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Abstract. We consider a variant of Heilbronn’s triangle problem by
investigating for fixed dimension d > 2 and for integers k£ > 2 with

k < d distributions of n points in the d-dimensional unit cube [0,1]%
such that the minimum volume of the simplices, which are determined
by (k+ 1) of these n points, is as large as possible. Denoting by Ax q(n)
the supremum of the minimum volume of a (k + 1)-point simplex among

n points over all distributions of n points in [0, l}d, we show that cg q -
(logn)t/(=FD) pk/(=k+1) < Ay 4(n) < ¢} q/n*/? for fixed 2 < k <
d, and, moreover, for odd integers £ > 1 we show the upper bound
Aga(n) < c%yd/nk/d“k*1)/(2d(d71)), where cg 4, ¢j,.q,Ch.q > 0 are con-
stants.

1 Introduction

For integers n > 3, Heilbronn’s problem asks for the supremum As(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]2. For primes n, no three of the points P, = (1/n)-
(I mod n,1? mod n), 1 =0,1,...,n—1 are collinear, which gives the lower bound
As(n) = 2(1/n?), as has been observed by Erdés, see [17]. Komlés, Pintz and
Szemerédi [12] improved this to the currently best known lower bound Ay(n) =
2(logn/n?), and in [7] a deterministic polynomial in n time algorithm was given,
which achieves this lower bound on As(n). Upper bounds on As(n) have been
given in a series of papers by Roth [17-20] and Schmidt [22]. The currently best
known upper bound has been obtained by Komlds, Pintz and Szemerédi [11],
who proved for some constant ¢ > 0 that Ay(n) = O(2°V8™ /n8/7T). If n points
are chosen uniformly at random and independently of each other in [0, 1]?, the
expected value of the minimum area of a triangle formed by three of these n
points is ©(1/n?), as has been shown by Jiang, Li and Vitany [10].

A variant of Heilbronn’s problem, which has been considered by Barequet in [2],
asks, for dimension d > 2, for the supremum Ag(n) of the minimum volume of a
simplex determined by (d+ 1) of n points in the d-dimensional unit cube [0, 1]¢,
where the supremum is taken over all distributions of n points in [0,1]¢. For
fixed d > 1, he showed in [2] the lower bound Ag(n) = 2(1/n?). This has been
improved in [13] by a logarithmic factor to Ag(n) = £2(logn/n?) for fixed d > 2,
and in [16], for the case of dimension d = 3 a deterministic polynomial in n time

* A preliminary version of this paper appeared in COCOON’05.



algorithm has been given, which achieves the lower bound Az(n) = 2(logn/n?).
An upper bound of Ay(n) = O(1/n) follows from the pigeonhole-principle. Re-
cently, by considering the angles between lines, which are determined by pairs
of points, Brass [8] improved this upper bound to Ag(n) = O(1/n!*+1/(D) for
fixed odd integers d > 3.

Here we consider the following generalization of Heilbronn’s problem: given fixed
integers d, k with 1 < k < d, find for every integer n > k a distribution of n
points in the d-dimensional unit cube [0, 1]¢ such that the minimum volume of
a (k 4 1)-point simplex arising from these n points is as large as possible. Let
Ap.q(n) denote the supremum — over all distributions of n points in [0, 1]¢ — of
the minimum volume of a (k + 1)-point simplex among n points in [0, 1]¢, i.e.,
Adq(n) = Aga(n).

It is easy to see that A; 4 = ©(1/n'/9) for fixed dimension d > 1: the lower
bound follows by considering the points of the standard n!/4 x - - - x n}/4-grid in
[0,1]¢, and the upper bound follows by an argument of packing balls in [0, 1]¢.
Lower and upper bounds on Ag g(n) for fixed d > 2, i.e., areas of triangles in
[0,1]¢, were given by this author in [14], where it has been shown that cy 4 -
(logn)'/(d=1) /p2/(d=1) < A, 4(n) < c’Z,d/nQ/d for constants ¢z .4, ¢5 4 > 0.

Here we prove the following lower and upper bounds on Ay g(n):

Theorem 1. Let d,k be fized integers with 2 < k < d. Then, for constants
Ch,ds Ch q> Ch.q > 0, for every integer n > k it is

1 /
1 —k C
Chod - % < Aga(n) < :’; for every k (1)
na=FTT
CI/
Apa(n) < —24 for k odd. (2)

k k—1
n3+2d(d—1)

For d = 2 and k = 2, the lower bound in (1) is just the result from [12]. For
k = d, the upper bound in (2) yields the bound from [8] and the lower bound
in (1) gives the result from [13]. For k = 2 and any fixed dimension d > 2, the
bounds in (1) yield the above mentioned result from [14]. Indeed, our arguments
for proving Theorem 1 give a randomized polynomial in n time algorithm, which
finds a distribution of n points in [0, 1]% that achieves the lower bound in (1).
Independently from this work, in [4] Barequet and Naor showed — taking careful
attention to the involved parameters — the bounds f(k, d)/ndf¢k+1 < Apa(n) <
(kF/d.dk/2) ) (k!-na) for arbitrary integers 1 < k < d, where the function f(k,d)
only depends on d, k. Note that our bounds on Ay 4(n) are better for fixed
2 < k < d: the lower bound in (1) by a factor of ©((logn)/(¢=*+1)) and, for
odd k, the upper bound by a factor of ©(n(k—1/((2d(d=1))),

We remark that the on-line situation — the points are positioned one after the
other in [0, 1]¢ and suddenly this process stops — of the variant of Heilbronn’s
problem for (d + 1)-point simplices in [0,1]? has been investigated by Bare-
quet [3], where he proved the existence of distributions of n points in [0, 1]d for
the cases d = 3 and d = 4, such that the volume of every (d + 1)-simplex



is 2(1/n'%/3) and 2(1/n'27/?4), respectively. In extending these results, re-
cently, Barequet and Shaikhet [5,21] showed by packing arguments for the on-
line situation the existence of configurations of n points in [0,1]¢, where for
fixed k < d the volume of each (k + 1)-point simplex among these n points is
Q(1/pld+Dn IS +0.735d=k+2.8881) fo1 fixed d > 5 and 3 < k < d. Thus, with
respect to the off-line situation as discussed above, where the number n of points
is known in advance, there is a large gap between the lower bounds.

2 Notation

We introduce some notation, which is used throughout this paper.

For points P,Q with P = (py,...,pa) € [0,1]¢ and Q = (q1,---,q4) € [0,1]% let
dist (P, Q) := ((p1 —q1)?+. ..+ (pa — qa)?)"/? denote the Euclidean distance be-
tween P and Q. A (k+1)-point simplex is given by (k+1) points Py,..., Px41 €
[0,1] and is defined as the convex hull of Py, ..., Pyy1, i.e., it is the set of all
points Py + S ¥\ - (P, — Py) with A; > 0,i=2,...,k+1,and Y70 A\ < 1.
The (k-dimensional) volume of a (k+ 1)-point simplex determined by the points
Pi,...,Pey1 € [0,1]%, 1 < k < d, is defined by vol (P,..., Pyi1) = (1/k!) -
Hfizl dist (Pj; (Pi,...,P;j_1)), where dist (P;;(Pi,...,P;_1)) denotes the Eu-
clidean distance of the point P; from the affine space (Pi,...,P;j_1), which is
generated by the points P,..., Pj_q with (P;) := P;. Hence, if (k + 1) points
are contained in a (k — 1)-dimensional space, then vol (Py,..., Py41) = 0.

In our arguments we transform the geometrical problem into a problem on hy-
pergraphs.

A hypergraph G = (V, ) with vertex-set V and edge-set £ is called k-uniform
if |E| = k for each edge E € £. If the hypergraph G contains edges of different
cardinalities, then G is called non-uniform. For a hypergraph G we indicate by
G=(V,E&U---U&) that &; is the set of all i-element edges in G, i = 2,... k.
A subset I C V of the vertex-set V is called independent if no edge from & is
contained in I. The largest size |I| of an independent set in G is the independence
number «(G) of G. A hypergraph G = (V,€) is called linear if |[E N E’| <1 for
all distinct edges E, E’' € £.

3 A Lower Bound on Ag4(n)

In this section we prove the lower bound (1) in Theorem 1, namely, that for fixed
integers d,k with 2 < k < d there are constants c; 4 > 0 such that for every

integer n > k it is Ay 4(n) > ck,q - (logn) T /ndftﬂ.

Proof. Let d,k be fixed integers with 2 < k < d. For arbitrary integers n > k
and a suitable constant 5 > 0, we select uniformly at random and independently

of each other N := n'*# points Py, Ps, ..., Py from the d-dimensional unit cube
[0, 1]4.



For suitable constants v; > 0, j = 2,...,k, and a number V45 > 0, which
are fixed later in connection with Lemmas 3 and 4, we form a random, non-
uniform hypergraph G = G(N=7"2, ..., N~% V;) = (V,E U -+ U Egy1) with
vertex-set V' = {1,2,..., N}, where vertex 4 corresponds to the random point
P, €014, i=1,...,N. For j = 2,...,k, let {i1,...,i;} € & be a j-element
edge if and only if the (j — 1)-dimensional volume of the simplex determined
by the points P ,...,P;; is at most N~ ie., vol (P;,,...,P;) < N7,
Moreover, let {i1,...,ik+1} € Ek+1 be a (k + 1)-element edge if and only if
vol (Pi,...,Py,,) <Voand {i1,...,ixs41} does not contain any j-element edges
Ec&forj=2,... k.

Let I C V be an independent set in this hypergraph G. Then, by definition of the
edge-set of G, for distinct vertices i1, ...,ix+1 € I we infer that the volume of the
simplex, which is determined by the corresponding points P, , ..., P;, ., € [0, 1]4,
satisfies vol (P;,,..., P;,,,) > Vo. Thus, an independent set 1 C V in G yields
|I| many points in [0,1]¢ such that the volume of each simplex determined by k
of these |I| points is bigger than Vj.

Our aim is to show the existence of a large independent set I C V in G. For
doing so, we use an extension by Duke, Rodl and this author [9] of a result by
Ajtai, Komlés, Pintz, Spencer and Szemerédi [1] on the independence number
of linear, uniform hypergraphs.

Theorem 2. [1,9] Let k > 2 be a fized integer. Let G = (V,Eky1) be a linear,
(k + 1)-uniform hypergraph on |V| = N vertices with average degree t* := (k +
1) - [E1l/N.

Then, for some constant C}; . > 0 the independence number a(G) of G satisfies

0(G) > Gy - -+ (o). 3)

We remark that for arbitrary (k + 1)-uniform hypergraphs G on N vertices
with average degree t* one can prove only the lower bound a(G) = 2(N/t)
(Turdn bound) and there exist (k+1)-uniform hypergraphs with an upper bound
on the independence number of O(N/t). However, as Theorem 2 shows, if the
hypergraph G is linear, then there is a bigger lower bound on the independence
number a(G).

The difficulty in our arguments is, to find a suitable uniform subhypergraph
of the random, non-uniform hypergraph G to which we can apply Theorem 2.
For doing so, we select a suitable induced (k + 1)-uniform subhypergraph G* of
G. For j = 2,...,k, let BP;(G) be the set of all ‘bad j-pairs of (k + 1)-point
simplices’ in G, which are those unordered pairs {F, E’'} of distinct (k + 1)-
element edges E, E' € &;+1 in G, which share j vertices, i.e., |E N E'| = j.
We show that in the random, non-uniform hypergraph G the expected numbers
E(&]) and E(|BP;j(G)|) of i-element edges and bad j-pairs of (k + 1)-point
simplices, respectively, i,j = 2,..., k, are not too big, i.e., are of the order o(N).
Then we discard one vertex from each i-element edge E € &, i = 2,...,k,
which yields a (k + 1)-uniform subhypergraph of G. Moreover, we discard one
vertex from each bad j-pair of (k+ 1)-point simplices, j = 2,..., k. This yields a



linear, (k + 1)-uniform subhypergraph G* = (V*,&;, ;) of G, and G* fulfills the
assumptions of Theorem 2 and then we apply it.

To obtain upper bounds on the expected numbers E(|&;|) of i-element edges in
G,i=2,...,k+ 1, we estimate for a given number v > 0 the probability that i
points, which are chosen uniformly at random and independently of each other
in [0,1]¢, determine a simplex of volume at most v.

Lemma 1. Let d, k be fized integers with 1 < k < d. Fori=2,...,k+1, and
random points Py, ..., P; € [0,1]? there are constants c; > 0, such that for every
number v > 0 it is

Prob (vol (Py,...,P;) <w) <cf-v?71F2, (4)

Proof. Let Py,...,P; be i points, which are chosen uniformly at random and
independently of each other in [0, 1]¢. We assume that these points are numbered
such that for 2 < g < h <iitis

dist (Pg; <P1, ey Pg,1>) > dist (Ph; <P1, PN ,Pg,1>). (5)

The point P, may be anywhere in [0,1]?. Given the point P, € [0,1]%, the
probability, that the Euclidean distance of the point P, € [0,1]¢ from P is in
the infinitesimal interval [rq,r; + dri], is at most the difference of the volumes
of the d-dimensional balls with center P; and with radii (r; + dry) and rq,
respectively, hence

Prob (r1 < dist (P, P2) <7y 4 dry) <d-Cqy- r‘li_l dry,

where C; := 7!/2/I'(1/2 + 1) denotes the volume of the [-dimensional unit ball
inRLI=1,...,d.

Given the points Pp, P, € [0,1]¢ with dist (P;, P2) = 71, the probability, that
the distance dist (Ps; (Pp, P2)) of the point P3 € [0,1]¢ from the affine line
(P, Py) is in the interval [ro,ro + drs), is at most the difference of the volumes
of two cylinders, which are centered at the affine line (P;, P;) and have radii
(ro + dra) and r, respectively. By assumption (5) and the triangle inequality,
both cylinders have height 2 -7y = 2 - dist (P, P»). Thus we infer

Prob (7‘2 < dist (Pg; <P1,P2>) < ry+ dTg) <2-7ry- (d— 1) -Cy_q -7"372 drs.

In general, given Py,...,P, € [0,1]¢, g < i, with dist (P; (Pi,...,Pr_1)) =
rr—1, f=2,...,9, by (5) and the triangle inequality the projection of the point
P,.1 onto the affine space (P,...,P,) is contained in a (g — 1)-dimensional
parallelepiped of volume 297 -y .. .7y _q. If dist (Py41;(P1,...,P,)) <, then
the point P,; is contained in the Cartesian product of a (¢ — 1)-dimensional
parallelepiped of volume 2971 -7y - ... - rg—1 and a (d — g + 1)-dimensional ball
of radius r. Hence, for g < i — 1 we obtain

Prob (ry < dist (Pyt1;(P1,..., Py)) <rg+ drg)
<207t vy (d—g+1) - Ca_gyn - r;l_g drg. (6)



For g = i—1, given points P, ..., Pi_q € [0,1]¢ with dist (Py;(Py,...,Pf_1)) =
rr_1, f=2,...,i—1, to satisty vol (P,...,P;) < v, we must have

1 . i—1
(i—l)! - dist (Pi;<P1"~-aPi—1>)' HTf_l <w,
f=2
hence
: i— 1o
dist (P;; (P1,...,Pi—1)) < # (7)
T1+... Ti_2

With (5) the projection of the point P; onto the affine space (Py,...,P;_1) is
contained in a (i—2)-dimensional parallelepiped of volume 2¢=2.7y-.. .-7;_o. Thus,
by (7) the point P; is contained in the Cartesian product of an (i —2)-dimensional
parallelepiped of volume 2¢=2 -7, -...-7r;_5 and a (d — i + 2)-dimensional ball of
radius (¢ — 1)! - v/(ry ... 7i—2), which happens with probability at most

(i—1)!-v )d"“
s .

r1 oo Ti—

(®)

1 —2
2%y - Caiyo - <

Summarizing the estimates (6) and (8), we obtain for constants ¢, c;* > 0:
Prob (vol (P1,...,P;) <wv)

Vd vd 1) . ) d—it2
</ / 92y iy LDV
T T

- i_2=0 1=0 (1"1 et Ti_Q)d7i+1

i—2

H (2971 Tyt Tg1 ~(d—g—|—1)~Cd,g+1 'Tgig) d?“i,Q... d’l"l S

g=1

. \/E \/E i—2 . P
<t opdTit / . / H 1’3“2973 dri_g... dr
’I‘i72:0 7’1:0 g:1
Scj-vd*i“ as2-1—2-g—3>0,
which proves inequality (4). O

Corollary 1. Let d,k be fixed integers with 2 < k < d. For i =2,...,k, there
exist constants ¢;, cx4+1 > 0, such that

E(&]) < ci- N2 gnd B(1E]) < cppr - VERTL NFFL (9)

Proof. There are 51;; ) possibilities to choose i out of the N random points
Py,...,Py €1]0,1]% and, using the definition of the edge-set of G, by (4) with
v:i=N""i=2 ...k and v:=V, for i = k+ 1 the inequalities (9) follow. O

Next we give upper bounds on the expected numbers E(|BP;(G)|) of bad j-pairs
of (k+ 1)-point simplices in G, j =2,... k.



Lemma 2. Let d,k be fized integers with 2 < k < d. For j = 2,...,k, there
exist constants c, ; > 0, such that

E(BPi(G)]) < e Vg N2 A, (10)

Proof. For j = 2,...,k, we show an upper bound of O(V()Q(d_kH) N3 (d=k+1)) on
the probability that (2k + 2 — j) points, which are chosen uniformly at random
and independently of each other in [0,1]¢, form a bad j-pair of (k + 1)-point
simplices.

Note that {i1,...,ix41} € Exqr if and only if vol (P;,,..., P;,,,) < Vp and
{#1,...,4k+1} does not contain any i-element edges E € &;, i = 2,..., k. Let the

two (k + 1)-point simplices, which form a bad j-pair, are given by the points
P,..., Py € [O, l]d and P, ... ,Pj, Qj-‘,—l, ceey Qk+1 S [0, l]d, and both sets of
points determine an edge in &1, hence

vol (P1;~«~7Pk+1) é VO and vol (Pl,...,Pj,Qj+1,...,QkJrl) S ‘/0
By (4) with v := V4 we know that for some constant cj ,; > 0:
Prob (vol (Pi,..., Ppp1) < Vo) < chyq - VETFHL (11)

By construction of the hypergraph G we have vol (Py,...,P;) > N7, and we
condition on this in the following. Given the points Pp,..., P;,Qjy1,...,Q4 €
[0,1]%, we infer for g = j,...,k — 1:

Prob (ry <dist (Qg+1;(P1,---, P}, Qjx1,--.,Qq)) <rg+ dry)
S (VAT (d+1—g) Cap1g - 779 dry, (12)

since all points Qg1 with dist (Qg41;(P1,..., P}, Qj+1,...,Qq)) <, are con-
tained in the Cartesian product of a (¢ —1)-dimensional parallelepiped of volume
at most (v/d)9~" and a (d + 1 — g)-dimensional ball of radius r.

Finally, given the points Py,..., P;,Qj+1,-..,Qy in the unit cube [0, 1]¢, such
that dist (Qf; (Pl, e ,Pj, Qj+1’ RN Qf,1>) =Tf1, f=4+1,...,k, to fulfill
vol (P1,...,Pj,Qj41,--.,Qr+1) < Vo, we must have

(=1
k!

k—1
- dist (Qk+1;<P1,...,Pj,Qj+1,...,Qk>)-VOl (Pl,,PJ) HTQSVE),
9=J

thus, with vol (Pi,..., P;) > N7, we conclude

. k! Vo - N7i
dist (Qk+1;<P17"'7Pj7Qj+la"'7Qk>) < = ) Ok_l
G- T

Tg

Hence the point Qg1 is contained in the Cartesian product of a (k — 1)-
dimensional parallelepiped of volume (v/d)*~! and a (d — k + 1)-dimensional



ball of radius (k! Vo - N7 )/((5 —1)!- HS;; T4), which happens with probability
at most

il Voo N d—k+1
(\/g)]ﬁl Ca—kt1 (( i _.1)1 ' Ok—1 ) . (13)
J Il
Putting (11)-(13) together, we obtain for constants cj,,,¢pj,cp; > 0, j =
2,...,k, the following upper bound
Prob ({Ph N ,Pk+1}, {P]_, ce ’Pj7Qj+1, ce ’Qk+1} is a bad j—pair)
« d—k+1 vd Vi i (k! Vo - No3)yd=ktl
< 1 Vo : 4= - Ca—pr - — =1 Ng gr1
Th—1=0 r3=0 (G =1 Hg:j rg) TR
k=1
1 (dgT (d+1—g)-Car1g -r_fj*g) dre_y... drj <
9=J
2(d—k+1) va va k=l
< c;’j Vo - N (d=k+1) / / H r’;_g_l drg—q... drj
rr—1=0 r;=0 ___
9=j
< ey VEUTRED L Nld-k) ask—g—1>0. (14)

As there are (];[ ) possibilities to choose j out of the N random points, and less

than (kﬁ'_j) choices for (k 4+ 1 — j) out of (N — j) points, by (14) we infer for
constants ¢, ; >0, j =2,...,k:

N N 2 2(d—k+1) j(d—k+1)
E(IBP;(G)]) < i) k11— i Vo N =

2(d—k+1 ity (d—
<y Vo( 1) | N2k+2—j+;(d k+1)7

which proves (10) and finishes the proof of Lemma 2. O

By (9) and (10) and Markov’s inequality, there exist N = n'*% points Py, ..., Py
in [0,1]¢ such that the corresponding hypergraph G = (V,& U --- U &,y41) on

|V| = N vertices, which we consider in the following, satisfies for 7,5 = 2,...,k:
V|=N (15)

E| <2k - ¢; - NiTYild=i42) (16)

Epir] <2 K- cpor - Vod—k+1 Nk (17)

|BP;(G)| <2k cp, - V02(d7k+1) . N2k+2—j+; (d—k+1) (18)

Set for some suitable constant ¢* > 0, which will be fixed later in connection
with (23) :

Vo i= (¢*) @71 - (logn) T=FFT /na=h1 | (19)



Lemma 3. Let d, k be fized integers with 2 < k < d. For j =2,...,k, and fized
v >0 withv; < (2-k)/(1+6)-(d—k+1)—2-k+1—4)/(d—k+1) it is

|BE;(G)] = o(|V]). (20)
Proof. Using (15), (18), (19) and N = n'*#, we infer

|BP;(G)| = o(|V])
— VOQ(d—k—o—l) . N2k+2—j+;(d—k+1) _ o(N)

(logn)? . N2kH1—j+;(d—k+1) _ o(1)

n2k

< (logn)? - nI+ACk+H1=5)+7; (d=k+1)=2k _ (1)
2-k 2-k+1—3

— 7 < - s

1+8)-(d=—k+1) d—Fk+1
as claimed. 0

Lemma 4. Let d, k be fized integers with 2 < k < d. Fori=2,...,k, and fized
vi with v, > (1 —1)/(d —i+2) it is

€] = o(|V]). (21)
Proof. By (15), (16) and using N = n'*P, we infer

€| = o(|V])
e Ni—vi(d=i+2) _ O(N)
—s 1

R

as desired. 0

Now we fix v := (i — 1)/(d—i+3/2),i =2,....,k, and 8 := 1/(8 - k - d).
Certainly, for these choices of v;, i = 2, ..., k, the assumptions of Lemma 4 are
satisfied. To see that also the assumptions of Lemma 3 are fulfilled, notice that
for0<f<1/(8-k-d)itis (2 -k)/(1+8)>2-k—1/(4-d) and that

i—1 2-k 2-k+1—i
d—i+32 " ([d—k+1) (1403  d—k+1
L il <i—1—1/(4-d)
d—i+3/2 d—Fk+1
—=i?—i-(k+3/2) —i/(4-d) < —k—3/4—3/(8-d). (22)

For 2 < i < k, the left hand side of (22) achieves its maximum for ¢ = 2 or
i = k. For i := 2 and ¢ := k inequality (22) is equivalent to k > 7/4 —1/(8 - d)
and k —3/2 > (3—2-k)/(4-d), respectively. Both inequalities hold for k > 2.
Hence, by choice of the constants «y; and 3,7 = 2, ..., k, the assumptions in both
Lemmas 3 and 4 are fulfilled.



In the hypergraph G = (V& U --- U Ektq) we discard one vertex from each i-
element edge and from each bad j-pair of (k+ 1)-point simplices, i,j = 2,..., k.
Let V* C V be the set of remaining vertices. On the vertex-set V* the induced
subhypergraph G* of G is (k + 1)-uniform and linear, hence G* = (V*,&; )
with £, = Epp1 N[V*]*, and fulfills [V*| = (1 —o(1)) - [V by (20) and (21).
Thus, we have [V*| > N/2 and |£f, | < |Exgr| < 2+ k- gy - VGHTH - NFH
by (15) and (17), and G* has average degree t* = (k+ 1) - [, |/|V*]| < 4- k-
Cror - VITFHLUNF =tk hence t; = w(n®) by (19) and with N = n'*#. Now
the assumptions of Theorem 2 are fulfilled by this subhypergraph G*, i.e., G* is
(k + 1)-uniform and linear, and with (3) and (19), by using that the function
f(t) = (logt)'/*/t is decreasing for t > e'/*, we obtain with N = n't? for
constants C}, 1, Cy% d,cri1,c* >0

% 1 . V= 1
a(©) 2 a(g") 2 Gty o ogtt 2 0p - o ogtt 2

=

N/2 B .
1/ d—k+1 '<10g(4'k‘2'Ck+1~‘/0d k+1.Nk)k)
(4~k2.ck+1)E.VO k N
ZC;il.#l.(log ((4.k2.ck+1)% 'C*‘nﬁ'(logn)%))
c* - (logn)x

>n, (23)

=

where the last inequality follows by choosing in (19) a sufficiently small constant
>0, e, ¢ < (Cpyy - BY*) /(4 - k% - cpy1)"/*. This choice is possible as the
constants 3, ck41,Cy,; do not depend on c*. Thus the hypergraph G contains
an independent set I C V with |I| = n. These n vertices yield n points among
the N points in [0, 1]¢, such that the volume of each (k+ 1)-point simplex among
these n points is bigger than Vp, i.e., Ay 4(n) = 2((logn)'/ (d=F+1) jpk/(d=k+1))
which proves the lower bound (1) in Theorem 1. O

4 Upper Bounds on Ay 4(n)

Here we show the upper bounds (1) and (2) in Theorem 1, namely, that for fixed
1 < k < d and constants c§€7d,c§€'7d > 0 the inequalities Ay g(n) < c;,d/nk/d,
and, moreover, Ay, q(n) < ¢ ,/nk/dFk=1/Ad=1) for odd k > 1 hold. The first
upper bound can be obtained by the pigeonhole-principle, as has been done in
[4]. Our arguments for proving the second upper bound also give a proof for the
first upper bound.

Proof. First we prove for fixed 1 < k < d the general upper bound Ay 4(n) <
c§€7d/nk/d for constants ¢ ; > 0. Given any n points Py, P, ..., P, € [0, 1]¢, for
some number D with 0 < D < 1 we construct a graph G = G(D) = (V, E) with
vertex-set V' = {1,...,n}, where vertex i corresponds to the point P; € [0, 1]d,
and with edge-set E, where {i,j} € E if and only if dist (P;, P;) < D.
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An independent set I C V in this graph G = G(D) yields a subset I' C
{P,P,,...,P,} of points in [0,1]¢, such that the Euclidean distance between
any two distinet points from I’ is bigger than D. Each ball B,.(P) with center
P € [0,1]% and radius r < 1 satisfies vol (B,.(P) N [0,1]%) > vol (B,.(P))/24.
The balls with radius D/2 and centers from an independent set I’ have pair-
wise empty intersection. Each ball Bp/(P) has volume Cy - (D/2)?, hence
(|I'] - Cq - (D/2)%) /2% < wvol ([0,1]¢) = 1, and we infer for the independence
number «o(G):

4d

< —-.
a(G) — Cy-Dd

(24)

Set D := ¢/n'/? with ¢ > ((k-2-4%)/Cy)'/¢ a constant. Let t := (2 |E|)/n
denote the average degree of the graph G. If ¢ < 1, then we have |E| < n/2, and
by deleting one vertex from each edge in E we obtain o(G) > n/2. But then (24)
yields n/2 < 4¢/(Cy - D?), hence k < 1 by the choice of the constant ¢, which
is a contradiction. Thus, we have ¢ > 1 and Turdn’s theorem for graphs yields
for the independence number the lower bound a(G) > n/(2 - t). With (24) this
implies

4d

Cq
- t>

< < —
—a(G)—Cd.Dd — 92.4d

-n-D% =k, (25)

n
2.1
hence the average degree of the graph G is at least k. Then, there exists a
vertex 417 € V and k edges {i1,i2},...,{i1,ik41} € E, which are incident
to i;. By construction, each point P, € [0,1]%, j = 2,...,k + 1, satisfies
dist (P;,, P;;) < D, in particular, dist (P;; (Pi,, Py, ..., Pi,_,)) < ¢/n'/4, which
implies vol (P;,,..., P, ,) < ((1/k!) - cF)/nk/d ie., Ay a(n) = O(1/n*/9).
For odd integers k > 3 we are able to improve this upper bound by taking into
account also the angles between the directions, which are determined by the
edges in the graph G. From (25) we obtain |E| = n-t/2 > (Cyq-n?- D) /44t We
use a modification of an argument of Brass [8]. Each edge {i,j} € F determines
an affine line (P; P;) and this line determines a direction (P;P;), which is viewed
as a vector of length 1. The volume of the surface of the d dimensional unit
ball is equal to d - Cy4. Let ¢ be such that |E| - (sin(¢/2))? 1 Cy_q > (k'gl) :
d - Cy, say, sin¢ = ¢y q/n'/(@=1) for a constant cj 4 > 0. Then there exist (’H;)
directions (P;P;), {i,j} € E, with pairwise angle between them at most ¢. The
corresponding set E* C FE of (k;rl) edges covers a subset S C V of at least
(k + 1) vertices. Consider a minimum subset E** C E* of edges, which covers
a subset S* C S of exactly (k + 1) vertices in G. Since (k + 1) is even, this set
E** exists and contains only isolated edges and stars, thus |E**| > (k + 1)/2.
We pick one vertex from each isolated edge F € E** and the center of each star.
Let S** C S* be the set of chosen vertices with |S**| = s < (k+1)/2.
For each vertex v € S*\ S** there exists an edge {v,w} € E** for some vertex
w € §**, hence dist (P,, P,) < D. Having fixed such vertices v € S* \ S** and
w € §**, for each vertex u € S* \ (S** U {v}) there exists some vertex ¢t € S**
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such that {u,t} € E** and the angle between the directions (P, P;) and (P, P,)
is at most ¢. Thus, the Euclidean distance of the point P, from the affine space
generated by the points P,., r € S** U {v}, is at most D - sin ¢. The vertices in
S** pairwise have Euclidean distance at most v/d, hence the (s — 1)-dimensional
volume of the corresponding simplex satisfies (s — 1)! - vol (p, : ¢ € S**) <
( \/a)s—l_

With D = ¢/n'/4 and sing = c;,.4/n'/(@~Y we obtain for the volume of the
simplex determined by the (k + 1) points Ps, s € S*, for a constant cg’d > 0 the
following upper bound

1
vol (Pye;s™ € §7) < o5 (Vd)y*™'-D-(D-sing)F=* <
ket "
<Lt op (e DY G
which finishes the proof of Theorem 1. a

5 Concluding Remarks

The arguments, which were presented here, together with an algorithmic version
of Theorem 2, see [6], yield a randomized polynomial in n time algorithm for
obtaining a distribution of n points in [0,1]?, which shows the lower bound
Ar.a(n) = 2((logn)/* /nk/(d=k+1)) for fixed 2 < k < d. In view of the recent
results of Barequet and Shaikhet [5] it might be of some interest to achieve
similar lower bounds, say £2(1/n*/(¢=%+1)) in the on-line situation. Moreover,
it might be of interest to get a deterministic polynomial in n time algorithm,
which achieves the lower bound Ay, 4(n) = 2((logn)'/* /n*/(d=k+1)) "as well as
investigating the case k > d 4 1, but so far concerning this case only partial
results are known, compare [15] for dimension d = 2, where the area of the
convex hull of (k + 1) points among n points in [0, 1]? has been considered.
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