MAXIMUM SHATTERING
NOGA ALON, VARUN SIVASHANKAR, AND DANIEL G. ZHU

ABSTRACT. A family F of subsets of [n] = {1,2,...,n} shatters a set A C [n] if for every A’ C A
there is an F' € F such that FN A = A’. We develop a framework to analyze f(n,k,d), the
maximum possible number of subsets of [n] of size d that can be shattered by a family of size k.
Among other results, we determine f(n, k, d) exactly for d < 2 and show that if d and n grow, with
both d and n — d tending to infinity, then, for any k satisfying 2¢ < k < (1 + o(1))2%, we have
f(n,k,d) = (14 0(1))c(?), where c, roughly 0.289, is the probability that a large square matrix over
2 is invertible. This latter result extends work of Das and Mészdros. As an application, we improve
bounds for the existence of covering arrays for certain alphabet sizes.

1. INTRODUCTION

Let F C 2" be a family of subsets of [n] = {1,2,...,n}. A set A C [n] is shattered by F if
{ANS : S € F} =24, that is, if for every subset A’ C A there exists some F' € F such that
FNA = A" The well-known Sauer-Perles-Shelah lemma [Sau72; She72] states that if |F| > Z?;ol @)
then F shatters at least one set of size at least d. A slightly stronger result, first proved by Pajor
[Paj85] (see also [ARS02]), asserts that any family F shatters at least |F| distinct subsets. This

’?) subsets are shattered, then at least

implies the previous statement since if more than Z?:_ol (2
one of these subsets has size greater than d — 1. Combining this result with the Kruskal-Katona
Theorem [Kru63; Kat68], it is possible to determine, for all n, k, and d, the minimum possible
number of subsets of size d of [n] that are shattered by any family of & distinct subsets of [n] (see
Section 6.1 of this paper for more details).

Our objective in the present paper is to study the opposite question: given positive integers n,
k, and d, what is the largest number of subsets of size d that a family of sets F C 2" of size at
most k can shatter?’ Denote this number by f(n,k,d). It is clear that this number is 0 if & < 2¢ or

n < d and that for every fixed d it is weakly increasing in n and in k. Moreover,

0 k=1
b k? 1 -
o= {0 42
by placing both @ and [n] in F. Thus, the interesting cases are those where d > 2, k > 2%, and
n > d.
In this paper, we first demonstrate that the exact values of f(n,k,2) follow from work of
Kleitman and Spencer [[KS73] on pairwise independent sets. In the case where k = 2¢ Das and
Mészaros [DM18] obtained the following bound:
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Theorem 1.1 ([DM18]). For any n > d > 1, we have

cdnd

n d
cd(d>§f(n727d)g d‘ )

where
(24 —2)(29 — 4) ... (24 — 24-1)
(Qd _ 1)d—1
is the probability that d independent uniformly random vectors in [Fgl \ {0} are linearly independent.
Moreover, if n is a multiple of 2% — 1, equality holds in the upper bound.

Cqd =

Whenever n > d?, the quantities (Z) and %C!l are quite close, so Theorem 1.1 gives tight bounds.
In particular, it implies that for fixed d,

cqn®
d!

For smaller values of n compared to d, we can still get tight bounds at the expense of requiring
that d and n — d grow.

Theorem 1.2. If d and n grow, with both d and n — d tending to infinity, then f(n, 24 d) =
(14 0(1))e(h), where ¢ = limg_o0 ca = [[52, (1 — 27%) ~ 0.289.

f(n,2% d) = (1+0(1))

To prove Theorem 1.2, we develop a more general theory of the function f(n,k,d) based on
determining the Lagrangians of relevant hypergraphs, which also reproduces Theorem 1.1. Although
we do not have matching upper and lower bounds when k > 2%, we are nonetheless able to prove
structural results concerning continuity and the types of asymptotic growth encountered in various
regimes. One particular consequence is the following strengthening of Theorem 1.2:

Theorem 1.3. Ifd > 1, k > 2%, and n > d are growing positive integers such that d and n —d tend

to infinity and k = (1 + 0(1))2%, then f(n,k,d) = (1 + o(1))c(}).

Finally, we connect the results of this paper to the theory of covering arrays. In addition to
reproducing many results in the literature, we are able to improve the best-known bounds for the
existence of covering arrays for certain alphabet sizes, the smallest of which are 35, 40, and 45.

Outline. Section 2 develops a framework for analyzing the asymptotics of f(n,k,d). In Section 3
we derive the precise value of f(n, k,2) for all n and k by combining a result of Kleitman and Spencer
with Turdn’s Theorem. Section 4 deals with the case k = 2%, and quickly derives Theorems 1.1
to 1.3 from more general results. Several bounds for the case k > 2% are discussed in Section 5, and
the final Section 6 contains some concluding remarks, including the application to covering arrays.

2. THE ASYMPTOTIC STRUCTURE OF f(n,k,d)

2.1. Shattering hypergraphs and Lagrangians. A family of sets F C 2" of size at most &
can be represented by a k x n binary matrix, where the rows are the indicator vectors of the sets
S € F. Say a k x d binary matrix is shattered if each of the 2¢ possible rows appears among its k
rows. Then, f(n,k,d) is the maximum possible number of shattered k x d submatrices of a binary
k X n matrix.

With this interpretation in mind, we make the following definition, generalizating a construction
in [DM18]:

Definition 2.1. For integers d > 1 and k > 2%, we define H(k,d) to be the d-uniform hypergraph
with vertex set {0,1}*, i.e. the set of binary vectors of length k. A collection of d such vectors forms
an edge if and only if the k£ x d matrix with these vectors as columns is shattered.



MAXIMUM SHATTERING 3

We also recall the definition of the Lagrangian of a hypergraph, first considered by Frankl and
Fiiredi [FF88] and by Sidorenko [Sid87], extending the application of this notion for graphs, initiated
by Motzkin and Straus [MS65].

Definition 2.2. The Lagrangian polynomial of a d-uniform hypergraph H is the polynomial

PH xv ’L)GH 2 ng

ecE(H) vee

The Lagrangian A\(H) of H is the maximum value of Py over the simplex {(zy)ven : 2y > 0,>°, 2y =
1}, which necessarily exists as the simplex is compact.

We now relate f(n,k,d) to the above definitions.

Lemma 2.3. For integersn >d > 1 and k > 2d,

d!A(H(k,d))(Z) < f(n,k,d) < \(H(k,d))n?

FEquality holds in the upper bound if and only if Py is mazimized at a point where all coordinates
Lo
are in =2Z.
n

Proof. For the upper bound, suppose M is a k x n binary matrix with f(n,k,d) shattered k x d
submatrices. For each v € {0,1}*, let m,, denote the number of columns of M which are equal to
v and define a weight z,, = m, /n. These weights are clearly nonnegative and their sum is 1. We
claim that
Pry(ray(20)veqo,nye) = fn, kyd)/nt,

which will show the bound and the equality case by the definition of the Lagrangian. Indeed, every
edge {v1,v,...,v4} of H(k,d) contributes to the left-hand side exactly m,,my, - - - my, /n?, which
is precisely the number of (shattered) k x d submatrices of M with columns vi,vs,...,v4 (in any
order), divided by n. Summing over all edges of H(k,d) yields the desired upper bound.

For the lower bound, suppose & = (2y),cq0,13+ 18 such that Py q)(x) = A(H (k,d)). Let M be
a k x n random binary matrix obtained by independently picking each column to be v € {0,1}*
with probability x,. Given any k x d submatrix of M, the probability that it is shattered is
d'\(H(k,d)), since for every {vi,ve,...,v4} € E(H(k,d)) the probability that the matrix has
columns vy, va, ...,vq in some order is exactly d!x,, 2y, - - - 2,,. Thus, by linearity of expectation,
the expected number of shattered d x k submatrices of M is dIA\(H (k,d))(}). O

By fixing k£ and d, and letting n grow to infinity, we obtain the following:
Corollary 2.4. For integers d > 1 and k > 2%, we have f(n,k,d) = (14 o(1))A(H (k,d))n?
In what follows, we let c(k,d) = dI\(H (k,d)).

2.2. Relating different choices of (k,d). We start by remarking that since f(n,k,d) is weakly
increasing in k, the quantity c(k, d) must also be weakly increasing in k. Another relation comes
from the following simple property of the function f(n,k,d):

Lemma 2.5. For integersd > 1, k > 2d+1, andn > d+ 1, we have
n

N< —— -1 2 .

flukd+1) < 2o =1, /2], )

Proof. Let M be a k x n binary matrix with f(n, k,d + 1) shattered k& x (d + 1) submatrices. Let v
be a fixed column of M; without loss of generality assume that the number of zeros it contains, &/,
is at most |k/2]. Let M’ be the submatrix of M consisting of all £’ rows of M in which v has a
zero, and all columns besides v. Note that for every k x (d + 1) shattered submatrix of M that
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FIGURE 1. An illustration of the relationship between 71, 72, v3, and veo. Aside from
71, which is easily seen to be constant at 1, all values are for illustrative purposes
only.

contains v, the corresponding k' x d submatrix of M’ must be shattered. Therefore, the number
of shattered k x (d 4 1) submatrices of M that contain v is at most f(n — 1, |k/2],d). Summing
over all columns v of M, each shattered k x (d + 1) submatrix is counted d + 1 times, implying the
desired result. 0

Applying Corollary 2.4 implies the following:
Corollary 2.6. For integers d > 1 and k > 291, we have c(k,d + 1) < ¢(|k/2],d).

One helpful way to conceptualize this bound is to define, for every positive integer d, the
weakly increasing step function v4: [1,00) — R given by 74(b) = ¢(|29b],d). Then, Corollary 2.6
rewrites as yg11(b) < ~4(b). In particular, by the monotone convergence theorem, the limit
Yoo (b) = limgy o0 74(b) exists. An illustration of this situation is shown in Figure 1.

Proposition 2.7. v, is right-continuous.

Proof. Take some b > 1 and € > 0. There must exist some d where 4(b) < 70 (b) + £. Since 74 is a
step function, there exists some d > 0 such that v4(b+ §) = v4(b). Then for all b <V < b+ J, we
have

Yoo (V') < 7a(b') = 7a(b) < Yoo(b) + .
Since € was arbitrary, v is right-continuous, as desired. ([l
The following lemma is now the appropriate generalization of Theorem 1.3.

Lemma 2.8. Let b > 1 be a real number. If d, k, and n are growing positive integers such that d
and n— d tend to infinity, k = (b+0(1))2%, and k > b2% always, then f(n,k,d) = (yoo(b) +0(1))(})-

Proof. To show the lower bound, note that by Lemma 2.3, we have

k) > clid) () = el ) () =20 () = 20 ()
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To show the upper bound, we choose an integer 0 < r < d so that 1 < (d —r)?> < n — d. Applying
Lemma 2.5 r times and then Lemma 2.3, we get

nn—1)--(n—r+1) )

d(d—1)...(d_T+1)f(n—r,U<:/2J,d_r)

n(n—l)..-(n—r—kl)(n_r)dfr
d! :

f(n,k,d) <

< c([k/27],d =)

Since (d —r)? < n —d <n —r, we find that

(?)/n@—l)~0%ﬂ%&ﬂn—ﬂ*r_Owﬂﬂn—r—U~(n—d+D

d d! N (n—r)d=r

:<1_ 1 )(1_ 2 ).”<1_d—r—1>
n—r n—r n—r
=14 o(1),
so it suffices to show that c(|k/2" |, d—7r) = y4_,(k/2%) is bounded above by Ys(b) +0(1). Indeed, for

every £ > 0, since k/2% is eventually less than b+ ¢, we eventually have v4_,.(k/2%) < v4_,(b+¢) =
Yoo(b + €) 4+ 0(1). The result follows from Proposition 2.7. O

Remark 2.9. The assumption that n—d tends to infinity is necessary for Lemma 2.8 to hold. Indeed,
we trivially have f(n,2",n) =1 (= (7)), and it is also easy to see that f(n,2"" ', n—1) =n (= (,",))
by taking the collection of all even-sized subsets of [n]. On the other hand, v5,(1) < 1. In fact, for
any fixed s it can be shown that f(n,2" %, n —s) > Cj (n’js) for some constant Cs > voo(1).

3. SHATTERING PAIRS

To begin, we recall a result of Kleitman and Spencer [KS73]. For a positive integer k > 4, call a
collection K C 28 (qualitatively) pairwise independent if for every two distinct A, B € K, all four
intersections AN B, AN B, AN B, and AN B are nonempty, where A = [k] \ A and B = [k] \ B.
We then have the following:

Lemma 3.1 ([KS73]). The mazimum possible size of a pairwise independent collection of subsets

of [k] is o
()

Given this result, the exact value of f(n,k,2) follows quite quickly:

Proposition 3.2. For k > 4,
k—1
k,2)=t
1052 =1 (7o 1))

nt+i||n+jy
t pu—
- 5 2
0<i<y<r—1
is the number of edges of the Turan graph T'(n,r), defined to be the complete r-partite graph with n
vertices and r vertex classes with cardinalities that are as close as possible. In particular,

1

where

ck,2)=1- ( - )
[k/2]-1
*We will determine the exact value of v (1) later, but an easy way to see this now is to use the fact that every
d-uniform hypergraph with d > 2 has a Lagrangian strictly less than 1/d!.
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Proof. We use the binary matrix interpretation developed in Section 2. Given a k X n binary matrix
M, construct a graph G on the columns of M by placing an edge between any two columns such
that the corresponding k x 2 submatrix is shattered. Thus, the number of shattered pairs is precisely
the number of edges of G.

By associating subsets of [k] with their indicator vectors, Lemma 3.1 implies that the clique
number of G is at most w = ( Lk];Q_Jl—l) Therefore, G above is K,i-free, and so has at most
t(n,w) edges by Turdan’s Theorem. On the other hand, we can make equality hold by taking some
pairwise independent K € 2 with || = w, considering the indicator vectors of the elements of IC,
and constructing a k x n matrix in which each of these w vectors appears either |n/w] or [n/w]
times. g

4. THE CASE k = 2¢

We now state the key lemma for understanding the case k = 2, which was first proven in [DMI8]:

Lemma 4.1 ([DM18]). For d a positive integer, we have

24 —2)(2% — 4)... (27 — 2971)
(2d _ 1)d71

c(2¢,d) = ( =: ¢q.
Moreover, the Lagrangian polynomial of H (2%, d) attains its mazimal value at a point with all

coordinates in ﬁz.

Given this result, Theorem 1.1 follows by applying Lemma 2.3. It also implies that v, (1) =
limg_y o ¢qg = ¢, so Theorem 1.3 follows from Lemma 2.8. Theorem 1.2 is a special case of Theorem 1.3.

For completeness, in this section we give two related proofs of the upper bound (:(2‘17 d) < ¢g, the
first of which works directly with the Lagrangian and is essentially the same as [DM18], and the
second of which uses a result of Erd6s concerning degree majorization. The lower bound and its
associated equality case will also be shown in Section 5.1, where it will follow easily from some more
general techniques.

In both proofs of the upper bound, we will need the following useful lemma, which appears in
both [DM18] and [Alo24+].

Lemma 4.2. Let d > 2 and let (p; : 1 <14 < 2% — 1) be an arbitrary probability distribution on a set
of size 24 — 1. Then

d—1
2¢ — 9
d—1
;pi(lpi) < <2d_1> :

4.1. Proof of upper bound using Lagrangians. We apply induction on d. For d =1, H(2,1) is
a l-uniform hypergraph with two edges (singletons) corresponding to the vectors 01 and 10. It is
clear that A(H(2,1)) = 1 = ¢;/1!, as needed.

Assuming the result holds for d — 1, we prove it for d, where d > 2. Let D = 2% and let P be
the Lagrangian polynomial of H (2%, d) = H(D,d). Suppose it attains its maximum at the point
T = (Ty)yefo,1}p+ Where the vector & has a support S of minimum possible size among all vectors
maximizing P. By a well-known property of Lagrangians, every pair u, v of distinct vertices in S is
contained in an edge of H(D, d). Indeed, if not, then when fixing the values of all x,, where w # u, v,
the function P(x) is a linear function of z, and x,, so its maximum subject to the constraints
Ty, Ty > 0 and z + x, = a for some a is attained at a point where either z,, = 0 or x,, = 0, which
must have a smaller support. We may thus assume that every pair of vectors u,v with z,,z, > 0 is
contained in an edge of H(D,d).
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One easy consequence of this is that every v € S contains exactly D/2 zeros and D/2 ones.

Moreover, since the vectors
{((=D)*, (=1)*2,...,(=1)?) : (v1,v2,...,vp) €S}

are mutually orthogonal and are additionally orthogonal to the all-1s vector, we find that |S| < D —1.

Fix some v € S and let I denote the set of indices of its 2¢~! 0-coordinates. Then the link of
vin H(D,d) is a (d — 1)-uniform hypergraph in which every edge is a set of d — 1 vectors whose
I-coordinates form a 29! x (d — 1) shattered matrix; in other words, after identifying vertices
that have the same I-coordinates, this hypergraph becomes H (2?71 d — 1). By adding weights
of identified vertices, it follows that the contribution of all edges containing v to the sum in the
expression of P(x) is at most x, - A(H (2971, d — 1))(1 — 2,)9"!. By the induction hypothesis,

MH2%1d—-1)) < %. Summing over all v we get every term d times and hence

P(;L')<ELZ$ (1_x)d71<6d_1 2d—2 d—1
SRy P IRk Oy B

where we have used Lemma 4.2. This last quantity can be easily checked to be ¢4/d!. (See Equation
(2) in [Alo24+] for a combinatorial explanation of this fact.)

4.2. Proof of upper bound using degree majorization. For this proof, we will use a result
of Erdés, which was originally used to provide a proof of Turan’s Theorem. Suppose G and H
be two graphs on n vertices and let di > do > ... > d, be the degrees of the vertices of G and
f1 > fa... > fn be the degrees of the vertices of H. Say G is degree-majorized by H if d; < f; for
all 7.

Lemma 4.3 ([Erd70]). If G is a graph on n vertices that contains no clique of size w + 1 then it is
degree-majorized by some complete w-partite graph on n vertices.

We now prove that f(n,2¢, d) < cyn?/d! by induction on n. As the case d = 1 is trivial, assume
that the result holds for d — 1 with d > 2; we will prove it for d.

Let M be a 2¢ x n binary matrix with the maximum possible number f(n, 2%, d) of shattered
2¢ % d submatrices. We may assume that every column of M contains exactly 2?1 zeros and exactly
24=1 ones. Construct the graph G on the columns of M, where two columns are joined by an edge
if there are exactly 2972 coordinates in which both are 0 (which forces exactly 2972 coordinates
in which one column is a and the other is o’ for all a,a’ € {0,1}). Note that for any fixed column
v, the other columns in any shattered 2¢ x d submatrix of M that contains v must be connected
to v in the graph G. Moreover, after deleting v and restricting to the 247! rows in which v has a
zero, we get a shattered 2971 x (d — 1) matrix. By the induction hypothesis this implies that if the
degree of v in G is d,, then the number of shattered 2¢ x d submatrices containing it is at most
Cdfldgfl/(d — 1)!.

By the same orthogonality argument as in Section 4.1, the largest clique of G is of size at most
w = 2¢ — 1. Therefore, by Lemma 4.3, there is a complete w-partite graph H on n vertices so that
G is degree majorized by H. If the sizes of the vertex classes of this graph are ni,no, ..., ny, it
follows that the vertices of G can be partitioned into subsets of sizes ni,no, ..., ny, where each of
the n; vertices in the ith subset has degree at most n —n;. Summing over all columns v we conclude

1 Cd—1 _
f(n72d7d) < gznl(d— 1)'(n_nl)d !
- !
d—1
_ cq—1n? Z @(1 _ @)dfl < cg_nt (24 — 2 nd cqn®
d! —~n n - 2d — 1 d’
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where the second inequality uses Lemma 4.2 on (n;/n);c[,,- This concludes the proof.

5. GENERAL k

As mentioned in the introduction, the behavior of f(n,k,d) and c(k,d) when k > 27 is less
understood than the case k = 2¢. Although the discussion in Section 3 settles the case d = 2, we do
not have any upper bounds better than using Lemma 2.5 to reduce to either the case d = 2 or the
case k = 2%, In this section, we detail lower bounds on ¢(k,d) in two regimes: when 2¢ < k < 27+1
and when k > 2¢. The former case also contains the proof of the lower bound of Lemma 4.2.

5.1. k < 291 All of our constructions will use the following lemma:

Lemma 5.1. Let d > 1 and k > 2% be integers. Let V be a d'-dimensional Fy-vector space and let
S be a subset of V of size k. If p is the probability that a uniformly random linear map V — Fg is
surjective when, restricted to S, then there exists a k x (2% — 1) matriz with 299 p/d\ shattered k x d

submatrices. In particular,
ot \*
k.d) > :
clkd) = | og— | P

Proof. The matrix we will construct has its rows indexed by the elements of S and its columns
indexed by the nonzero elements of the dual space V* of V. Given v € S and nonzero u € V*, the
corresponding entry is (u, v).

Every linear map ¢: V — [Fg can be uniquely expressed as a tuple (ug,usg, ..., uq) of dual vectors.
If one of the w; is zero or if u; = w; for some i # j, then ¢ cannot be surjective. Otherwise,
©(9) = F{ if and only if the submatrix of M with columns given by w1, us, . .., ug is shattered. As
a result, the 2dd/p linear maps V — [Fg that are surjective on S each correspond to an ordered
d-tuple of distinct columns of M that determine a shattered submatrix. As each shattered submatrix
corresponds to d! such d-tuples, there are 2ddlp/ d! shattered submatrices, as desired. ]

Proof of lower bound and equality case of Lemma /j.1. We apply Lemma 5.1 with V = S = F{. In
this case, p is the probability that a random d x d Fy-matrix is invertible, which is exactly
(2¢ —20)(2% —21)... (24 —2471) (24 —1)d¢,

24 24
Thus we get ¢(2¢,d) > c4. The fact that a 2¢ x (2¢ — 1) matrix exists with c4(2¢ — 1)?/d! shattered
submatrices implies, by Lemma 2.3, that the corresponding Lagrangian polynomial attains a value

of ¢q/d! at a point on ﬁz. O

Lemma 5.2. For integers d > 1 and 0 < r < d, we have c((2 —277)2% d) > (2 —27")cqy1-

Proof. We apply Lemma 5.1 with V' a (d + 1)-dimensional space and S = V \ W, where W is
a (d — r)-dimensional subspace of V. Consider a linear map ¢: V — F§ and the induced map
¢: V/W — F¢/p(W). Since S is the union of translates of W, the map ¢ is surjective on S if and
only if ¢ is surjective on the nonzero elements of V/W. If ¢ is not injective on W this is impossible,
since |V/W| < |Fd/@o(W)|. If ¢ is injective on W, then this occurs if and only if ¢ is surjective,
since the fact that dim(V/W) = dim(F¢/p(W)) + 1 implies that every element in the codomain has
a preimage of size exactly 2.
If o is chosen uniformly at random, the probability that ¢|y is injective is

(2d _ 20)(2d _ 21) . (2d _ 2d—7‘—1)
2d(d—r) ’
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If we fix ¢|w, then @ is uniformly distributed, so the probability that it is surjective is the probability
that a random 7 x (r + 1) Fe-matrix has rank r, which is

(2r+1 _ 20)(2r+1 _ 21) . (2r+1 _ 21%1)
2r(r+1) :
We conclude that, with p defined as in Lemma 5.1,

(2d _ 20)(2(1 _ 21) . (Qd _ 2d—r—1) (2r+1 _ 20)(2T+1 _ 21) . (2T+l _ 2r—1)

p= od(d—r) ' or(r+1)
_ (2d _ 20)(2d _ 21) . (2d _ 2d77‘71) (2d _ 2d77‘71)(2d _ 2d*7‘*2) . (2d _ 2d72)
- 9d(d—r) ' odr
(2d _ 20)(20[ _ 21) . (2d _ 2d71> 2d _ 2d77‘71

- 9d? ' 9d _ 9d—1
NG DI P )

= (2 -2 ) 2d2
B 2d+1 -1 d

The result follows. U

It seems plausible to conjecture that the lower bounds in Lemmas 4.1 and 5.2 are the best possible;
specifically, that for every d > 2,

Ca 20 <k <320
3 .20 < k<1 2d
7 7 d 15 d

(2—-2"Ycgp1 k=211,

A heuristic computer search was unable to disprove this conjecture in the cases (k,d) = (9, 3), (10, 3).
However, it should be noted that this statement for d = 2 is in fact false by Proposition 3.2. A safer
conjecture to make may be that these bounds are optimal in the limit d — oo, i.e. for 1 < b < 2, we
have Yoo (b) = (2 — 2[19822=b)1)¢. This function is plotted in Figure 2.

5.2. Very large k. We start with the following observation:
Lemma 5.3. Letd > 1, ki, ko > 2d, and ni,no > d be integers. Then
(nin2)? — d! f(ning, k1 + ko, d) < (nd — d'f(n1, k1, d))(nd — d! f(ng, k2, d)).

Proof. Given a k x n matrix M, let X5; be a random k x d matrix obtained by choosing d columns
of M independently and uniformly at random. Note that if M has m shattered k x d submatrices,
the probability that Xy is shattered is precisely d!m/n?.

Suppose My and My are k1 x ny and ke X ng matrices with f(nq, k1,d) and f(ng, ke, d) shattered
k x d submatrices, respectively. Then, let M be the (k1 + k2) X (ning) matrix whose columns are
the concatenations of any column of M; and any column of M. It is evident that Xj; consists of
X, stacked on top of an independent Xy, , so

P[X s not shattered] < P[Xjy, not shattered] - P[ X, not shattered].

The result follows after some algebra. O
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FIGURE 2. The function b — (2 — 2M1°222=0)1)¢ which is both the best known lower
bound and conjectured form for v, (b) in the range [1,2).

Taking the limit n — oo, we conclude that (1 — c(k1 + k2,d)) < (1 — ¢(k1,d))(1 — ¢(ke,d)), or
equivalently, (1 — y4(b1 + b2)) < (1 — v4(b1))(1 — v4(b2)). Taking the limit d — oo shows that
(1 =Yoo (b1 +b2)) < (1 —Y00(b1))(1 — Yoo (b2)) as well. Applying Fekete’s lemma to log(1 —~4(—)) for
possibly infinite d, we find that either 1—~4(b) = B;(Ho(l))b for some finite 55 = supbzl(l—w(b))_l/b
or 1—v4(b) decays superexponentially. Proposition 3.2 not only tells us that 53 = 16, but also rules out
superexponential decay for all d > 2 as 1 —v4(b) > 1 — v2(b). Note that v2(b) > ~v3(b) > -+ > Y50 (b)
implies that By > B3 > -+ > fo.

The following simple observation ends up outperforming all other lower bounds considered in this
paper when b is larger than a constant times d.

Proposition 5.4. 84> (1 - 272" = (1 + (3 4 0(1))279).

Proof. Consider a uniformly random k x d binary matrix. The probability that a fixed element of
{0,1}? does not appear as a row is (1 —27%)* so the matrix is shattered with probability at least
1—2%(1—27%* By picking uniformly random k x n binary matrices for large n (or, equivalently, by
plugging in a constant vector to the Lagrangian polynomial), we find that c(k,d) > 1 —2%(1 —274)F,
The result follows. g

It is in fact possible to squeeze a bit more out of this idea by slightly optimizing the random
process.

Proposition 5.5. 34 > sup;cg ((cosht)? — e /29)=2" = o(1 4 (4L + 0(1))27%).

Proof. Let Bl = sup;cr((cosht)? — edt/ Qd)_2d. Suppose k is even and choose a uniformly random
k x d matrix subject to the condition that all columns have exactly k/2 zeros and k/2 ones (call a
column balanced if this is true and a matrix balanced if all its columns are balanced). It suffices to

show that the probability p that this matrix is not shattered is at most (ﬂ&)_k/ 2

exp(oq4(k)), since
then picking uniformly random balanced k x n matrices yields c(k,d) > 1 — (8,)~*/ 2% exp(o4(k)) for

even k.
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The number of balanced k x d matrices (k];Q)d = 2dk+oa(k) - GQince toggling a column does not
change whether it is balanced, to bound the number of balanced k x d matrices that are not shattered,
it suffices to count balanced k x d matrices that lack an all-ones row, and then multiply by 2¢.
Treating a k X d matrix as an k-tuple of its rows, the number of balanced k& x d matrices
without an all-ones rows is exactly the coefficient of (z - "xd)k/ 2 in the generating function
(L +mx1)---(1+24) — 21---24)*. Thus the number of such matrices is at most

(L+z1) - (1 +39) — 21 9)"

(o120
for any choice of positive z1,...,x4. Setting all the z; to be equal to e*, this is
9d ot (cosh 1) — e2dt\k
( € (COS ) e ) — de(cosh(t)d _ edt/2d)k.

edkt
Putting everything together, we find that

2427 (cosh t)? — edt /24)k

< Skt (h) = (cosh(t)? — e /2%)* exp(04(k)).

By optimizing the choice of ¢, we get the desired bound.

We now compute the asymptotics of 8. Let f(t) = (cosht)? — edt/2%; by expanding out (cosht)?,
one can show that f(t) is a positive linear combination of exponentials and is thus convex. Now,
after computing

" (t) = d(3d — 2) sinh t(cosh t)d_1 +d(d—1)(d — 2)(sinh t)3(cosh t)d_3 — d3edt/2d,

we find that for [t| < d~!%° we have |f"(t)| < 1 for large enough d. Therefore, by Taylor’s theorem,

we find that for large d and |t| < d71%, we have |f(t) — g(t)| = O(#3) and |f'(t) — ¢'(t)| = O(¢?),

where

1 —dt+ d*t*/2
2d

is the second-degree Taylor polynomial of f(¢) at ¢t = 0.

Computing ¢'(t) = (d + d?/2%)t — d2~¢, we find that if we define t+ = 27¢ + 27154 hoth ¢/(t,)
and —¢/(t_) are Q(27559). Thus, f/(ty) and —f/(t_) are also Q2(271°9), so by convexity f must be
minimized in the interval [t_,t,] for large d. Moreover, g(t) is minimized at ty = 27¢ + O(272%) ¢
[t_,t:], and g(tp) =1 —27% — (d/2 + 0(1))272¢. Therefore the minimum of f, which is (6&)‘1/2(]{, is
g(te) + 0273 =1—-279 — (d/2 4 0(1))27%4. Tt is now straightforward to compute

1 1
log 5 = —2- (—2d - gﬂd - 527% 0(2‘2d)> =1+ <d; + 0(1))2‘d-

d+ d?/24 2
2

g(t) =1+dt*/2 - =(1-29H—ad27 4. t+

2
The result follows. OJ

Remark 5.6. By the theory of large deviations in probability, this bound on £y is in fact the best
possible for this probabilistic procedure.

Remark 5.7. Although we have proved bounds on various [;, it may not be the case that
Boo = limgy_so Bg. For instance, the functions min(2~%,37%), min(2~%,317%), min(27%,327%), ... are
each individually 3=(+eM)z byt their pointwise limit is exactly 27%. The best bound we know
for B comes from using Lemma 5.2 to conclude ¢(2%+!, d) > (2 — 27%)cy, 1, which implies that
Yoo(2) > 2¢ and thus B > (1 —2¢)~ Y% ~ 1.539.
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6. CONCLUDING REMARKS

6.1. Minimum shattering for fixed d. As mentioned in the introduction, the problem of
determining g(n, k,d), which is the minimum possible number of subsets of size d of [n] which
are shattered by a family F of k distinct subsets of [n], is much simpler than that of determining
f(n,k,d). An explicit formula for the value of g(n, k,d) is somewhat complicated, we illustrate
the way of computing it by describing the formula for some range of the parameters. Writing

(<" d) = Z?;Ol (7), let € [d,n] and suppose that k satisfies

() * @)+ () 1+ (o) 1 [ D) 1] =
0 (L) L) ()40

We claim that in this range g(n, k,d) = (2) To prove the upper bound it suffices to to establish
it for the upper limit of this range, since g(n, k, d) is clearly weakly increasing in k. Let F be the
family of all subsets of size at most d — 1 of [n] together with all subsets of [r]. Then |F| = k and
the d-subsets of [n] it shatters are exactly all d-subsets of [r]. To prove the lower bound it suffices
to prove that any family F C 2" of size

()= () L) 1[G o) o [ D) )

shatters at least (2) subsets of size d of [n]. By the result of Pajor mentioned in the introduction, F
shatters at least |F| subsets of [n]. Note that the family of all shattered subsets forms a simplicial
complex, namely, it is closed under taking subsets. This complex contains at most (<" d) subsets
of size at most d — 1. If it contains a subset of size 7’ for some r’ > r, then it contains at least
(’;l/) > (2) subsets of size d, as needed. Similarly, if it contains at least (:) subsets of size i for some
i > d, then by the Kruskal-Katona Theorem it contains at least (2) subsets of size d, as required. If

none of these conditions holds, then

g <<nd)+ [(d) _1] ! {(dL)‘l} ! Kdi2>_1] e Kr;) _1}

which is smaller than the assumed size. This completes the proof of the claim providing an explicit
formula for g(n, k,d) in this range.

In general, the optimal construction comes from first putting all subsets of [n] with size less than
d in F, and then adding the remaining subsets in lexicographic order, without regard to their size.

6.2. Larger alphabets. This problem, in the binary matrix formulation, naturally generalizes to
an alphabet of size v. Most of the arguments in this paper generalize, with two main exceptions.
First of all, we do not have an exact analogue of Lemma 3.1, so the d = 2 case is significantly more
mysterious. We note, however, that an asymptotic version of the analogue of Lemma 3.1 has been
obtained by Gargano, Korner, and Vaccaro [GKV92] using an elegant construction motivated by
techniques from information theory.

Second, unless v is a prime or a prime power, constructions involving finite field linear algebra
stop working. Nonetheless, it is still possible to salvage something. Letting f,(n, k,d) be the natural
generalization of f(n,k,d) to an alphabet of size v, we have the following:

PI‘OpOSitiOn 6.1. fmvg (nlng, k‘l ]{32, d) Z d!fvl (nl, k‘l, d)fw (ng, ]{72, d)
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Proof. Consider matrices M; € [v1]¥1X™ and My € [vo]*2X"2 with f,, (n1, k1,d) and f,,(n2, ko, d)
shattered submatrices, respectively. Let M € ([v1] x [v2])*1F2X™172 he such that for iy € [k1], i2 € [ka],
Ji € [m1], and ja € [n2], we have

M(i17i2),(j1,j2) = ((Ml)ilyjl’ (M2)i2,j2>'

One can check that if the k; x d submatrix of M; given by columns ji,...,j4 and the ks x d
submatrix of My given by columns ji, ..., j; are both shattered, the k1ko x d submatrix of M given
by columns (j1,71),- -, (jd, ;) is shattered. This proves the desired bound, as there are d! ways to
combine a pair of shattered submatrices of M; and Mo. O

As a corollary, we find that, after defining c,(k, d) and +, 4(s) to be the natural generalizations of
C(k, d) and ’Yd(s)v we have Courvg (k1k27d) 2 Cyy (khd)cvz (ka d) and ’levz,d(‘ngQ) > VUl,d(Sl)vad(S?)'
In particular, v,,00(1) > 0 for all v, since we can write every v as a product of prime powers.

An interesting phenomenon which occurs for v > 2 is that the best known bounds for limg_oc Bu.q
and [, depend on the factorization of v. Completely random constructions (see Proposition 5.4)
yield limg o By,q4 > e unconditionally, while combining linear-algebraic constructions and Proposi-
tion 6.1 yields

1 1

lim 3,4 2> By = > ~
d—oo’ Tl (D) T 1T T2 (0 —¢79)

where the product is over maximal prime powers ¢ that divide v. This is v — 1+ 0o(1) for large prime
power v, and is larger than e for all prime powers v > 4, as well as for some v that are not prime
powers but products of large prime powers, the smallest of which is v = 35. Moreover, if ¢ = 2
(mod 4), using the fact that 72 o (2) > 2¢ yields

1

1
VIm® - im0

which is always better as /1 — 2a < 1—a for a € (0,1/2). However, in this case, since (1—2¢)~ /2 < e,
this bound is always less than e and thus does not improve on the random construction for

liHlal%oo ﬁv,d-

51},00 >

6.3. Application to covering arrays. An (k;d,n,v)-covering array® is a matrix in [v]¥*" such
that every k x d submatrix is shattered. It is easy to see that if M € [v]**™ has m < n submatrices
that are k x d and not shattered, then a (k;d,n — m,v)-covering array exists, since we can just
delete one column from every submatrix that is not shattered. This observation is enough to prove
the following:

Proposition 6.2. For fivred d,v > 2, a (k;d,n,v)-covering array ezists whenever

(d—1)v?

E<(1+0(1)) 1085 Boa

log, n.

Proof. By Lemma 2.3 and the above observation, a (k;d,n,v)-covering array exists if n < n’ —
(1 — cy(k, d))(’(l;) for some positive integer n’. Choosing n’ = [(1 — ¢,(k,d))~/(¢=1] yields n =
Q((1 = cy(k,d))~1/@=1), Together with monotonicity (we can freely add rows and delete columns),
we get the desired after some manipulation. O

30ur usage of the parameters n and k is unfortunately swapped from the standard literature.
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Proposition 6.2, together with bounds on the j, 4, reproduce a number of results from the
literature. Proposition 5.4 recovers a result of Goldbole, Skipper, and Sunley [GSS96] originally
proved using the Lovasz local lemma. Moreover, Proposition 5.5, which generalizes to

Buod > sup <(e(vl)t + (o= Der)? - e(vl)dt> B = e(l + ((v_l)dH + Ov(l))v_d>a

teR ve 2

recovers, in the case (v,d) = (2, 3), results proved independently by Roux [Rou87] and Graham,
Harary, Livingston, and Stout [GHLS93]. In the general case, we reproduce a result of Francetié¢
and Stevens [F'S17]. Despite being numerically the same, our result is expressed in a much simpler
form, and as a result we are able to provide an asymptotic which is absent in [F'S17].

Finally, Das and Mészdros [DM18] use the fact that v,,00(1) = [[52;(1 — v™%) for prime power
v to construct covering arrays. However, they do not use Proposition 6.1, which, as previously
mentioned, allows one to improve on the random construction when v is a product of large prime
powers.
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