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Abstract. Given a finite grid in R?, how many lines are needed to cover all but one point
at least k£ times? Problems of this nature have been studied for decades, with a general
lower bound having been established by Ball and Serra. We solve this problem for various
types of grids, in particular showing the tightness of the Ball-Serra bound when one side
is much larger than the other. In other cases, we prove new lower bounds that improve
upon Ball-Serra and provide an asymptotic answer for almost all grids. For the standard
grid {0,...,n — 1} x {0,...,n — 1}, we prove nontrivial upper and lower bounds on the
number of lines needed. To prove our results, we combine linear programming duality with
some combinatorial arguments.

Keywords. Grid covering, Alon—Fiiredi Theorem, combinatorial geometry, linear program-
ming
Mathematics Subject Classifications. 05B40, 52C15, 05D40

1. Introduction

Given a finite grid in R%, a classic problem is to determine the minimum size of a k-cover: a mul-
tiset of hyperplanes that leaves one point of the grid uncovered while covering all other points at
least k times. In this paper we embark on a systematic study of this problem for two-dimensional
grids and obtain the following findings, which we present in full detail in Section 1.2.
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1. A general lower bound of Ball and Serra is tight for n X m grids whenever
n > (k— 1)(m — 1), but is typically a constant factor too small when n is smaller. (The-
orems 1.2 and 1.4)

2. The smallest k-covers of a typical n x n grid contain (% + 0(1))k(n — 1) lines, while all
n x n grids require at least (10 — 4v/5 + o(1))k(n — 1) lines. (Theorem 1.5)

3. The standard grid {0, 1,...,n — 1}2, where the origin is to be left uncovered, requires
between (2—e~ /2 +0(1))k(n—1) and (v/2+0(1))k(n — 1) lines to be k-covered. More-
over, the upper bound is best possible when covering with lines of slope 0, oo, and —1.
(Theorems 1.6 and 1.7)

1.1. A brief history of hyperplane covers

A celebrated result of Alon and Fiiredi [AF93] in combinatorial geometry states that any multiset
of hyperplanes that misses exactly one point of a d-dimensional finite grid S; x --- x S; C F¢
over an arbitrary field I must have size at least ZL(|SZ~| — 1). This lower bound is easily seen
to be tight by taking all hyperplanes of the form z; —a =0for1 < i < danda € S; \ {b;},
where (b1, ..., b,) is the point that is uncovered. This is a significant theorem for a few different
reasons; not only did the proof of Alon and Fiiredi play an important role in the development
of the polynomial method [Alo99, Gut16, BCPS18], but this result and its generalisations have
also seen several applications in a wide variety of mathematical disciplines [Kom94, BBS10,
BCPS18, ABNR22, BGG™22].

One such generalisation that has been studied by several researchers is the multiplicity ver-
sion of the problem, where the points of the grid should be covered multiple times. We introduce
some notation to define this problem formally.

Definition 1.1. Given finite subsets Sy, S, ..., Sy of a field F, we write I' = I'(S1, Sa, ..., Sq)
for the grid S; x Sy x ... x S; C F?. Note that by translation we may, and will, assume 0el.
For a given integer & > 1, we call a multiset  of hyperplanes in F? a k-cover of T if every
nonzero point of I' is contained in at least k of the hyperplanes, while 0 is not covered at all. We
denote by cov(I'; IF) the minimum cardinality of a k-cover of T in F%. In the case F = R, we
shall omit the field from the notation and simply write covy(T").

In this notation, the Alon—Fiiredi Theorem establishes that cov, (T, F) = Y% (|S;] — 1)
for any grid I" over any field F. The multiplicity extension asks for the value of covy(I';F)
for multiplicities £ > 2, and we can start with a few trivial observations. First, if we remove
any hyperplane from a k-cover, what we are left with is still a (k — 1)-cover, and
so covi(I[;F) > covi_1(I;F) + 1; that is, this extremal function is strictly increasing in k.
In the other direction, since the union of a k-cover and an ¢-cover yields a (k + ¢)-cover, we
have covy¢(I'; F) < covg(I; F) + covy(I'; IF), and so the function is subadditive in k. Applying
these recursive inequalities repeatedly until we reach the k£ = 1 case of Alon—Fiiredi, we have

d d
Z(|Sz| —1)+k—1=covi(IF) + k — 1 < covp(I; F) < kcovy (I F) = kZZ(|SZ| —1).

=1 =1
(1.1)
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The goal, then, is to narrow the considerable gap between these bounds, and there has been
much previous research on some specific cases. Predating the work of Alon and Fiiredi [AF93],
the study of affine blocking sets in finite geometry corresponds to setting ' = [, for some
prime power ¢ and taking [' = Fg. For this grid, the classic paper of Jamison [Jam77] uses
the polynomial method to prove covy(I';F,) = d(q — 1). Bruen [Bru92] later used the poly-
nomial method with multiplicities to provide lower bounds for the multiplicity version, show-
ing covy(I',F,) > (d + k — 1)(¢ — 1). This is an improvement upon (1.1), but is generally not
tight [Zan02, LR14]. In [BBDM23], Bishnoi et al. proved new bounds in the case of ¢ = 2 by
exploiting an equivalence between k-covers and linear binary codes of minimum distance &.

Recent work of Clifton and Huang [CH20] considered this problem over R, where the grid is
the hypercube I' = {0, 1}¢. For fixed dimension d and growing multiplicity &, they used linear
programming to determine cov(I") asymptotically. On the other hand, when the dimension d is
large with respect to the multiplicity k, they applied the polynomial method to provide general
lower bounds that are tight for £ = 2 and £k = 3. However, they conjectured that their lower
bound of d + k + 1 is not tight for £ > 4, and that the true value of cov,(T") is d + ( ) for all
fixed k£ and large enough d (see [CH20, Conjecture 4.1]). A subsequent paper of Sauermann
and Wigderson [SW22] determined the best bound one can obtain with the polynomial method,
where one seeks the minimum possible degree of a polynomial that does not vanish at the origin
but has zeroes of multiplicity £ at all other points in the grid. While their result improves the
Clifton—Huang lower bound to covy(I") > d + 2k — 3, it still falls short of the conjectured value
of covi(I') in this case, suggesting a strong separation between the algebraic and geometric
problems.

Apart from these special cases, Ball and Serra [BS09, Theorem 5.3] applied the polynomial
method to obtain a lower bound valid for any grid ' = I'(S}, Sa, .. ., Sq) over any field FF:

d
covp(T;F) = ) (1Si| = 1) — 1) max(| S| - 1). (1.2)
=1

1<i<

This extends the bound of Bruen, and is a sizeable improvement on the lower bound of (1.1),
but remains far removed from the upper bound. Indeed, in the symmetric case when |S;| = n
foralli € [d], wehave (d+k —1)(n—1) < covg(I'; F) < kd(n — 1). Itis thus of great interest
to determine whether the Ball-Serra bound can be tight, and to obtain better bounds when it is
not.

1.2. Our results

In this paper we work in the setting of R?, determining covy,(T") for a wide array of two-dimensio-
nal real grids. Our first set of results concerns how the dimensions of the grid affect the tightness
of the Ball-Serra bound, which we show to be sharp when the grid is much wider than it is tall.
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Theorem 1.2. Let S1,52 C R satisfy |Si| = n, |Sa] = m, and 0 € S; N Sy, and set
I =T'(Sy, S2) C R2 [If, for a positive integer k, we have n > (k — 1)(m — 1) + 1, then

covi(l') =k(n—1)4+ (m —1).

Our next result shows that the lower bound on n from Theorem 1.2 cannot be improved in
general. In fact, when n < (k — 1)(m — 1), the Ball-Serra bound can be improved for almost
all n x m grids. We make the “almost all” precise with the following definition.

Definition 1.3. Let 5,5 C R with0 € S; N Sy, let ' = I'(S1,.5;) and let A > 0 be an
integer. We call a point in ' an axial point if any of its coordinates is equal to 0, and a nonaxial
point otherwise. We call I' A-generic if any line containing two axial points contains at most A
nonaxial points. In the case A = 0, when such lines avoid all nonaxial points, we simply call I"
generic.

To see that grids are typically generic, suppose the nonzero points of S} and S, are sampled
uniformly and independently from [—1,1]. If a line contains two axial points and a nonaxial
point, then the axial points must come from different axes, and so we may assume the points in
question are (0, b1), (ay,0) and (ag, by) for some nonzero ay, a; € Sy and by, by € Sy. For these
points to be collinear, we require a1(b; — by) = asb;, and the probability of such an equation
holding for any choice of a;, b;, of which there are only finitely many, is 0. We are now ready to
state our next result, which concerns covy(I") in the case where I is a generic grid.

Theorem 1.4. Let T' = T'(Sy,S;) C R? be a generic grid with |S;| = n, |Ss| = m and
0e€ S, NSy Then

D>kn—1)+ —(m — 1)~

covy(T) (n )+n—|—m—2(m )

Furthermore, if I is an arbitrary n x m grid, and if k is divisible by W’T;ﬁ_l), then we have
covp(I) < k(n —1) + (m —1)% (1.3)

n+m-—2

In particular, if I is generic, we have equality above.

Note that n+:172 (m — 1) s strictly larger than m — 1 precisely whenn < (k — 1)(m — 1),
and hence these theorems show the Ball-Serra bound is tight for generic grids if and only
ifn>(k—1)(m-—1)+ 1.

Theorem 1.4 shows that the Ball-Serra bound gets worse as the dimensions of the grid grow
closer. For the majority of our paper, therefore, we focus on square grids I', where n = m. In
this case, the Ball-Serra bound gives cov,(I") > (k+ 1)(n —1). Our next theorem gives a stark

improvement for general square grids.
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Theorem 1.5. Ler T' = T'(S}, 53) C R? be a grid with | S| = |S2| = nand 0 € S; N Sy. Then,
for any integer k > 2, we have:

(a) covi(T') < [3k](n—1).

(b) covi(T) = (10 — 4v5 + O(n~1))k(n — 1).

(c) if T is A-generic for some A > 0, then covy (") > (2 — ﬁ)k(n— 1). In particular,

we have covy(T') = 2k(n — 1) when T is generic.

Note that part (a) improves the trivial upper bound from (1.1), while, since 10—4+/5~1.0557,
part (b) gives a constant factor improvement over the Ball-Serra bound in (1.2), showing that
it is never tight for large square grids. Moreover, as previously discussed, almost all grids are
generic, and part (c) gives a lower bound that matches the upper bound of part (a) exactly when &
is even and asymptotically when £ is odd and large. In fact, the bound is asymptotically tight for
all o(n)-generic grids.

However, the most natural grid to consider is the standard n x n grid, given by
S1 =8y ={0,1,2,...,n — 1}, and we denote this by I';, = ['(S}, S;). By considering the
diagonal x + y = n — 1, we see that [, is not A-generic for any A < n — 2, and so Theo-
rem 1.5(c) is worse than the Ball-Serra bound when n > k. By tailoring our methods to this
specific grid, we obtain the following improvements on the general bounds.

Theorem 1.6. Let n, k > 2 be integers, let S = {0,1,2,...,n — 1} and let ', = I'(S,S) be
the standard n X n grid. Then we have

(2= e 24 O(m ) k(n — 1) < covi(T',) < (ﬁ LOom '+ k‘1)>k(n —1). (14)

Note that 2 — e~ /2 ~ 1.3935, while v/2 ~ 1.4142, so there is still a gap between the best
lower and upper bounds we obtain for standard grids. To obtain sharper bounds, it can help
to restrict the class of k-covers we consider. As we will see in the proof of the upper bound
in Theorem 1.6, our construction uses only three types of lines: horizontal, vertical, and lines of
slope —1. A subsequent computer search verified that for small values of n and k, we can always
find an optimal k-cover using only these three kinds of lines. In our final result, we provide a
matching lower bound for these restricted k-covers, suggesting the upper bound of (1.4) may be
correct in the unrestricted case as well.

Theorem 1.7. The smallest k-cover of the standard grid I',, that only contains lines of slope 0,
0o, or —1 has size at least (v/2 + O(n™1))k(n — 1).

When proving these results, we shall establish the upper bounds by means of explicit con-
structions of k-covers. The lower bounds, meanwhile, will follow by applying duality to a linear
programming relaxation of this problem, and we shall set up this framework in Section 2. Hav-
ing described our methodology, we will prove Theorems 1.2 and 1.4 in Section 3. We then shift
our focus to square grids, proving Theorems 1.5, 1.6, and 1.7 in Section 4. Finally, we provide
some concluding remarks and open problems in Section 5.
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2. The linear programming framework

In this section we introduce the linear programming method that will be used to prove our lower
bounds. The use of linear programming in extremal combinatorics is well-established and has
led to many results (see, for example, [GMCS22]), including the Clifton—Huang [CH20] lower
bound on cov,(T') for I' = {0,1}% in the case when d is fixed and k tends to infinity. The
standard template is as follows: assume without loss of generality that we are working with a
minimization problem. First, we interpret our extremal problem as an instance of an integer
programming problem. Then, since integer programming is intractable, we consider the linear
programming relaxation, where we allow fractional solutions. Since an integer solution is in
particular a fractional solution, the value of the linear program gives a lower bound to the original
extremal problem. Crucially, we can then apply duality, and the task of finding lower bounds
translates to finding feasible solutions to the dual linear program. We refer the reader to [MG07]
for further background on linear programming.

To start with this plan of action, we need to recast the covering problem as an integer lin-
ear program. Given a grid ' = T'(5},55), for some finite sets S1,S; C R containing 0, we
wish to determine covy(I'), the minimum number of lines in a k-cover of I'. We shall as-
sume |51 ], |Sa| > 2, as the problem is otherwise trivial.

For every possible line ¢ not containing the origin, we introduce a variable z(¢) indicating
its multiplicity in the k-cover. We thus wish to minimise ) _, z(¢), the size of the cover. In order
to ensure that the solution returned by the integer program is a k-cover, we need to require that
each nonzero point of I' be covered at least £ times while the origin be omitted altogether. The
latter constraint is easily seen to be satisfied. Hence, for each (z,y) € I' \ {(0,0)}, we require
that the sum of z(¢) over all origin-avoiding lines ¢ containing (x, y) be at least k.

The one catch is that there are infinitely many lines in R%. To obtain a finite program, we
observe that we may restrict our attention to lines that contain at least two nonzero points in I'.
Indeed, in any minimal k-cover of I', every line must contain at least one nonzero point, and if
a line contains only one point (z,y), then we can replace it by a different origin-avoiding line
passing through (x, y) and at least one other point of I". Thus, we need only consider lines from
the set £ = L(I") of origin-avoiding lines containing at least two points of I". Since there are
fewer than |T'|? pairs of nonzero points in T', each of which determines a unique line, it follows
that L is finite.

In summary, covg(I") is the solution to the following integer linear program Z = Z(T', k).

minimize Z 2(0)
tec
subject to

> 2(0) >k forall (z,y) € T\ {(0,0)}

eLl:
(z,y)€l

2(0) € Zsy foralll e L

The final constraint, that the variables z(¢) be integral, renders solving the program compu-
tationally infeasible. Instead, to obtain a polynomial-time solvable problem, we can relax the



COMBINATORIAL THEORY 3 (3) (2023), #4 7

variables to be real-valued. Now that we are no longer constrained to the integers, we can also
divide through by k, removing the dependence of the program on this parameter. We therefore
obtain the linear program P = P(I") with the normalised variables u(¢) for ¢ € L.

minimize Z u(?) (2.1)
teL
subject to

Z u(l) =1 forall (z,y) € I'\ {(0,0)}

LeL:
(z,y)€e

u(f) =20 foralll e L

Let us denote by ®(I") the solution to P(I"). The following result shows that ®(I") describes
the asymptotic behaviour of cov,(I") when £ is large with respect to the dimensions of the grid.

Proposition 2.1. For any grid I and integer k > 1 we have
E®(T) < covi(T) < k®(T) + |L].

Proof. As previously established, covy(I") is the value of the integer linear program Z(I', k). If
we let (2(¢) : £ € L) be a solution to the program, then setting u(¢) = ;z(¢) yields a feasible
solution to the linear relaxation P(I"), with value >, u(¢) = £ >, 2(¢) = 7 covi(T'). As ®(T)
is the minimum possible value of a feasible solution to 7P(I"), the first inequality follows.

For the upper bound, let (u*(¢) : ¢ € L) be an optimal solution to the linear program P(I"),
with value ®(I"). If we then set z(¢) = [ku*({)] for all £ € L, we obtain a feasible solution
to Z(T', k). Thus,

cove(T) <D 2(0) =Y [ku (0] <> (ku(0) + 1) = k() + | L]. O

L

We remark that in practice one often obtains better error bounds; for instance, the |£| term
can be replaced by the size of the support of the optimal solution «*. Furthermore, for an infinite
sequence of multiplicities k, we can do away with the error term altogether. Indeed, since all
the coeflicients of P(I") are integral, there is a rational optimal solution u* (the one returned
by the Simplex Algorithm, for example). If k is divisible by the common denominator of the
fractions u*(¢), then we can set z(¢) = ku*(¢) without needing any rounding, thereby obtaining
a solution to Z(T", k) of value precisely k®(T).

Therefore, asymptotically as & tends to infinity, the problem reduces to determining ®(I").
We can provide upper bounds by finding feasible solutions to P(I") or, better yet, constructing
k-covers of I". To obtain lower bounds, we appeal to the theory of duality. The dual of P(T),
which we denote by D(I"), is the following linear program, where we have a variable w(z, y) for
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each point (x,y) € I\ {(0,0)}, which we call the weight of the point.

maximize Z w(z,y) (2.2)
(z,y)eM\{(0,0)}
subject to

Z w(z,y) <1 foralll e L

(z,y)€T\{(0,0)}:
(z,y)el

w(z,y) >0 forall (z,y) € '\ {(0,0)}

For convenience, given a set S C I'\ {(0,0)}, we write w(S) = >, )5 w(z,y) for the
weight of S. The dual program thus asks for the maximum possible weight of the grid, provided
every line in £ has weight at most 1. By the duality theorem for linear programming (see [MGO07,
Section 6.1]), the programs P(I") and D(I") have the same optimal objective value ®(I"). We
shall thus prove our lower bounds on covy(I") by finding suitably large feasible weights on the
grid I'.

3. Wide rectangular grids

In this section we will prove Theorems 1.2 and 1.4, establishing precisely when the Ball-Serra
bound is tight for all grids of given dimensions. Our first result establishes the value of covy(T")
for all n x m grids I whenever n > (k — 1)(m — 1) + 1.

Proof of Theorem 1.2. The Ball-Serra bound (1.2) provides the requisite lower bound, as sub-
stituting |.S1| = n and |S3| = m gives covg(I') > k(n — 1) +m — 1. To prove a matching upper
bound, we provide an explicit construction of a k-cover containing this many lines.
Write Sy = {0,t1,...,tm_1},and let P, U --- U P,,_; be an arbitrary partition of S \ {0}
such that |P;| > k — 1 for all i € [m — 1]; such a partition exists since n — 1 > (kK —1)(m — 1).
Now, consider the following collection of lines:

(i) the line y = t; foralli € [m — 1];
(ii) k — 1 copies of the line z = s forall s € S; \ {0};
(iii) the line connecting (0,¢;) and (s, 0) forevery ¢ € [m — 1] and s € P,.

In total, this collection contains m — 1 + (k — 1)(n —1)+n—-1=kn—1)+m —1
lines. It remains to verify that these lines form a valid k-cover of I'. Note first that no line in this
collection passes through the origin (0, 0).

Any nonaxial point of I is covered k times by the lines in (i) and (ii), leaving us to check the
axial points. A point of the form (s, 0), where s € S; \ {0}, is covered k — 1 times by the lines
in (ii) and once by the lines in (iii). Finally, a point (0, s) for s € S, \ {0} is covered once by
the lines in (i) and at least £ — 1 times by the lines in (iii) since each P; has size at least £ — 1.
Hence, every nonzero point of I' is covered at least & times, as required. [
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We remark that the above construction can be generalised to higher dimensions to show that,
for any ny x .-+ x ng grid I'(Sy, ..., Sy) containing the origin, if ny > ny > ... > ny and
ny = covg_1(I'(S2,...,S4)) + 1, then the Ball-Serra bound is tight for cov(I'(Sy, ..., S)).
Indeed, write S; = {0, s1,...,5,,_1} andlet H = {Hy, ..., H,,_1} be any collection of n; — 1
hyperplanes in R?"! containing a (k — 1)-cover of I'(S,,...,S,). We then form a k-cover
of I'(S1, Ss, ..., S,) consisting of the following hyperplanes in R%:

(i) one copy of the hyperplane x; =t foralli € {2,...,d} and t € S; \ {0};
(ii) k£ — 1 copies of the hyperplane z; = s for all s € Sy \ {0};
(iii) the hyperplane spanned by {0} x H; and (s;,0,...,0) forall: € [n; — 1].

It is not difficult to check that this is indeed a k-cover of I'(S,...,Sy), and it consists
of Zle n; + (k — 1)ny hyperplanes, which matches the Ball-Serra lower bound (1.2). However,
it is not clear how good the lower bound on n; is; that is, how large n; needs to be with respect
to the other dimensions n; in order to ensure that the Ball-Serra bound is tight.

In our next result, we show that the bound on n; in Theorem 1.2 is best possible, since
for generic grids that are slightly less wide, the Ball-Serra bound is no longer tight. In fact,
we a give a general lower bound for covy(I") when I is a generic n x m grid, and prove that
this bound is tight for infinitely many choices of k. While we will not pursue this question
further for higher dimensions in this paper, we remark that it was shown in [dB21] that for the
grid {0,...,ny — 1} x{0,...,n9 — 1} x {0,...,n3 — 1} with ny > ny > ns, the Ball-Serra
bound is already tight when n; > (k — 1)(ng — 1) + 1, which is an improvement on the bound
given by the above construction.

Proof of Theorem 1.4. We wish to show that if '=T"(.S, Ss) is a generic grid, where 57, So CR

satisfy 0 € S1NSyand |S1| = n > m = |Ss|, then we have cov(I") > k(n—l)—kﬁ(m—l)?
Appealing to the linear programming framework developed in Section 2, it suffices to
show ®(I") > (n — 1) + 7(5:;11_)22, which can be done by defining a weighting on the nonzero
points of I" with this total weight in which every line in £ has weight at most 1.

To that end, define the weighting w : '\ {(0,0)} — R by

—1 . _ .

n—r:m—Q if y= O’

w((r,y) = { 7ty ifa=0;
——; otherwise.

We start by computing the total weight of the grid:

n—1 m—1 1
_— —1)— -1 —1)——
n+m—2+(m )n+m—2+(n )(m )n+m—2
n—1+m-1 _(m—1)>?

_|_
n+m-—2 n+m—2
(m —1)*
n+m-—2’

w(TN\{(0,0)}) = (n —1)

=(n-1)

=n—1+
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and so, provided this weighting is feasible, it gives the desired lower bound.

To establish its feasibility, let us consider a line ¢ € L(I"). First suppose ¢ contains two
axial points, say (x,0) and (0,y). Since I" is generic, ¢ cannot contain any other points, and
hence w(f) = w((x,0)) +w((0,y)) = 7545 + =15 = 1. Next, suppose / is a horizontal
line of the form y = s for some s € Sy \ {0}. The line ¢ then contains one point on the y-axis
and n — 1 nonaxial points, and thus w(¢) = niz; + (n — 1)ﬁ = 1. Finally, any other
line ¢ can contain at most one axial point and at most 7 — 1 nonaxial points (x, y), one for each
choice of y € S \ {0}. For such lines, we therefore have w(f) < ;25 + (m — 1) = 1.

Hence, the welghting w is indeed feasible for the dual linear program D(I"), and has total

weight n — 1 + (m 1) , which proves cov (') > k(n — 1) + —£—(m — 1)
Now, given an arbltrary n x m grid I' = I'(Sy, Sy), we provide a construction of a k-cover
of I' that matches the bound proven above for an infinite sequence of multiplicities k, thereby

determining covy(I") for generic grids I' and such multiplicities k.

Defining a = W and b = gcd(nm—zlml) we are given that £ is divisible by a + b.
We further define d; = and dy = +b, noting that our divisibility assumption ensures these

a+b
are integers and that d; + do = k. Let B be an arbitrary biregular bipartite multigraph with

parts S; \ {0} and S, \ {0} with degrees d; in the first part and ds in the second. Note that
such a multigraph exists, since dy(n — 1) = dy(m — 1), and we can assign d; half-edges to
each s; € 57\ {0} and d, half-edges to each s € Sy \ {0}, and then take an arbitrary matching
between the two sets of half-edges.

Next, consider the following collection of lines:

(i) do copies of the line = = s; for each s; € 57 \ {0};
(ii) dy copies of the line y = s, for each s; € Sy \ {0};
(iii) for each {s1,s2} € E(B), a copy of the line connecting (s, 0) to (0, s3).

To see that these lines form a k-cover of I', observe that every nonaxial point is covered by ds
vertical lines from (i) and d; horizontal lines from (ii), and is thus covered d; + dy = k times
in total. For the axial points, a point of the form (s1,0) for s; € S; \ {0} is covered dy times
by the lines in (i), while the biregularity of the multigraph B ensures it is covered d; times by
the lines in (iii). Similarly, each point of the form (0, s5) for so € Sy \ {0} is covered d; times
by the lines in (ii) and d5 times by those in (iii). Thus, the axial points are also each covered k
times. Finally, none of the lines in our collection passes through the origin.

We thus obtain our upper bound by calculating the size of this cover, which yields

covi(I') < da(n — 1)+ di(m — 1) + dy(n— 1)

:k(n—l)—i-ab—fb(m—l)

as required. [
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4. Square grids

In the previous section, we saw that the Ball-Serra bound is tight when the grid is much wider
than it is tall, and proved a lower bound for generic grids that becomes much larger than the
Ball-Serra bound as the dimensions grow closer in size. Therefore, for the rest of this paper, we
focus on n x n grids. In Section 4.1 we prove Theorem 1.5, which provides general lower and
upper bounds on covy(I") for arbitrary n x n grids I'. In Section 4.2 we focus on the standard
grid ", =T({0,1,...,n—1},{0,1,...,n — 1}), proving Theorems 1.6 and 1.7.

4.1. General results

We start by restating our general bounds for square grids.

Theorem 1.5. Let T = T'(Sy, S5) C R? be a grid with |S1| = |Sa| = nand 0 € S; N Sy. Then,
for any integer k > 2, we have:

(a) covi(T') < (%/ﬂ (n—1).

(b) covi(T) = (10 — 4v5 + O(n™1))k(n — 1).

(c) if T is A-generic for some A > 0, then covy (') > (2 - ﬁ)k(n—l). In particular,

we have covy(T') = 2k(n — 1) when T is generic.

We will prove the upper bound of (a) via an explicit construction of a k-cover, and use the
linear programming framework of Section 2 to establish the lower bounds of (b) and (c).

Proof. (a) Note that when  is even, the upper bound cov,(I') < 3k(n — 1) follows from the
upper bound in Theorem 1.4 when m = n. We will obtain the upper bound for odd k£ with some
appropriate rounding, and present a unified construction below.

Let {x1,22,...,2, 1} be the nonzero elements of S;, and let {y1,4s,...,yn_1} be the
nonzero elements of S;. We form a k-cover of I' consisting of the following lines:

(i) [4k] copies of the lines © = x; and y = y;, for each i € [n — 1];
(i) |4k| copies of line connecting (;,0) to (0,y;), for each i € [n — 1].

There are 2[ £k (n—1) lines in (i) and | 3/ | lines in (ii), and hence we have a total of [2k](n—1)
lines, and it is evident that none of these pass through the origin. To see that they form a k-cover,
observe first that each nonaxial point is covered by Elﬂ horizontal lines and Pk vertical lines,
and is thus covered at least k times in total. Meanwhile, each axial point is covered [%/ﬂ times
by the lines in (i) and L%kJ times by the lines in (ii), and so is incident to exactly £ lines. These
lines therefore indeed form a k-cover, showing covy(I') < [2k](n — 1).

(b) To prove lower bounds, we appeal to the dual linear program D(I"). Our goal is to define
a weighting w of the nonzero points of I' of large total weight in which no origin-avoiding line
has weight more than 1. The key observation is that these lines can contain at most two axial

points, and so we can hope to get away with assigning large weights to the axial points.
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We shall first try a simple weighting w’, where all nonaxial points obtain a weight of «, and
all axial points a weight of (3, for & and [ to be chosen later. Unfortunately, this initial attempt
does not work. Indeed, we have w'(T') = (n — 1)’a+2(n —1)8 = ((n — 1)a +28)(n — 1).
Since there could be lines containing n — 2 nonaxial points and 2 axial points, we must
have (n — 2)a + 25 < 1. Hence, w'(I") < (1 + a)(n — 1). As lines parallel to the axes con-
tain n — 1 nonaxial points and an axial point, we must also have (n — 1)a + 5 < 1, which in
particular implies o < ﬁ Thus, w'(I") < n, and so the best lower bound we can hope for from
such a weighting is covy (") > kn, which is worse than the Ball-Serra bound (1.2) forn > k+2.

To salvage this idea, we will instead only assign weight to some of the axial points, with the
aim of ensuring that any origin-avoiding line containing two positively-weighted axial points
cannot contain too many nonaxial points. For this, we use the following claim, bounding the
number of points contained in certain lines.

Claim 4.1. Suppose we enumerate the members of S1 as ©1 < xo < ... < x, and those of S,
asy; < Yo < ... < Yn, and suppose iy € [n| is such that x;, = 0. Let j € [n] and { be a line
passing through (0,y;). If € has positive slope, then { contains at most n — |j — ig| points of T.
If € has negative slope, then { contains at most n — |(n — j + 1) — ig| points of T..

Proof of Claim 4.1. Suppose first that ¢ is a line of positive slope passing through (0, y,). We
define S; = {z € S; : < 0}and S; = {y € S, : y < y,}, observing that |S] | = i
and |S, | = j. Since / is of positive slope, it follows that, if (z,y) € ¢ for any x € S|, we must
havey € S5 .

If j > i, then, since each value in S; can correspond to at most one value in S, , it follows
that there will be at least j — 7o coordinates in S5 , and thus in S5, that are not mapped to by /,
and so ¢ can contain at most n — (j — ig) points of I'. Similarly, if j < iy, since each value in S5
corresponds to at most one value from S; , there will be at least iy — j values in 57 not covered
by ¢, and so ¢ contains at most n — (io — j) points from I". This shows that lines of positive slope
through (0, y;) can contain at most n — |j — ¢o| points of I.

For lines of negative slope, we can reflect the grid in the z-axis, considering

Sy ={—y :y € Sy}. This reverses the ordering of the elements, so y; = —y,_;+1. The line ¢
then corresponds to a line ¢’ of positive slope passing through (0, 7/, j 1), and thus contains at
most n — |(n — j + 1) — 4y| points of the grid. O

With this claim in mind, we now define an improved weighting of the points of I'. As
in the claim, enumerate the elements of S; as ©; < x9 < ... < x, and those of S,
as y1 < Y2 < ... <Yy, and let ip, jo € [n] be such that z;, = 0 and y;, = 0. Given param-
eters «, 5 and ¢, to be chosen later, we define the weights on I"\ {(0,0)} as follows:

« lf’L?éZOandj#']g,
w((xi,y;)) = B if j = jo, orif i = ip and min{|j —io|, |n — j + 1 — |} > ¢;
0 otherwise.

That is, we assign weight « to all nonaxial points and weight [ to all axial points except those
in intervals around y;, and y,,_;,+1 on the y-axis.
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For the weighting to be valid, we require that each origin-avoiding line have weight at most 1.
If the line ¢ contains two axial points with positive weight, then let it pass through (0, y;) on the
y-axis. By definition of w, we must have |j — io|, |(n — 7 + 1) —ig| > ¢, and so by Claim 4.1, ¢
contains at most n — ¢ points of I', and hence at most n — ¢ — 2 nonaxial points. Thus, the weight
of any such line is at most (n — t — 2)a + 20.

Otherwise, the line ¢ can contain at most one weighted axial point and at most n — 1 nonaxial
points, giving a total weight of not more than (n — 1)a + . Hence, our parameters must
satisfy (n —t —2)a+26<1,(n—1)a+ < 1,a,6>0,andt € N.

With regards to the objective function, we note that there are at most 2(2¢t — 1)
axial points with weight zero, and thus w(I') > (n — 1)?a + 2(n — 2t)(3, and we wish to
maximise this quantity subject to the constraints above. Some routine calculations then yield

that we should set t = {%\/(571 +1)(n—1)— nw, a = —and § = £, for which we have

w(T) > (10 — 4v/5+ O(n')) (n — 1). Proposition 2.1 gives the desired lower bound:

covi () = k®(T) > kw(l) > (10 — 45+ O(nfl)) k(n — 1),

(c) For the final part of the theorem, we assume the grid I" is A-generic, meaning that any
line through two axial points can contain at most A nonaxial points. In the framework of part (b),
where we assign a weight of « to all nonaxial points, and a weight of 3 to all axial points, we
then obtain the constraint (n — 1) + a + 8 < 1 from the lines with at most one axial point, and
the constraint Ao + 25 < 1 from the lines with two axial points. The total weight, which we
seek to maximise, is (n — 1)%a + 2(n — 1)4.

This optimisation problem is solved by taking o = m and =1 — ﬁ. Itis
readily verified that both constraints are then satisfied with equality, and the total weight of the

grid is [2 — m} (n—1), whence the result follows by once again applying Proposition 2.1.
[

A few remarks are in order at this point. First, we note that the lower bound of part (b) can be
improved if we have additional information about where the origin is in the grid. For example,
suppose the origin is in the lower-left corner; that is, min.S; = min Sy = 0. Then any line
containing two axial points must be of negative slope, and hence when we apply Claim 4.1, we
see that it is enough to leave only the largest values on the y-axis unweighted. When one solves
the corresponding optimisation problem, we find that covi(I') > (4 — 2v/2 + O(n™')) k(n—1)
for such grids I', a considerable improvement in the constant factor, as 4 — 22 ~ 1.1716.

Second, as explained in the introduction, almost all grids I" are generic, and parts (a) and (c)
of Theorem 1.5 determine covy(I") precisely when k is even and asymptotically when & is odd
and large. However, even when the grid I" is not generic but only A-generic, provided A = o(n),
part (c) is robust enough to resolve the problem asymptotically. We give some natural examples
of this below.

Corollary 4.2. Given n € N, let Ty, = ['(E, E), where E = {0,1,2,4,...,2"2}, and
let Tquaan = (S, S), where S = {0,1,4,...,(n — 1)?}. Then, if I' € {TexpnsDquadn}> we
have covi(T') = (2 +0(1)) k(n — 1) as k,n — oco.
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Proof. By Theorem 1.5(a), we know covy,(I') < [2k|(n—1), whichis (2 + O(k™")) k(n—1),
and so we need only demonstrate the lower bound. By Theorem 1.5(c), it suffices to show I is
A-generic for some A = o(n).

We begin with I' = Iy, ,, and show that is 1-generic. Indeed, suppose ¢ is a line containing
two axial points of I, say (0,2) and (27,0). It is then a straightforward calculation to see that,
for any 7, the line ¢ passes through (27,2" — 277%"), In order for this to be a nonaxial point
of the grid Teyp n, We require that 2° — 277" js a positive power of 2 strictly smaller than 27,
which only happens for » = j — 1. Thus, the line ¢ contains exactly one nonaxial point, and
hence I'cyp, , is 1-generic.

The quadratic grid I'quaq,, requires somewhat more delicate treatment. Again, let us sup-
pose £ is a line containing the axial points (0, a?) and (b, 0), and let (r?, s*) be a nonaxial point

lying on £. We then have s? = a? (1 — Z—;) ,or (ab)? = (ar)? + (bs)?. Thus, we can bound the

number of nonaxial points on ¢ by the number of ways of writing (ab)? as a sum of two positive
squares. Following Beiler [Bei64, pp. 140-142], if () is the set of prime divisors of ab that are
congruent to 1 modulo 4, and if /3, is the multiplicity of ¢ € () in the prime factorisation of (ab)?,
then there are [ ., (5, + 1) — 1 ways to write (ab)* as a sum of squares.

To simplify the notation in the calculation below, we shall assume ¢ = 5,13 and 17 are
included in @), setting 3, = 0 in case they do not divide ab. Now observe that we have

D Ba+1)=3+B+bs+br+ Y. (B+1)

a€Q 9€Q,4>29
< 3+ Bs + s + P + Z 20,
q€Q,q>29
<3+ ) B,logsq=3+log; (H qﬁq> < 3+ logs ((ab)?),
q€Q q€Q

and so ) (B, + 1) < 3+ 4logsn.

1 .
Since m < 3™/3 for every m € N, we have HZ m; < 33 X ™i and hence the number of

) . L oBet) 2 logsn % logs 3
ways to express (ab)® as a sum of squares is less than 33 <@\ L 3. 337°85™ = 33 857,

4
It thus follows that I .4, is A-generic for A = 3n3 logs 3 — o(n). O

4.2. Standard grids

While the results of Section 4.1 resolve the problem asymptotically for very many grids, there is
no questioning the fact that the most natural case to consider is that of the standard grid I'(S, .S),
where S = {0,1,...,n — 1}. For convenience, we denote this grid by I',,. By considering the
line x + y = n — 1, we see that [, is not A-generic for any A < n — 2, which means the
lower bound of Theorem 1.5(c) is worse than the Ball-Serra bound for n > k. By tailoring
our methods for this specific grid, though, we will obtain much better bounds. We begin by
showing that a strict k-cover of the standard grid requires far fewer lines than the upper bound
given by Theorem 1.5, which, as shown in the previous subsection, is asymptotically tight for
most grids.
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Proof of Theorem 1.6 (upper bound). We prove the upper bound by constructing a small k-cover
of I',,. Lett € [n—1] be a parameter, to be determined later, and consider the following collection
of lines:

(i) |;5i=k] copies of the lines # = i and y = i for each i € [n — 1];

(ll) k— (n-‘r
We begin by showing that the above collection of lines gives a k-cover of I',,. First, it is
clear that no line passes through the origin. Now consider a point (s1,s2) € I';, \ {(0,0)}.
If 57 + s5 < n+t—1,then (s, sy) is covered ( - 1/{:} + (nft{l/ﬂ times by the lines in (i)
and another k — { 81162 H times by those in (ii), and thus at least £ times in total. On the other

n+t—1
hand, if s; + so > n 4+t — 1, then lines in (i) alone cover the point { H + { silk] >k

]coplesofthehne:c—l—y—zforevery1 1<n+t-—1

times, as required. Calculating the size of this k-cover, we obtain i "
n—1 : ntt—2 ;
covi(I' 2ﬁjn+t—1 -‘—'—;(k_[n—kt—lk-‘)
[ n—1 ; n4t—2 i
SER T 2 )

[ 2 n 1 n+t—1
<k|l—2 - 9
_n+t—1(2)+n+t—1( 2 )}jtn

[ -1 t—2
nn—1) n+ ]_1_2“.

=k
n+t—1 2

4.1)

The upper bound given by (4.1) is valid for any ¢ € [n — 1]; we now want to choose a value
of ¢ that makes the right-hand side as small as possible. The function g(t) = % + %’52

has its minimum at ¢, = /2(n —1)n — (n — 1). Since our parameter must be an inte-
ger, we choose t = { 2(n—1)n— (n — 1)} = (V2 =1+ 0(n"))(n — 1), for which we

have g(t) = (v/2 4+ O(n"))(n — 1). Substituting this into (4.1) yields the claimed upper bound
of (V24 O(n~ '+ k= 1))k(n — 1) on covi(T,). O

‘We now turn our attention to the lower bound.

Proof of Theorem 1.6 (lower bound). By Proposition 2.1, it suffices to find a feasible
solution to the dual linear program D(I',), that is, a weighting of the nonzero points
of I';, in which every origin-avoiding line has weight at most 1, that has total weight at
least (2 — e 24+ O(n7Y))(n — 1).

Let ¢ be the largest integer such that Z %1 < % and consider the following weighting on
the points of I';, \ {(0,0)}:

N =

if xy = 0;

|H

w((z,y)) =4 = ifzx+y=mn—1+iforsomei € [t];
0 otherwise.
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We first show that (w((z,y)) : (z,y) € I',) gives a feasible solution to the dual linear
program D(I',,). Clearly w((x,y)) > 0forall (z,y) € I, \ {(0,0)}. Now, let ¢ € L be any line.
If ¢ contains two axial points, then any nonaxial point (z,y) on ¢ satisfies z + y < n — 1, and
thus has weight zero. It follows that w(¢) = 1. Otherwise, if (z,y) — x + y is constant on ¢,
then ¢/ = {(z,y) : +y =n — 1+ i} forsome i € [n — 1]. Then all points on ¢ have weight
zero, unless 1 < ¢ < ¢, in which case ¢ contains n — i points of weight ﬁ each. Thus w(¢) < 1
in this case. Finally, if (x,y) — x + y is not constant on ¢, it must be injective. Then, ¢ contains
at most one axial point, which has weight %, and the weight from the remaining points is at
most >, —L, which by the choice of ¢ is at most 3. So in total we again have w(¢) < 1.

To compute the total weight of the grid, observe that each diagonal line of the form x+y = ¢
has weight one if 1 < ¢ < n — 1 4+ ¢t and zero otherwise. Thus, the total weight of the grid
isn—1+1.

It remains to estimate ¢. Note that ¢t < %, since 22:1 ﬁ > Zle % = % and so bothn — 1
and n—1—t go to infinity linearly with n. It is well known that, as m — oo, the partial sums H,,
of the Harmonic series satisfy H,, = 7", % = logm + v + O(m™'), where + is a constant.
Hence,

t

1 n—1
= o —H . ,=1 _ -,
Zn—z n—1 n—1—t Og(n—l—t)+0(n )

i=1

Thus, we must have log (-2=%) = 1 + O(n™'), orlog (1 — -5) = —3 + O(n™"). This

givesl — - = e 24+ 0O(n™"),ort = (1 — e /2 4+ O(n7"))(n — 1), which results in the
claimed bound. L

The cover we constructed for the upper bound only uses lines of slope 0, oo, and —1, which
we shall hereon refer to as horizontal, vertical, and diagonal lines respectively. It may seem
rather limiting to restrict ourselves to these lines, and it is natural to wonder if one can do better
by using other lines as well. However, we verified by computer search that for small values of n
and k, one is always able to build an optimal k-cover consisting only of these three types of
lines. This motivated us to further study this restricted class of k-covers, and in our final result
we prove that the smallest k-cover of this form has size at least (v2 4+ O(n™!))k(n — 1).

To improve the lower bound in this setting, we again appeal to the linear programming ap-
proach and assign weights to the points of the grid. Since we are only permitted to use horizontal,
vertical, and diagonal lines, the dual linear program only has constraints on the total weights of
these lines. This gives us much more freedom in choosing the weights, and so we can hope to
find a feasible weighting with a larger sum, matching the upper bound from our construction.

Indeed, we now have n? —1 degrees of freedom (the weights of the individual nonzero points)
but only 4(n— 1) constraints (the weights of the horizontal, vertical, and diagonal lines). In order
to make the problem analytically feasible, we will reduce the search space by imposing some
further restrictions on the weighting.

First, we observe that the principle of complementary slackness dictates that for any line that
appears in an optimal cover, the corresponding constraint in the dual problem must be satisfied
with equality. In particular, since our construction uses all horizontal and vertical lines, together
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with the diagonal lines x +y = ¢ when ¢ is not too large, we will ensure that the weights of these
lines are exactly 1.

Second, to reduce the number of variables from quadratic to linear, we will require that the
weighting is constant along the nonaxial points on diagonal lines. As we shall show below, these
additional requirements allow us to set up and solve a recurrence relation for the weights, which
yields the desired result.

Proof of Theorem 1.7. In light of the discussion above, we define, for some parameters t € N
and (1, Bo, ..., Bn-1, 2 € Ry, the following weighting of the grid:

(;—Bﬁy ifx=0o0ry=0;

% ifr,y#0andl1 <z+4+y<n-—1,;
w((z,y) = 52— ifr4+y=iforsomen <i<n+t—1;

z ifr+y=n+t;

0 ifoty>ntttl.

\

We start by inspecting the diagonal lines x +y = . If 1 < ¢ < n — 1, the line has two
axial points of weight % — (; each, and 7 — 1 nonaxial points weighing f_il each. Thus, the total
weight of the line is 1. If instead we have n < ¢ < n + ¢ — 1, then the diagonal line consists
of 2n — 1 — 7 nonaxial points, which each have a weight of ﬁ, again giving a total weight
of 1. When i = n + ¢, the line consists of n — ¢ — 1 points of weight z, and so feasibility dictates
that 0 < z < —;—. Finally, if i > n + ¢ + 1, the line has weight 0.

By summlng along these diagonal lines, we find that n +¢ — 1 < w([', \ {(0,0)}) < n+t,
and so our goal is to maximise ¢ while ensuring that the weighting is feasible. We are yet to
specify the values of the parameters (;, which we will deduce from the requirement that the
vertical lines all have weight 1. Note that the weighting is symmetric in the line y = x, and so
this will also ensure that all horizontal lines have weight 1.

Consider the line + = n — 1, which has Weight — Bt + Z”H !
equal to 1 yields

5 1 - + 2. Setting this

6 n+t—1 1 . 1 (4 2)
n—1 = E _— + z— —. .
o -1 2

Now compare the weights of the points on the lines + = n — 2 and x = n — 1. Since the
diagonals are constant along their nonaxial points, we have w(n — 2,y) = w(n — 1,y — 1) for
all 2 < y < n—1. Hence the differences are that w(n —2,0) and w(n —2, 1) replace w(n—1,0)
and w(n — 1,n — 1). Thus,

w{z =n-2}) —w({zr =n—1})
:w(n—2,0)+w(n—2,1)—w(n—l,())—w(n—l,n—l)

/Bn 2 + 57121_(%_671—1)_07

and since both vertical lines have weight 1, this gives 5, o = (1 + —= )6n 1. Repeating this
argument for the lines ¢ = 7 — 1 and z = 7 for each 2 < ¢ < n — 1, we obtain the following
recurrence relation:
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2 1
Bi—1 = (1 + —) Bi — 21z — ——Liy, (4.3)
17— 1 n—1

where 1 4 is the indicator function of the event A defined as

_J 1 if Alis true;
A7)0 if Ais false.

For the initial condition, observe that the line x + y = 1 has no nonaxial points, and so for
it to have weight 1, we must have 5; = 0. Combining this with (4.3), we obtain:

min{¢,i}
1 jiG—=1) t(t+1)
- V=) e N frall2 € 1 (44
g 1) ; p— + S fore i<n (4.4)

Recall that we require 0 < z < n_i_l. Substituting the value of 3, 1 from (4.4) into (4.2),
we can solve for z to obtain:

_ t i =1) n(n — 1)
o <__;n ( (n—1)n ))n(n—l)—t(t+1)

(n—1n(} - rh)
 (n—=Dn—tt+1) "’

where the second equality is due to the fact that

t

L (U= _ 1 N~y a1
Zn-j(l (n—l)n)_n(n—l)z( +i—1) :

] = 2n(n —1)

Ifn > 1, wehave z > Owhen 0 < t < 1(VBr2—8n+1—-2n+1)and z < ——
for $(vV8r2 —8n+1—2n—1) < t < n — 1. These inequalities are satisfied by taking
= |3(V8n? —8n+1—2n+1)|, for which we have t = (vV2—1+0(n™!))(n — 1). It
follows that the total weight of the grid is (v2 4+ O(n™1))(n — 1).

We are not quite done, as there is one final condition to verify — to ensure that all our weights

are nonnegative, we must have 0 < 3; < % forall 1 < i < n — 1. From (4.3) we have:

—1 1
ﬁi:Z (ﬁzl ) if2<i<t
n—@

1

— 71— 1 1
i = i— < ——| bi- ; ife=¢t+1
B ¢+1<5 1+ 2) @+1(ﬁ . ) ifi=1t+

— 1
i—1
5i_z‘+1

ift+2<i<n—-1
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Thus, it suffices to show that 3; < % forall 2 <7 < ¢+ 1. We will do so by showing that
forl <i<t+ 1, wehave 8; < 2(;_;11_1) by induction on 7. We know that 3; = 0, so the base
case is clear. Let ¢ > 1 and assume the induction hypothesis; then

el VRS S SO Lt G bt B S WP |
i1\ =) Ti+1\2n—i)  n—i) S2n—i—-1)

We have Z(ni:il—l) < £ whenever i < n — 4, which is true since ¢ < t 4+ 1 = (V2 -1+
O(n=1))(n —1).

Hence our weighting is indeed feasible and w(T',, \ {(0,0)}) = (V2 +O(n))(n — 1). It
thus follows that any k-cover of I',, using only horizontal, vertical, and diagonal lines must have

size at least (v2 4+ O(n™1))k(n — 1). O

Bi <

5. Conclusion

In this paper, we studied line coverings with multiplicities for two-dimensional real grids. We
determined the minimum size of a cover in several cases, but some natural and interesting ques-
tions remain open, and we highlight them below.

In Section 3, we investigated for which grids the Ball-Serra bound is tight. We proved that,
when n is sufficiently large with respect to m and &, the Ball-Serra bound is tight for any n x m
grid. Moreover, we showed that the threshold value for n given by Theorem 1.2 is tight for
most grids. It can be shown, however, that this bound on n is not best possible for all grids.
For example, for the grid I'(S;, S2), where S = {0,1,2,...,n — 1} and Sy = {—1,0, 1}, and
any k > 3, we can show that the Ball-Serra bound is tight already for n = 2(k — 1), as opposed
to the lower bound n > 2k — 1 of Theorem 1.2. However, in this grid the omitted point (0, 0)
is not a corner point, while, as in the square grid setting, it is more natural to consider grids in
which (0, 0) is a corner. For such grids, one could investigate when the Ball-Serra bound holds.

Question 5.1. Let I" be the grid {0,1,2,...,n — 1} x {0,1,2,...,m — 1} and & > 2 be an
integer. How large must n be with respect to m and & to have cov(T') = k(n — 1) + (m — 1)?

Our main result for standard grids establishes reasonably good asymptotic lower and upper
bounds on cov(I',). It would be of interest to close the remaining gap.

Question 5.2. What is the true asymptotic value of covy(I';,)?

We tend to believe that cov,(I',,) = (v/2+0(1))k(n—1). In Theorem 1.7, we showed this to
be the case when we only use lines of slope 0, co, and —1. However, for the weighting we used
to establish the lower bound, one can show that lines of slope 1 near the origin (e.g., y =z + 1)
have weight larger than 1 when n is large. We believe that these are the only problematic lines,
and so as an intermediate step one could attempt to verify that our weighting remains feasible
if one only forbids lines of slope 1. This would imply that any k-cover of I',, of size smaller
than (v/2 + o(1))k(n — 1) must contain many lines of slope 1. To show that such a construction
is unlikely to exist, it might be helpful to consider what happens if we restrict ourselves to lines
of slope 0, oo, —1, and 1.
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In our work thus far we observed that the standard grid I',, requires many fewer lines to cover
than any other n x n grid we considered. Our general lower bound from Theorem 1.5(b) (and the
improvement for grids in which (0, 0) is a corner discussed after the proof) is not strong enough
to establish this fact, and we propose the following problem.

Question 5.3. Is it true that cov(I',,) < cov(I') for any n x n grid I in which (0, 0) is a corner?

More broadly, it would be of interest to improve the lower bound from Theorem 1.5(b), which
we do not believe to be best possible.

Another direction that might lead to interesting findings is to consider translates of the stan-
dard grid in which the omitted point is not in the lower-left corner. How does the position of
the origin then affect the value of cov,(I")? For instance, what are the asymptotics of covy(T'),
where ' =T ({—(n/2],...,[n/2]},{—|n/2],...,[n/2]})?

While we mainly focused on two-dimensional real grids, it would be natural to investigate
the problem in higher dimensions as well. For example, in Section 3, we remarked that the
Ball-Serra bound can be tight for higher-dimensional grids as well, provided that one of the
sides is much longer than the others. How much longer does that side need to be for the bound

to be attained? Once again, it would be particularly interesting to investigate covk(I‘ng)) for the

standard d-dimensional grid I = {0,...,n —1}%

Finally, while all of our results are stated for grids over R, the questions we considered and our
general framework extend to grids over any field. Some of our results, for example Theorem 1.2,
extend to arbitrary fields. It will be interesting to prove similar results for other fields, and in
particular for fields of positive characteristic.

Acknowledgements

We are very grateful to the anonymous referee for their helpful suggestions for improving the
presentation of this paper.

References

[ABNR22] Gianira N. Alfarano, Martino Borello, Alessandro Neri, and Alberto Ravagnani.
Three combinatorial perspectives on minimal codes. SIAM J. Discrete Math.,
36(1):461-489, 2022. doi:10.1137/21M1391493.

[AF93] Noga Alon and Zoltan Fiiredi. Covering the cube by affine hyperplanes. European
J. Combin., 14(2):79-83, 1993. doi:10.1006/eujc.1993.1011.

[Alo99] Noga Alon. Combinatorial Nullstellensatz. Combin. Probab. Comput., 8(1-2):7—
29, 1999. doi:10.1017/50963548398003411.

[BBDM?23] Anurag Bishnoi, Simona Boyadzhiyska, Shagnik Das, and Tamas Mészaros. Sub-
space coverings with multiplicities. Combin. Probab. Comput., 32(5):782-795,
2023. doi:10.1017/s0963548323000123.


https://doi.org/10.1137/21M1391493
https://doi.org/10.1006/eujc.1993.1011
https://doi.org/10.1017/S0963548398003411
https://doi.org/10.1017/s0963548323000123

COMBINATORIAL THEORY 3 (3) (2023), #4 21

[BBS10]

[BCPS18]

[Bei64]

[BGG122]

[Bru92]

[BS09]
[CH20]
[dB21]

[GMCS22]

[Gutl6]

[Jam77]
[Kom94]

[LR14]

[MGO7]

[SW22]

Aart Blokhuis, Andries E. Brouwer, and Tamas Szdnyi. Covering all points
except one. J. Algebraic Combin., 32(1):59-66, 2010. doi:10.1007/
s10801-009-0204-1.

Anurag Bishnoi, Pete L. Clark, Aditya Potukuchi, and John R. Schmitt. On zeros
of a polynomial in a finite grid. Combin. Probab. Comput., 27(3):310-333, 2018.
do0i:10.1017/S0963548317000566.

Albert H. Beiler. Recreations in the Theory of Numbers: The Queen of Mathematics
Entertains. Dover Publications, New York, 1964.

Barttomiej Bosek, Jarostaw Grytczuk, Grzegorz Gutowski, Oriol Serra, and Mar-
iusz Zajac. Graph polynomials and group coloring of graphs. European J. Combin.,
102:Paper No. 103505, 11, 2022. doi:10.1016/j.ejc.2021.103505.

Aiden A. Bruen. Polynomial multiplicities over finite fields and intersection sets.
J. Combin. Theory Ser. A, 60(1):19-33, 1992. doi:10.1016/0097-3165(92)
90035-S.

Simeon Ball and Oriol Serra. Punctured combinatorial Nullstellensatze. Combina-
torica, 29(5):511-522, 2009. doi:10.1007/s00493-009-2509-z.

Alexander Clifton and Hao Huang. On almost k-covers of hypercubes. Combina-
torica, 40(4):511-526, 2020. doi:10.1007/s00493-019-4221-y.

Yvonne den Bakker. Hyperplane covering problems. Bachelor’s thesis, Technische
Universiteit Delft, 2021.

Stefan Glock, David Munha Correia, and Benny Sudakov. The n-queens com-
pletion problem. Res. Math. Sci., 9(3):Paper No. 41, 20, 2022. doi:10.1007/
s40687-022-00335-1.

Larry Guth. Polynomial methods in combinatorics, volume 64 of University Lecture
Series. American Mathematical Society, Providence, RI, 2016. doi:10.1090/
ulect/064.

Robert E. Jamison. Covering finite fields with cosets of subspaces. J. Combinatorial
Theory Ser. A, 22(3):253-266, 1977. doi:10.1016/0097-3165(77)90001-2.

Péter Komjath. Partitions of vector spaces. Period. Math. Hungar., 28(3):187-193,
1994. doi:10.1007/BF01876338.

Ivan Landjev and Assia Rousseva. On the sharpness of Bruen’s bound for inter-
section sets in Desarguesian affine spaces. Des. Codes Cryptogr., 72(3):551-558,
2014. doi:10.1007/s10623-012-9783-2.

Jiti Matousek and Bernd Gértner. Understanding and using linear programming.
Springer Berlin, Heidelberg, 2007. doi:10.1007/978-3-540-30717-4.

Lisa Sauermann and Yuval Wigderson. Polynomials that vanish to high order on
most of the hypercube. J. Lond. Math. Soc. (2), 106(3):2379-2402, 2022. doi:
10.1112/j1ms.12637.


https://doi.org/10.1007/s10801-009-0204-1
https://doi.org/10.1007/s10801-009-0204-1
https://doi.org/10.1017/S0963548317000566
https://doi.org/10.1016/j.ejc.2021.103505
https://doi.org/10.1016/0097-3165(92)90035-S
https://doi.org/10.1016/0097-3165(92)90035-S
https://doi.org/10.1007/s00493-009-2509-z
https://doi.org/10.1007/s00493-019-4221-y
https://doi.org/10.1007/s40687-022-00335-1
https://doi.org/10.1007/s40687-022-00335-1
https://doi.org/10.1090/ulect/064
https://doi.org/10.1090/ulect/064
https://doi.org/10.1016/0097-3165(77)90001-2
https://doi.org/10.1007/BF01876338
https://doi.org/10.1007/s10623-012-9783-2
https://doi.org/10.1007/978-3-540-30717-4
https://doi.org/10.1112/jlms.12637
https://doi.org/10.1112/jlms.12637

22 Anurag Bishnoi et al.

[Zan02] Corrado Zanella. Intersection sets in AG(n, ¢) and a characterization of the hyper-
bolic quadric in PG(3, ¢). Discrete Math.,255(1-3):381-386, 2002. Combinatorics
"98 (Palermo). doi:10.1016/S0012-365X(01)00413-7.


https://doi.org/10.1016/S0012-365X(01)00413-7

	Introduction
	A brief history of hyperplane covers
	Our results

	The linear programming framework
	Wide rectangular grids
	Square grids
	General results
	Standard grids

	Conclusion



