UP(6LS +4/m) - Y.
uel

Before proving the lemma we introduce some definitions. Throughout this section we use the notation
Y = [m*)™ for integer m. First define

Definition 52 (Bad vertices) We let B C Y denote the set of bad vertices, i.e. vertices with at least one
coordinate close to 0 or m*:

B :={x €Y :3i € [m] such that x; < m* or x; > m* —m?}.
We will use

Lemma 53 (The hypercube Y = [m*]" contains few bad vertices) For every integerm > 1, if Y = [m*]™,
then |B| < (2/m)|Y|.

Proof: Follows directly by a union bound
|B| < Z Hz €Y :z; <m?oraz; >m* —m?} <m-(2m?/m*) - |Y| < (2/m)|Y].
1€[m)|
|

We will extensively use the notion of a discretization of the cube Y = [m*]™:

Definition 54 (Discretization with precision L) For every integer m,W,L > 1, 6 € (0, 1), every collection
U of binary vectors of length m, every q € LY define

gu—1 q_u
L 'L

S(q)::{yGY:(y,u) modWG[ >'VV,f0rallu€Z/{},

and

Ints(S(q)) == {er:(y,u) mod W € [quL_l +(5,qfu— } 'T/V,foralluel/{}.
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We will also use

Definition 55 (Shifting map 1)) For every integer m,W, L > 1, every collection U of binary vectors of
weight w such that W /w is an integer, for every pair q,r € [L|" let

w
UrosgW) =y + Y (@ = T)u
ucld

We will use

Lemma 56 For every § € (0,1), integer m, W, L > 1, every collection U of binary vectors of weight w, if
Y = [m*™, B C Y is the set of bad vertices (as per Definition [52), then the following conditions hold. If
Ul - (W/w) < m?, maxuey veu(w, v)/|v| < & for some & € (0,6/|U|), then for every pair q,r € [LI¥ we

u#v

have

Ursq(Ints(S(r)) \ B) € S(q)-

Proof: First note that for every y € Ints(S(r)) \ B one has for every ¢ € [L¥

w
Urog(y) =y + Z(q—T)u'u'm €y,
ueld

since

w
Sa—r)uu——
ueld L-w

33

(@=r)a-u- H
q—’,"u.u.—
uceld L-w 0

w
< Ul g = ol fulloe < 2]+ (W) < 2.

To obtain the last inequality we used the assumption that u is a binary vector, and the assumption of the lemma
that [U|(W/w) < m2.

The rest of the proof proceeds in two steps. We first prove basic bounds on the dot product of 1, _,4(y)
with vectors u € U, and then put these bounds together to obtain the result of the lemma. We have for every
yeYandueld

(Yr—q(y),u) = (y,u) + (¢ —7)u - Ju| - T o (since u is a binary vector)
W
w
+ VEME‘:’#u(q —7)v-(v,u)- T w
(@ —7)u . o (75
= (y,u) + 7 w (intended shift in direction of u)

W
+ Z (g—7)v-(v,u)- T o (small error term from near-orthogonality)
vVEU,v#u "W

We now bound the error term (the last line) in the previous equation. We have, using the assumption that

maxyey, vey(u, v)/|v| < ¢ as well as the assumption that all vectors in I/ have the same Hamming weight
u#v
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w, that

w

D (a=rvvw g < 3T (gl 8l
< w s w
velu,v#u vVEU,v#u
w
!/
< Z ’(q - 74)v‘ 0 f (76)
vVEU,v#u
< Z W (since ||g — 7| < L)
vVEU,v#u
< [U|§'w
Combining (73) and (Z6), we thus get
(q — 74)11 !

L

Equipped with the bound above, we now proceed to complete the proof of the lemma.

We now show that for every y € Ints(S(r))\ B one has ¢,_,4(y) € S(¢). Indeed, for each y € Ints(S(r))
one has by definition of Ints(S(g)) (Definition [54))
T — 1 Ta

(q_r)u
i —|—5,L 5]4— 7 W mod W

(0 + 1= ) o w ([

qu—1 Gu
6[ 7 +5’f 5] mod W

Combining the equation above with (77), we thus get for every y € Y \ B

u 1 u
(Yr—q(y),u) mod W € [q 7 ,%) mod W

since &' < &/|U| by assumption of the lemma. We have thus proved that for every ¢, € [L]* one has

wrﬁq(IntcS(S(T)) \ B) - S(Q)7

as required.
|

We will also use

Lemma 57 For integer m,w, W, L > 1 such that m* > W /w, every vector u € {0, 1}™ of Hamming weight
w, if Y = [m*™, B CY is the set of bad vertices (as per Definition[52)), then the following conditions hold.
IfW/(L - w) is a positive integer, then for every T C [L] we have

1
Hy €Y :(yu) mod W e [jT %] W, ez}‘ < (|Z|/L +2/m)|Y].
Proof: Consider a discretization of the cube (similarly to Definition [54) with &/ = {u}. Specifically, for
Jj € [L]let

Jj—17
Zj = {yGY:(y,u) mod W € [T’f] W}

and

'_ ' J—17
75 = {er\B.(y,u) mod W € [T’f} W}
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We also let z; := | Z;| and 2 := | Z}| for every j € [L].
To bound the size of Z; and Z ]’-, we use the shifting map ¢ from Definition 55 with &/ = {u}, so that for
every i,j € [L]
w

?ﬁj—n‘(y):y—i'(i—j)'u'L'—M-

Note that for every y € Y one had]
. w 1—7
(®j=i(y),u) = (y,w) + (i = j) - Jul - s =~ :

u|

and for every coordinate s € [m)]

w

L |ul

Uyenle = (ot =) o) = =) o

ul’

Since for every y € Y\ B and every coordinate s € [m] we have ys € [m?,m* —m?], |i —j| < Land u
is a binary vector, we get that
€ [m* = W/la|,m* —m? + W/lul] € [m"]

e
Ys J) st

since m? > W/|u| by assumption of the lemma, as required. We thus conclude that for every i, j € [L] one
has

$i-i(Z(J) \ B) € Z(i).

Since 1;; is injective for all 4, j € [L], we therefore have that 2% = |Z}| < [Z;| = z; forall i,j € [L].
We thus have, for any subset Z C [L] of indices

DG A (5

JET JjET JjET
<(ZI/L) D 2+ Y (2 —#)  (since 2} < 2 forall i € [L])
jeL] JET
< (Z1/L) > =z +|B| (since Z; \ Z; C B and Z;’s are disjoint)
JelL]

< (|Z|/L) Zz] (2/m)|Y]  (by Claim[B2)

as required. [ |

Lemma 58 For every ¢ € (0,1) such that 1/0 is an integer, integer m, W, L > 1 such that W/(lem(L,1/§) -
w) is an integer; every vector u € {0,1}™ of weight w, if Y = [m*]™, B C Y is the set of bad vertices (as
per Definition[52)), then for every I C [L] we have

Y 15(a) \Int5(S(a)| < [U|(35L +2/m) - Y|

qe[LH

"Note that here we prove stronger properties of the shifting map than those proved in Lemma[36] but only for the special case of
U containing a single element.

51



Proof: One has using Definition [34]

> 15(e) \ Ints(S(9))

qe[LU

< .
_|U|ng,}{({y€ Y :(y,u) mod W € [

—0, = —1—5] W, for some q € [L]},
Let L’ be the least integer multiple of 1/6 and L. By Lemma[37] with parameter L’ (note that the precon-
ditions as satisfied since W/(lem(L, 1/6)

/
— e L4 54 ]
7= {q e[L]: 77 € [L (5,L+(5 for some ¢ € [L]}
L/
= {q’e [L]:q € [q.f—d.L’,q f—l—éL’] for some ¢q € [L]},
we get, using the fact that |Z| < (26L' + 1) - L, that

) is an integer by assumption of the lemma) and

HyGY:(y,u) modWG[ —1

- L,} W,je IH
< (IZI/L" +2/m)lY|
<((26 +1/L"L +2/m)|Y|
< (36L +2/m)|Y] (since L' > 1/§)
Putting this together with (Z8)) yields the result

|
/L. Recall that per Definition [54] we have

Proof of Lemma [I8 Consider a discretization of the cube with parameters L and § € (0,1) (see Defini-
tion[34). We use § = 2|U| - &'. Let Ay = ay - L, By = by - L,u € U be integers such that a, = Ay /L, by =
By/L.

S(Q):{QGY¢(%U) modWG[

- — 1 qL“> W, forauueu}
and
Int5(S(q)) = {y €Y :(y,u) mod W e [q“lj ! 5 —5} - W, forallu eu}.
We let
J={qe[L]": ((qu/L)-W+Ay) mod W €|
= {qeL]": ((qu/L+ru/L)-

Au/L,By/L) - W}
W) mod W €|

Au/Ly Bu/L) : W} s
where 1y := Ay - L,u € U, are integers by assumption of the lemma. Note that

s=s@
€T
and hence, since S(q) N S(¢') = 0 for ¢ # ¢/, we have
[S1=""15(a)
€T
Also note that |.7| = [Tycp/(Bu — Au) = LU [Ty (bu — aw).
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The proof proceeds in two steps. We first lower bound the size of S and then upper bound it. The
arguments are quite similar, and rely on technical lemmas derived in the rest of this section.
Lower bound. First, by Lemma[56] that for every ¢, € [L] one has

Ygr(Ints(S(q)) \ B) € S(r). (79)

Note that the preconditions of the lemma are satisfied since [U| - (W/w) < m? (m is sufficiently large
as function of other parameters) and we set § = 2|U| - ’. Applying for every ¢ € [L]" and r € J and
noting that the mapping v,_,, is injective gives

|- [mts(S(q)) \ Bl < LU " S(g)

qe[LU a€d
We thus get
Z 15(q) > < (bu — au)) ) Z Ints(S(q)) \ Bl
qeJ ueld qe[LH
> ( (bu—au)> - Y (IS(@) \ Bl = S(9) \ Ints(S(q))))
uey qe[LH (80)
> <H<bu—au>> (Y] - 1B| - Z 1S(a)\ Its(S(a))])
ucld q€[L

> (H(b“ - au)> Y= [U|(36L + 4/m)|Y|. (by Lemma[58 and Lemma[53)

ueld

We used Lemma 58] and the fact that [],.,,(by — au) < 1 since ay,by € [0, 1] by assumption of the lemma
to go from line 3 to line 4, and Lemma[33|to go from line 4 to line 5.

Upper bound. At the same time we also get, using again that by Lemma [56] that for every ¢,r € [L]¥ one
has

Yg—r(Ints(S(q)) \ B) < S(r),
that

|- IS(g)l = LM s (S(q)) \ BI.

qe[LH SV

The above bound follows by noting that for every ¢ € J and r € [L]¥ one has v, (Int;(S(q)) \ B) € S(r),
and the mapping v, is injective. We thus get

> ts(S(q)) \ B| < (]‘[ (bu —au> > 1Sl = (H( —au)> Y. (81)

qeg ueld qe[L)U ueld

We also have by Lemma[58] (applied with §’) and Lemma[53]

> Int(S@)\ Bl = Y 1S(@)] = Y [5(a) \ Ints(S(a))| — | B

qcTJ qeJ qe[L]Y
> > [S(g)| — U|(35L + 4/m)[Y|.
qeJ
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Substituting this into (&), we get

YISl < <H(bu - au)> Y[+ [UIBOL +4/m)|Y | (82)

qeT ueld

Finally, putting (82) together with (80), we obtain the bound

S| = Y[ [] (bu — au)

ueld

< |U|(BSL +4/m) - Y]

< [UPP(6LS +4/m) - |Y|

as required. |
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