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Abstract

We consider a variant of Heilbronn’s triangle problem by asking for a distribution of n points in the d-dimensional unit cube [0, 114
such that the minimum (two-dimensional) area of a triangle among these n points is as large as possible. Denoting by Azﬂ'hne (n) and

Agn'li“e (n) the supremum of the minimum area of a triangle among n points over all distributions of n points in [0, 114 for the off-line
and the on-line situation, respectively, for fixed dimension d > 2 we show that ¢ - (log n) 1/(d=1) /,2/(d=1) ¢ Agﬁc'““e n) < c/1 /n?/d
and ¢p/ n2/d=1 ¢ Az,n'li“e(n) < c’2 / n%/4 for constants c1, €2, c’l, c’2 > 0 which depend on d only. Moreover, we provide a deter-

ministic polynomial time algorithm that achieves the lower bound Q((log ) 1/(d=1) / n2/(@=1y on the minimum area of a triangle
among n points in [0, 119 in the off-line case.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Heilbronn problem; Independent sets; Hypergraphs

1. Introduction

Given any integer n >3, originally Heilbronn’s problem asks for the supremum A4,(n) of the minimum area of a
triangle formed by three of n points over all distributions of n points in the unit square [0, 1]. For primes #, the points
Py =1/n-(k mod n, k% mod n),k=0,1,...,n—1,easily show that Ay (n) = Q(l/nz), as was pointed out by Erdés,
see [14]. Komlés et al. [11] improved this to 42(n) = Q(ogn/ n?), which is currently the best known lower bound,
and Bertram-Kretzberg et al. [4] provided a deterministic polynomial time algorithm achieving this lower bound. From
the other side, improving earlier results of Roth [14—18] and Schmidt [19], Koml6és et al. [10] proved for some constant

¢ > 0 the upper bound 4,(n) = O(ZC\/@ /n8/7). We remark that for n points chosen uniformly at random and
independently of each other in the unit square [0, 1], the expected value of the minimum area of a triangle among
these n points is @(1/n%), as was shown recently by Jiang et al. [9].

For fixed integers d > 2, a variant of Heilbronn’s problem considered by Barequet [2], asks for the supremum A4 (n)
of the minimum volume of a simplex formed by some (d 4 1) of n points over all distributions of » points in the
d-dimensional unit cube [0, 11¢. He showed in [2] the lower bound A;(n) =Q(1/ n4), which was improved in [12] to

:;(n) = Q(logn/ n9). In [13] for dimension d = 3 a deterministic polynomial time algorithm was given achieving
the lower bound A;(n) = Q(log n/n3). Recently, Brass [6] showed the upper bound A;‘;(n) = O(l/n“‘l/(z")) for odd
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d >3, while for even d >4 only A;(n) = O(1/n) is known. Moreover, an on-line version of this variant was considered
by Barequet [3] for dimensions d = 3 and 4, where he showed the lower bounds Q(1/ n19/3) and Q(1 / nl27/24y,
respectively.

Here we investigate the following extension of Heilbronn’s triangle problem to higher dimensions: for fixed integers
d >2 and any given integer n >3, find n points in the d-dimensional unit cube [0, 1]d such that the minimum area of
a triangle determined by three of these n points is as large as possible. We consider the off-line as well as the on-line
version of our problem. In the off-line situation the number 7 of points is given in advance, while in the on-line case
the points are positioned one after the other in the unit cube [0, 1]¢ and at some time suddenly this process stops. Let
the corresponding supremum values—over all distributions of n points in [0, 1]%—on the minimum areas of a triangle

among n points in [0, 1]¢ be denoted by Asz_phne (n) and A;’ln'n“e (n), respectively.

Theorem 1. Let d >2 be a fixed integer. Then, for constants cy, c3, c’1 , c/2 > 0, which depend on d only, for every
integer n >3, it is

(logm)/=D "t tine ‘
cl .ng‘d (n)ém, (n
C2 <Aon-line(n)< C/Z (2)
n2/d-1) S7d = p2/de

The lower bound (1) extends the results of Komlds et al. [11], who considered the case of dimension d = 2. The lower
bounds (1) and (2) in the off-line and the on-line situation, respectively, differ only by a factor of ®((logn) 1/ (d_l)). In
contrast, the lower bounds in the on-line situation considered by Barequet [3], i.e., maximizing the minimum volume
of simplices among n points in [0, 1]¢, differ by a factor of @(n!'/3 - logn) for dimension d = 3 and by a factor of
O3/, log n) for dimension d = 4 from the currently best known lower bound AZ(n) = Qlogn/ n4 ); see [12] for
the off-line situation for any fixed dimension d > 2.

Moreover, we provide a deterministic polynomial time algorithm—to some extent by derandomizing the arguments
in the proof of Theorem 1—which achieves the lower bound (1) in the off-line situation:

Theorem 2. Let d >2 be a fixed integer. For each integer n>3 one can find deterministically in time O(n>~2/47) for
any fixed y > 0 some n points in the d-dimensional unit cube [0, 11¢ such that each triangle among these n points has
area Q((logn)'/(@=1 /p2/(d=1)

Theorem 2 extends the results from [4], where the case of dimension d = 2 was considered. Our considerations here
also yield better estimates on the running time of an algorithm, which is similar to the one analyzed in [4].

2. The off-line case

A line through the points P;, P; € [0, 174 is denoted by P; P;. Letdist(P;, P;) be the Euclidean distance between the
points P; and P;. The area of a triangle determined by three points P;, P;, P, € [0, 114 is denoted by area(P;, P, Py),
where area(P;, Pj, Py) := dist(P;, P;) - h/2 and h is the Euclidean distance of the point Py from the line P; P;. For
a subset S C [0, 119 let vol(S) be its d-dimensional volume. Throughout this paper, let C; denote the volume of the
d-dimensional unit ball in R?.

2.1. A lower bound on Agff—li“e n)

First, we prove the lower bound in (1) from Theorem 1, namely that for fixed d >2 and for some constant ¢c; =
c1(d) > 0,itis

(log n)l/(d_l)

off-line
4, (n)=cy - @ 3)
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Proof. Let d >2 be a fixed integer. For arbitrary integers n >3 and a suitable constant f > 0, we select uniformly

at random and independently of each other N = nl+h points Pq, ..., Py in the d-dimensional unit cube [0, 11¢. For
fixed 1<i < j < k<N, we give an upper bound on the probability that area(P;, P, Py) <A for some value A > 0,
which will be specified later. The point P; can be anywhere in [0, 1]¢. Given the point P;, the probability that the point
P; € [0, 114 has from P; a Euclidean distance within the infinitesimal range [r, r 4+ dr], is at most the difference of the
volumes of the d-dimensional balls with center P; and with radii (r 4+ dr) and r, respectively, hence

Prob(r <dist(P;, P;)<r +dr)<d-Cq-ri " dr, 4)

where Cy is equal to the volume of the d-dimensional unit ball in R?. Given the points P; and P; with dist(P;, Pj) =r,
the third point P, € [0, 119 satisfies area(P;, Pj, P) <A, if P is contained in the set C; ; N [0, 11, where Cijis
a d-dimensional cylinder, centered at the line P; P; with radius 2 - A/r and height Vd. The d-dimensional volume
vol(C; ; N[0, l]d) isatmost Cy_1 - (2 - A/r)”l_1 . /d, and we infer for some constant ¢3 > 0:

Prob(area(P;, Pj, Py)<A)

vd vd 2.4\ !
gf vol(C;.j N [0, 1]d)-d-cd.rd*‘dr</ Ca_1 - (—) Nd-d-Cg-r¢Vadr
0 0 r

Ja
=Cy_1-Cy-2071.g32. A1 f dr =c3- A7, (5)
0

In our further considerations we use hypergraphs.

Definition 3. A hypergraph G = (V, &) with vertex-set V and edge-set £ is k-uniform if |E| = k for all edges E € £.
A hypergraph G = (V, €) is linear if |E N E'| < 1 for all distinct edges E, E’ € £. A subset I C V of the vertex-set is
independent if I contains no edges from £. The largest size || of an independent set in G is the independence number

u(G).

We form a random 3-uniform hypergraph G = G(A) = (V, &) with vertex-set V = {1, ..., N}, where vertex i
corresponds to the random point P; € [0, 119,i = 1,...,n, and with edge-set &3, where {i, j, k} € &; if and only if
area(P;, Pj, Pr) <A. The expected number E(|&3]) of edges in G satisfies by (5) for some constant c3 > 0:

N
E(|53I)<<

3) cy AT ey AT NS, (6)

We use the following result on the independence number of linear k-uniform hypergraphs due to Ajtai et al. [1], see

[7].

Theorem 4 (Ajtai et al. [1], Duke et al. [7]). Let k>3 be a fixed integer. Let G = (V, ) be a k-uniform hypergraph
on |V| = N vertices with average degree t*"' = k - |E|/|V|. If G is linear, then its independence number o(G)
satisfies for some constant ¢ > 0:

2(G)> ¢} - - (ogn)/H). o)

Let D := N7 for a suitable constant y with 0 < y < 1, which will be fixed later. Let BP p(G) be a random variable,
which counts the number of ‘bad pairs of triangles’ in G, which are among the N random points P, ..., Py € [0, 1]¢
those unordered pairs of triangles sharing an edge, where both triangles have area at most A and all sides of the two
triangles have length at least D. Let Pp(G) be another random variable, which counts the number of unordered pairs
of distinct points with Euclidean distance at most D among the N randomly chosen points Py, ..., Py € [0, 1]¢.

To apply Theorem 4, we estimate in the random hypergraph G = G(A) = (V, &3) the expected number E(BPp(G))
of ‘bad pairs of triangles’ and the expected number E(Pp(G)) of unordered pairs of distinct points with Euclidean
distance at most D among the N random points Py, ..., Py € [0, l]d . We show that both numbers E(BPp(G)) and
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E(Pp(G)) are o(N) for some choice of the parameters A, D and N. Then in the hypergraph G on N vertices we delete
one vertex (point) from each unordered pair of vertices (points) with Euclidean distance at most D and from each ‘bad
pair of triangles’, which yields a linear-induced subhypergraph G* = (V*, £5) of G = G(A) on (1 —o(1)) - N vertices,
thus G* fulfills the assumptions of Theorem 4. An independent set in this subhypergraph G* yields a subset [ of points
in the unit cube [0, 114, such that the area of each triangle arising in I is bigger than A.

First, we give an upper bound on the expected number E (Pp (G)) of unordered pairs of distinct points with Euclidean
distance at most D among the N random points Py, ..., Py € [0, 1]¢. For fixed integers i, j, 1 <i < j <N, we have

Prob(dist(P;, P;) <D)<Cy - DY,

since the point P; can be anywhere in [0, 114 and, given the point P; with dist(P;, P;) < D, the point P; is contained in
the d-dimensional ball with radius D and center F;, i.e., Prob(dist(P;, P;) < D)< Cy - De. Thus, the expected number
E(Pp(G)) of unordered pairs of distinct points with Euclidean distance at most D among the N points in [0, 1]¢ satisfies
for some constant ¢; > 0:

E(PD(Q)K([;) Cq-D'<cr- N*- D 8)

Next, for fixed 1 <i < j < k < [<N, we give an upper bound on the probability that the random points P;, P;, Py, P,
yield a ‘bad pair of triangles’, in which case the Euclidean distance between any two points from each of the two
triangles is at least D. There are (;) choices for the joint side of the two triangles, given by the points P; and P;j,
say. Given the point P; € [0, l]d, by (4) we have Prob(r <dist(P;, Pj)<r +dr)<d - Cq4 - r4=1dr. Given the points
P, Pj €0, 1]d with dist(P;, P;) = r > D, the probability that both triangles P;, P;, Py and P;, P;, P; have area at
most A, is at most the square of the volume of the cylinder, which is centered at the line P; P; with height /d and
radius 2 - A/r. Thus, for dimension d >3 we obtain for some constant ¢4 > 0:

Prob(P;, P;, Py, P; form a ‘bad pair of triangles’)

Vd Cand-1\ 2
<(4>./ (cd_l.@.<2 A) ) d-Cq-r?lar
2 D r

vd g
:C4.A2d—2./ r

D r

) Dd—2 ~ g@d-2)2

For d = 2, with D = N7 for some constant y with 0 < 7 < 1, the expression (9) is bounded from above by
ca - A% log N. Thus, for fixed dimension d > 2 we infer

€4 42d-2 < 1 1 )<c4.A2d—2/Dd—2 ©)

Prob(P;, P;, Py, P; form a ‘bad pair of triangles’)

<cy - A2d=2 . log N/Dd_Z,

and we obtain for a constant ¢4 > 0 for the expected number E(BPp(G)) of ‘bad pairs of triangles’ among the N
random points:

E(BPp(G) < (]D ey - A*772 L log N/ D972 <y - A22 - N* . log N/ D42, (10)
Using (6), (8), (10) and Markov’s inequality there exist N points in the unit cube [0, 1]¢ such that the corresponding
3-uniform hypergraph G = G(A) = (V, &) on |V| = N vertices satisfies

E31<3 - ¢3- AT N, (11)

Pp(§)<3-c2-N*- DY, (12)

BPp(G)<3-cs- A¥72. N* . 1ogN/D? 2. (13)
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For some suitable constant ¢* > 0, which will be specified later, we set

(log n)l/(d—l)

2/(d—1) (14)

A= c"-
Recall that N = n'*F and D = N7 for some constants B,y >0withy < 1.
Lemma 5. For fixed f,y > Owithy <4/((d—1)-(14+p)) —3/(d —1),itis
BPp(G) = o(|V]).
Proof. Using (13) and (14) with |[V| =N = n' P and D = N7, where 8, 7 > 0 are constants, we have
BPp(G) = o(lV])
— A%2.N* . logN/D? 2 = o(N)
<« N3=2) [ 1og? n - log N/n* = o(1)
= nIFPBHE-D)=4 1063 ;1 — (1)
= A+p-C+y-d—-2) <4,
which holds for0 <y <4/((d —1)-(1+ p)) —3/(d—1). O
Lemma 6. For fixedy > 1/d, it is
Pp(G) = o(|VD.
Proof. By (12) and (14), using |V| = N and D = N~ for some constant y > 0, we infer
Pp(G) = o(IV]
& N*.D? =o(N)
= N-D!=0o(l)
= N7 =o(1)
7y >1/d,
which holds fory > 1/d. [J

Now we fix f := 1/(8d)andy := 1/(d — %). Then all assumptions in Lemmas 5 and 6 are fulfilled. In the hypergraph
G = (V, &) we delete one vertex from each ‘bad pair of triangles’, i.e., all corresponding triangles have side-lengths
at least D, and from each unordered pair of vertices where the corresponding points have Euclidean distance at most
D. Let V* C V be the set of the remaining vertices. The resulting-induced subhypergraph G* = (V*, £5) with
&= (VPN &3 fulfills |[V*| = (1 — o(1)) - |V| by Lemmas 5 and 6 and with (11) we obtain

IV¥|>N/2 and |EF1<3-c3- A1 N3 (15)
By (15) the hypergraph G* has average degree

3.|EF 9.c¢3- Ad—l . N3
2= 215l <28 =18.¢3- AT N2 = 2. (16)
|V N/2

The induced subhypergraph G* does not contain any two distinct edges E, E" € £ with [ENE'| = 2,i.e., G isa
linear hypergraph. The assumptions of Theorem 4 are fulfilled by the 3-uniform subhypergraph G* of G. Notice that
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the term 1/7 - logl/zt is decreasing for ¢ > e!/*. Thus, for £ >2 we obtain for constants cg‘, ¢, cl,c® > 0 with (7),
(14)—(16) the following lower bound on its independence number:

V* V*
w(G) = a(G*) =cj - % log21>ct - | t |

. logl/2 131

. N/2
C . .
3 (18-¢c3- Ad-HI2. N

=

log!/? ((18 ey A2 N)

=>c- logl/zn/A(”l_l)/2 as N = n'*F

>c- (1/C*)(d*1)/2 . % ~10g1/2n>n
log!?n

by choosing in (14) a small enough constant ¢* > 0. For ¢ < 2, we have |£5| < 4 - |V*|/3, hence by omitting
from G* successively for each pair of edges with at least one joint vertex, one of these joint vertices, we obtain
a(G) Za(G*) = N/9>n. Thus, the hypergraph G contains an independent set I € V with |I| = n. These n vertices
yield n points in [0, 1]¢, where each triangle arising from these n points has area at least A, i.e., Agff—line(n) =
Q((logn)'/@=1 /p2/(@=D) \which finishes the proof of (3). [

2.2. A deterministic algorithm

Next, we prove Theorem 2. To provide for fixed integers d > 2 a deterministic polynomial time algorithm, which finds

n points in the d-dimensional unit cube [0, 1]¢ that achieve the lower bound A?]ff'““e (n) = Q((log n)/@=1 yp2/(d=1))
on the minimum area of a triangle among these  points, we discretize the d-dimensional unit cube [0, 1] by considering
the standard d-dimensional 7' x - - - x T-grid, where T = nP for some constant f > 0. With this discretization we now
must take into account collinear triples of grid-points in the 7 x - - - x T-grid, which have area equal to zero.

Proof. We proceed similarly as we did in Section 2.1 for proving the lower bound (1) in Theorem 1, but with some crucial
differences due to the occurring collinear triples of grid-points. Set D := T7 > 1 for some suitable constant 0 < y < 1.
For some real number A > %, which will be specified later, we form a hypergraph G = G(A, D) = (V, & U E U Eé))
which contains 2-element edges and two types of 3-element edges. The vertex-set V consists of the T¢ grid-points
Py,...,Prafromthe T x --- x T-grid with T’ = nP for some suitable constant f > 0. The edge-sets &, &3 and 5:?
are defined as follows. For distinct grid-points P, Q € V let { P, Q} € &, if and only if the Euclidean distance between
P and Q fulfills dist(P, Q) < D. For distinct grid-points P, Q, R € V let {P, O, R} € Eg) if and only if P, Q, R are
on a line. Moreover, for distinct grid-points P, Q, R € V let {P, Q, R} € &; if and only if P, Q, R are not collinear,
area(P, Q, R) < A and pairwise the points P, Q, R have Euclidean distance bigger than D.

We are looking for a large independent set in this hypergraph G = G(A, D) = (V, & U & U Sé)), as an independent
set I C V in G corresponds to | /| many grid-points in the T x - - - x T-grid, such that the area of each triangle arising
among these |/ | grid-points is bigger than A.

We use the following algorithmic version of Theorem 4 of Bertram-Kretzberg and this author [5], see also
Fundia [8].

Theorem 7. Let G = (V, &) be a k-uniform, linear hypergraph with average degree t*=1:= k-|€|/|V|. Then one can
find for any 6 > 0 in time O(|V | + |E| + |V |3/t3=°) an independent set I € V with |I| = Q((|V|/1) - (logt)"/*=D).

To find a suitable induced subhypergraph of G = G(A, D) = (V, & UE U 6’2 ) to which Theorem 7 can be applied,
we first count in the hypergraph G = G(A, D) = (V,& U & U Eg) carefully the numbers |&,|, |€3] and |5§) | of
2- and both types of 3-element edges, respectively, and the numbers s5(G; £3) of unordered pairs {E, E'} of distinct
edges E, E' € &3, which have two vertices in common, i.e., |E N E’| = 2. Then in a certain induced subhypergraph
G* = (V*, &U&U 6’2*) of G we destroy in one step all 2-element edges from &7, all edges from 82* and all unordered
pairs {E, E'} of distinct edges E, E’ € & with |E N E’| = 2. The resulting-induced subhypergraph G** of G* contains
only edges from &7, hence is 3-uniform and also linear, and at this stage we apply to G** the algorithm from Theorem 7.
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For nonnegative integers ay, .. ., a4, which are not all equal to zero, we denote by gcd(ay, ..., aq) >0 the greatest
common divisor of ay, ..., ay. Notice that for distinct grid-points P = (p1, ..., p4) and QO = (q1, ..., qq) in the
T x --- x T-grid there are exactly gcd(|q1 — p1l, ..., |gq — pal) — 1 grid-points on the segment [ P, Q] excluding the
endpoints P and Q.

Lemma 8. For some constant c3,0 > 0, the number |<€'§)| of collinear triples of grid-points in the d-dimensional
T x --- x T-grid fulfills

EN<eso- T2 logT. 17)
3 , g

. T24+1_which would suffice for

Notice that for a constant cg > 0 one can obtain easily the upper bound |€§)| < cg
our purposes—as one can choose two grid-points P and R from the T x - - - x T-grid in at most 7> ways and at most
T grid-points from the segment [ P, R]. However, in order to get a better estimate on the running time of our algorithm,

we use the upper bound (17) on the number of collinear triples of grid-points in the 7 x - - - x T-grid.

Proof. Let P, O, R be a collinear triple in the d-dimensional 7' x --- x T-grid, where the grid-point Q lies on the
segment [ P, R]. For distinct grid-points P = (py1, ..., pg)and R = (r1,...,rg) leta; :=r; — p;,i = 1,...,d. With

0<p;i,ri<T fori =1,...,d wehave |g;| <T. By symmetry, which we take into account by spending an additional
constant factor ¢ > 0, we may assume that a; > 0. There are T¢ choices for the grid-point P. Given the grid-point
P and given ay, ..., ag, on the segment [ P, R] there are exactly gcd(|ai], ..., |aq|) — 1 grid-points Q excluding the

endpoints P and R. Observe that for a divisor # > 1 there are at most (2 - T + 1)/t integers i, —T <i < T, which are
divisible by z. Hence for constants c, ¢/, ¢3.9 > 0 the number of collinear triples in the d-dimensional 7' x - - - x T-grid
is at most

. & T T
c- T > > ... X ged(ail, ..., laql)
ag=1 ag_1=—T a=—T
T T [(2.T+1\%"! 1
gC'Td'Zt'?.<%> gc/-T2d'ZﬂT1<Cg'T2d for d >3. (18)
t=1 t=1

For dimension d = 2, we obtain from (18) the upper bound c3 g - T* .log T, hence we have |€§)| < cg -T2 og T for
any fixed dimensiond >2. [

Lemma 9. For some constant ¢z > 0, the number |E3| of nondegenerate triangles P, Q, R with area(P, Q, R)< A in
the d-dimensional T x - -- x T-grid satisfies

13 < ez - AL TdH2, (19)

Proof. Let P, O, R yield a nondegenerate triangle in the d-dimensional 7' x - - - x T-grid with area(P, Q, R)< A. A
grid-point P = (py, ..., pa) can be chosen in T¢ ways. Given the grid-point P = (py, ..., pq), any other grid-point
R = (r1,...,rg) is determined by a vector a = (ay, .. Lag) " witha; = rj — pifori =1,...,d, hence |a;|<T.
Each grid-point Q with Euclidean distance at most2 - A/ (Z?Zl al.z) 172 from the line PR determines a triangle P, Q, R
with area at most A. By symmetry, which we take into account by a constant factor ¢ > 0, we may assume that
0<atl, ..., lag—11<laqg| <T where ag # 0. The Euclidean distance of a grid-point Q = (p1 + q1, ..., pa + q4)

with ¢ := (g1, ..., qq) " from the line PR is given by ({g, q) — (a, q)*/(a, a))'/?, where (a, b) denotes the standard
scalar product of the vectors a and b. Hence, if area(P, Q, R) < A, then for each j # d we obtain

(a,q)* _4-A?
aa S aa Y (ai-qj—a;-q)<4-A2 = lag-q; —a;j-qa|<2- A. (20)
) ) 1<i<j<d

<qv Q) -

Since the triangle P, O, R is nondegenerate, we have (a; - g; — a; - gi)*>1 for at least one pair (i, j) with i # j,
thus area(P, Q, R) > % Therefore, given g, there are at most (4 - A + 1)/|aq| <6 - A/lag| choices for each g, j # d,
altogether at most (6 - A/|aq|)?~! choices for all ¢ j»J # d.Since Q is a grid-point in the T x - - - x T-grid, there are
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at most 7 choices for g;. We infer that, given the grid-points P and R, the number of nondegenerate triangles P, Q, R
with area(P, Q, R)<Ainthe T x --- x T-grid is at most

6 . A d_l
T-( ) |
laql
Summing over all these choices of the grid-points P and R, for some constants ¢, c3 > 0 we obtain the following upper
bound on the number of nondegenerate triangles P, Q, R with area(P, Q, R)<Ainthe T x --- x T-grid

d—1
6-A
c T 3 T <
0< [a1],.mlag 11 < laq] < T3aq 20 laal

T . d—1
<eo2.60l Al pdt Ly %gq‘ﬁzq T2,

a=1 ay

which proves (19). O

Lemma 10. The number |&;| of unordered pairs { P, Q} of distinct grid-points in the d-dimensional T x - - - x T-grid
with dist(P, Q) < D satisfies for some constant ¢ > 0:

&) <er- T DA, (21)
Proof. There are 7¢ choices for a grid-point P = (p1, ..., pg) in the d-dimensional T x - -- x T-grid. Given the
grid-point P = (p1, ..., pa), any other grid-point Q = (qi, ..., qq) with dist(P, Q)< D fulfills |p; — ¢;|< D,
i =1,...,d, hence with D >1 there are at most 2 - D + 1 <3 - D choices for each ¢g;, and the upper bound (21)
follows. [J

Lemma 11. For some constant c4 > 0, the number s,(G; £3) of unordered pairs {E, E'} of distinct edges E, E' € &3
with |E N E'| = 2 in the hypergraph G = G(A, D) = (V, & U & U Eg)fulﬁlls

52(G: E3) <cq - AXT2 . T2 log T/Dd_Z. (22)

Proof. As in the proof of Lemma 9 we may assume that each nondegenerate triangle in the d-dimensional 7' x - - - x T-
grid has area at least % For the grid-points P, Q, R, S inthe T x --- x T-grid let P, Q, R and P, R, S be two
nondegenerate triangles with %garea(P, 0,R)<A and %garea(P, R, §)< A, where in each triangle P, O, R and
P, R, S pairwise the grid-points have Euclidean distance bigger than D. A grid-point P can be chosen in T¢ ways. Given
the grid-point P = (py, ..., pa), any other grid-point R = (rq, ..., rq) is determined by a vector a = (ay, ..., ad)T
witha; :=r; — p;, i = 1,...,d, hence |a;| <T. Each grid-point Q in the T x --- x T-grid with distance at most
2-A/(X a*)!/? from the line PR determines a triangle P, Q, R with area(P, Q, R) < A. By symmetry, which we
take into account by a constant factor ¢ > 0, we may assume that 0<l|aq|, ..., |ag—1|<|aq| <T with agz # 0. The
Euclidean distance of a grid-point Q = (p1 +q1, ..., pa +qa) Withg = (q1, ..., gq) " from the line PR is given by
(g, q) — (a, q)*/(a, a))'/?, hence, if area(P, Q, R) < A, for each j # d we have by (20):

lag - qj —aj - qal <2 - A.

Since A > %, given gy there are at most (4 - A + 1) /|aq| <6 - A/|ay| choices for each g, j # d. Altogether, given g4,
there are at most (6 - A/|aq|)?~" choices for all ¢ j» J # d. Given the grid-points P and R, by varying over the at most
T possible values for g4, the number of nondegenerate triangles P, Q, R with area(P, Q, R) < A in the d-dimensional
T x --- x T-grid is at most

6-A d—1
(%)
|aq|

hence there are at most (7 - (6 - A/|ay|

)4~1)?2 choices for the grid-points Q and S.
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Since we have by assumption dist(P, R) > D, we infer with |a1, ..., lag_1| <|agq| that |ag| > D/+/d. Summing
over all possible choices for the grid-points P and R in the T x - - - x T-grid, we obtain for constants c, ¢/, ¢4 > 0 on the
number of unordered pairs {E, E’} of distinct edges E, E’ € & with |E N E’| = 2 in the hypergraph G = G(A, D) =
(V,&U& U 52) the following upper bound

2
T lad| lad| 6. A\4!
c-T9. > > oy (T . ( )
\agl= D/ Gd-1=—laal  ar=—laql laa|

r 2 ag) + D!
S @72 p2-2 pd2 .y 2-] d2|d—+—_2 )

laq|=[D/~/d1 aq

T 1
<ol AU Atz —

aq=ID/vd] %

Lcq - A22. 79442 D472 ford =3, (23)

For dimension d = 2 we obtain from (23) the upper bound ¢4 - A%.T%. log T, thus 57(G; &3) <c4 - A%d=2 . pdt2.
log T/ D=2 for each fixed dimension d >2. [

By (19) the average degree 12 of the hypergraph G = (V, & U & U 8_9) for the 3-element edges from &3 satisfies

2 _ 3-|53|<3~C3-Ad_1-Td+2
v - T4

=3.c3- AT = 12 (24)

Set p := T¢/tp<1 for some small constant ¢ > 0, i.e., p = @(T*?/(A(d’])/2 - T)). Moreover, for some suitable
constant ¢ > 0, which will be fixed later, let

: T -1 1 5
A:Cm(logn) /5» 25)

hence p <1 provided that e <d — 1/f.

To simplify the presentation we use a probabilistic argument, which will be derandomized shortly. With probability
p we select uniformly at random and independently of each other vertices from the vertex-set V. Let V* be the set of the
chosen vertices. Let G* = (V*, &5 U &£ U f,’g*) be the resulting-induced subhypergraph of G with £ := & N [V*]?,

EF == &NV and £ = ) N[V*P. Let E(V*)), E(IEFD), E(IE5D), E(EY]), E(52(G*; £F)) be the expected
numbers of vertices, 2-element edges, 3-element edges (nondegenerate triangles with area at most A), collinear triples
of grid-points and unordered pairs {E, E'} of edges E, E' € £ with [EN E'| = 2in G* = (V*, & U & U Y,
respectively. With (17), (19), (21), (22), (24) we infer for some constants ¢}, ¢, ¢}, ¢5 (., ¢ > O:

E(&D) = p*-1&l<p®-c2- T DIy - T2 DIy,

E(|5§k|) — P3 . |53| <p3 c3 - Ad—l . Td+2<Cé . Td_l+3£/A(d_l)/2,
E(|g§)*|) — p3 . |5§)| <p3 €30 T2d -log T<C/3,o . T2d73+3£ -log T/A3(d71)/2,

E(s2(G%: €3) = p* - 52(G: &)< p* v ea - A2 T2 Mog T/ D2 < )y - T72H4 - log T/ D2
By Chernoff’s and Markov’s inequalities, there exists a subhypergraph G* = (V*, £ U £ U Eg*) of G such that
|V*| 20/1/2 . Td71+€/A(d71)/2, (26)

IEF1<5 - ¢y - 747228 . pd yAd=1) 27
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€515 - ¢y - T3 A, (28)
|g§)*| <5- C/3,() . T2d—3+38 . lOg T/A3(d_l)/2, (29)
52(G*; £ <5 - ¢y - T72H4 og T/ D972, (30)

This probabilistic argument can be turned into a deterministic polynomial time algorithm as follows. We use the method
of conditional probabilities. Namely, let C be the set of all 4-element subsets E U E” of V such that E, E’ € £; and

|E N E’| = 2. We enumerate the vertices of the T x --- x T-grid by Py, ..., Pra. To each vertex P; we associate a
parameter p; € [0, 1],i =1,..., 74, and we define a potential function F(py, ..., pra) by
T ; D i jie& Pit Pj
F(pio....pra)=27T"2. (1 - ﬁ) + hjieby 72 2
(p1 pra) i];ll 2 5.cy - Td=2+2 . pd /Ad-1

Z{i,j,k}eg3 Di - Dj " Dk Z{i,j,k}esg’ Pi-Pj- Pk
5. C% . Td—l+38/A(d—l)/2 5. C% 0" T2d—3+3¢ . log T/A3(d—l)/2

Z:{i,j,k,l}eC Pi-Pj- Pk Pl
5. C:‘_ . Td—2+48 . log T/Da’_2 .

With the initialization p; := ... 1= ppa := p := T%/ty and using 1 + x <e* for x € R, we infer F(p,..., p) <
(Z/e)I’Td/2 + %, which is less than 1 for p - T¢ >12. Hence, in the beginning we have F(py, ..., pya) < 1. Using
the linearity of F(py,..., pra) in each p;, we minimize F(py, ..., pra) successively with respect to each p; by
choosing one after the other p; :=Oor p; := 1fori =1,..., Td, and finally we obtain py, ..., pra € {0, 1} such that
F(p1,..., pra) < 1. The vertex-set V* = {P; € V | p; = 1} yields an induced subhypergraph G* = (V*, £ U £ U
EY) of G with & := & N[V*? and £ 1= & N [V*] and £ := £ N [V*]?, which fulfills (26)~(30). Namely, if
V¥ < p-T9/2,then F(p1, ..., pra) >2P'T"/2-]‘[,.T;'1 (1—p;i/2) > 1,but we have F(py, ..., pya) < 1. Similarly, if
say [Ef] > 5-¢4-T422¢.pd /A9~ then we have F (py, . .., Pra) =3 i jjes, Pi - PilS - ¢ch - T2+ . pdjAd-l >

1, which again contradicts F(py, ..., pra) < 1.By (17),(19), (21), (22), (25),and using 1 < DT aswellas T >n2/d,
the time for this derandomization is given by

O( V| + & + & + 1E9] + ICD
-0 (Td DY AT A2 T2 oo T 4 A24-2 A2 og T/Dd_z)
-0 (Ad—l L TAH2 A2 pd+2 e T/Dd—z)
- O(A2d—2 T2 L 1og T/Dd_z). G1)

Lemma 12. For fixed ff,e > Owithe < d/2 —1/p, it is

1EY*| = o(IV*]).

Proof. By (25), (26), (29) and using T = nP for a constant f > 0, we obtain
€3] = o(IV*])
«— T2d73+38 . lOg T/A3(d71)/2 — O(Td*1+€/A(d71)/2)

Td72+28 . IOg T

e = o)
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n’ logT

S e |
T4-2 logn o(1)

e n2Pa=2e) _ (1)
<—2—-f-d—-2-¢) <0,
which holds fore < d/2 —1/4. O
Lemma 13. For fixed 5,y,e > 0withe < 1/3-p)— (1 —y)-(d—2)/3,itis
52(G"; €5) = o(IV¥)).
Proof. By (25), (26), (30)and T = nP and D = T7 for constants B,y > 0 with y < 1, we infer that
52(G% €3) = o(IV™])

— Td—2+4€ 3 log T/Dd—2 — O(Td—l-‘rE/A(d—])/Z)

A@-D/2
T(lfy)(d72)+3s
= ———— logT -log!?n =o(1)
n

s pPA=DE@=D430-1 15532, (1)
=F =D @=D+30) <1,
which holds for0 < e < 1/3-f)—(1—-9)-(d—-2)/3. O
Lemma 14. For fixed 3,7,& > Owithe<(1 —vy)-d — 1/p, it is
1E5] = o(IV*)).
Proof. Using (25)—(27) with T = nf and D = T for constants 8, y > 0 with y < 1, we infer
&3] = o(IV*])

— Ta’—2+2s . Dd/Ad—l — O(Td—1+€/A(d—l)/2)

T—l+£ 3 Dd
A@-n2 o(l)
Te-(=nd
<~ 15 = o(1)
log/ n
plHBE—(1-)d)
S =o(1)

log!?n
=p-E-—U=p-d< -1,
which holds for0 <e<(1 —7y)-d—-1/p. O

Now we sety := % and f:=2/(d—1).Fore := % all assumptions in Lemmas 12-14 and p = T* /1y < 1 are fulfilled.
From each 2-element edge E € £, each 3-element edge E € Eg*, and each unordered pair {E, E'} of distinct edges
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E,E" € & with |[E N E'| =2 in G* we delete one vertex. By Lemmas 1214 the resulting-induced subhypergraph
G = (V*, &) of G* with [V**| = (1 — o(1)) - |V*| contains only 3-element edges from &5 but no other edges
from &5 or Eg*, and is linear. By (26) and (28) we have

|V>k>|<| 2 (0/1/2 _ 0(1)) . ]-vd—l'i-"3/14(d—l)/27

|5§k*| gs . Cé . Td_1+38/A(d_l)/2,
and the average degree 2 of the 3-uniform hypergraph G** = (V**, &3™) satisfies

2 3IEF_ 15y TR /AWTDE 30-¢5 o

= = : =:17.
%l (6/1/2 —o(1)) - Td—l+8/A(d—l)/2 C/l —o(1) 1

Since G** is linear we can apply Theorem 7 and, using (28), we find for  >>2 and for any ¢ with 0 < ¢ < 3 in time

|V**|3) (l’l3 . T3s> n3+6/(7(d—1))
(| 3 139 log3/2n 10g3/2n (32)
an independent set / of size

V** V**
[I|=Q (% -logl/zt) =Q (u -logl/2 tl>

14

Td—1+e ) A(d—1)/2
=Q (+ . logl/2 T®

n
=Q -lo 1/2n/j’€>:Qn,
(logl/zn g ( )

since T = n” and f, & > 0 are constants. By choosing the constant ¢ > 0 in (25) sufficiently small, we obtain an
independent set of size at least n. For ¢ < 2 we have |£3*| <4 - |V**|/3, hence

(G Za(G*) =2+ [V**|/9 = Q(T® - n/log"* n) = Q(n)

since T = n?/?~D and & > 0. Such an independent set can be found easily in time O(|V**|+ |E3*]) = O(n!+6/0d=1))
log!/? n). After rescaling, an independent set I € V** with |V | = n yields a desired set of n points in [0, 1]¢ such that
the area of each triangle arising from these n points is Q((log n)!/@=1 /p2/(d=D),

For f=2/(d —1)andy = § and & = 1, the running times in (31) and (32) yield the time bound O(n>+7/(@=1 .
log® n +n3+6/7@=1) /10632 ) = O(n>+7/@=1 .10g? n). Indeed, by choosing y = § and 8 = 2/(d — J) for constants
0<e<d/2< %, we obtain the time bound O(n5_2/ d”*) for any fixed y* > 0 with small enough §, ¢ > 0, which
finishes the proof of Theorem 2. [J

3. The on-line case

In this section we consider the on-line situation and we show the lower bound in (2) from Theorem 1, namely that
for fixed integers d >>2 and for some constant c; = c2(d) > 0:

on-line 2
Proof. Successively we construct an arbitrary long sequence P, P, ... of points in the d-dimensional unit cube

[0, l]d for fixed integers d >?2 such that for suitable constants b, ¢, 5, 7 > 0, which will be fixed later, for every n the
set S, = {P1, ..., P,} has the following properties:

(i) dist(P;, Pj) > b/nﬁ forall 1<i < j<n and

(ii) area(P;, Pj, Pr) > c¢/n’ forall 1<i < j <k<n.
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Assume that already aset S,,—1 = {P1, P2, ..., P,—1} C [O, 119 of n — 1 points with (i) dist(P;, Pj) > b/(n— 1)/f
forall 1<i < j<n — 1 and (ii’) area(P;, P;, P) > c/(n—1)7 forall 1<i < j < k<n — 1 has been constructed.

To have available some space in [0, l]d for choosing a new point P, € [0, 1]d such that (i) is fulfilled, this new point
P, must not lie within any of the d-dimensional balls B,(P;) of radius r := b/ nP with center P,i=1,....,n—1.
Adding the volumes of these balls yields

n—1
S Vol(By(P)) <n-Cq-ré=0%-Cy-n'""F.
i=1
For ff:=1/d and b - C4 < 1 we have 37— vol(B,(P,)) < 1.
We prove next that those regions within [0, l]d, where condition (ii) is violated, altogether have volume less than %
The regions, where condition (ii) is violated by points P € [0, l]d, are given by sets C; ; N [0, 1]d, 1I<i<j<n—1,
where C; ; is a d-dimensional cylinder centered at the line P; P;. These sets C; ; N[0, 114 are contained in cylinders of

height +/d and radius 2 - ¢/(n” - dist(P;, Pj)). Summing up their volumes yields

d—1
Y ovolG, N[0, 11h< XY ﬁ.cd_l.(2+c>

n’ - dist(P;, Pj)

1<i<j<n—1 1<i<j<n—1
2.00¢- V. Jd-C,_, n—1 n-—1 1 d—1
_ 29 1;/_1 d-1 % <—> ' (34)
2~n/( - i=1 j=1;j#i dlSt(Pi,Pj)
We fix some point P;,i = 1,...,n — 1. To give an upper bound on the last sum in (34), we use a packing argument,

similar to an argument of Barequet [2]. Consider the balls B, (P;) with center P; andradius r; := b -t/ nf ,t=0,1,...
with 1 < Jd - nﬁ/b. Clearly vol(B;,(P;)) = 0, and for some constant c; > Oandt = 1,2, ... we have

d—1
vol(B,, (P)) \ By, (P))<ct - —— (35)

nhd
Notice that for every ball B, (P;) with radius r = @(n_ﬁ) and center P; € By, (P;) \ By,_,(P;) withi # j we have
vol(B-(Pj) N (B, (P)\ B,_,(P))) = ®(n*ﬁd). Setn; :=|S,—1 N (By, (Pi)\ By,_, (P;))|. By inequalities (i") we have

ny = 1 and by (35) each shell B, (P;) \ B,,_,(P;),t =2,3, ..., contains n; <c3 - i1 points from the set S,_1, where
¢» > 0is a constant. We obtain for some constant ¢3 > 0:

n—1 1 d—1 [Vd-nP/b] 1 d—1  [J/d-nf/p il 1 d—1
— < ) < P e | —
j=§-¢i(dist<Pi,Pj>) 5" (b~(t—1)/nﬁ> 5 @ (b-(r—l)/n/’>

[vd-nP /b1
< % Ld—1 .nﬁ(d—l)<63 Pl (36)
t=2

We set y := 2/(d — 1) and, using § = 1/d and (36), inequality (34) becomes for a sufficiently small constant ¢ > 0:

2.004- V. Jd-C;_, n=1 n—l 1 d—1
Y vl o, 1)< &9 fl D> (— >
I<iTenot 2 .pvd=1 1 j=liyi dist(P;, Pj)

=

2. d—1 d-Ci_ n—1 "
< ( C)z V(d\/—l) LS e <12 @ o) VA Cyy ey n THIAED <y
neT i=1

Together all forbidden regions have volume less than 1, hence there exists a point P, € [0, 1]d such that (i) and (ii) are
satisfied. Thus we have Agn'hne (n) = Q(1/n?*@=D), which proves (33). O
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4. An upper bound

Here we show with a simple argument the upper bounds from Theorem 1 on the smallest area of a triangle arising
from any » points in the d-dimensional unit cube [0, l]d, namely that for fixed d > 2 and for some constant c/1 > 0:

/
. T C
Agn-lme (I’l) < Agtf-lme (n) < nz}d . (37)

Proof. It is obvious that Ag“'hne (n) < Agff'hne (n), hence it suffices to prove Agff'hne (n)<cy/ n?/4_Given any n points

Pi, ..., P, € 0,114, for D := c/n]/d, where ¢ > (2‘”‘/Cd)‘/d is a constant, we consider the balls Bp(P;) with
center Pj andradius D, j =1,...,n.

If there exist distinct i, j, k such that Bp(P;) N Bp(P;) # ¥ and Bp(P;) N Bp(Py) # ¥, then dist(P;, P;)<2- D
and dist(P;, Pr)<2 - D. Thus, the Euclidean distance of the point P, from the line P; P; is at most 2 - D, hence
area(P;, Pj, Py)<2- D> = O(1/n%4).

Otherwise, each ball Bp(P;) has with at most one other ball Bp(P;), j # i, a nonempty intersection. Each ball
Bp(P;) with center P; € [0, 114 and radius D <1 satisfies vol(Bp (P;) N [0, 119) > vol(Bp(P;))/2%. Thus,

n/2-Cq-D?27<1

and we infer D < (2411 /Cy)V/4/n'/, which contradicts our choice of D. Hence A;ff'li“e(n) = O(1/n?4), which
proves (37) and hence Theorem 1. [

5. Concluding remarks

Certainly, it is of interest to narrow the gap between the lower and upper bounds given in this paper, in particular
improving the existing upper bounds. It might be also of interest to investigate the minimum areas or volumes of more
complex geometrical structures than triangles for distributions of n points in [0, 1]¢.
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