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Abstract

Consider the random polytope that is given by the convex hull of a Poisson point pro-
cess on a smooth convex body in R. We prove central limit theorems for continuous
motion invariant valuations including the Wills functional and the intrinsic volumes
of this random polytope. Additionally we derive a central limit theorem for the oracle
estimator that is an unbiased and minimal variance estimator for the volume of a con-
vex set. Finally we obtain a multivariate limit theorem for the intrinsic volumes and
the components of the f-vector of the random polytope.
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1 Introduction

We denote by % d d > 2, the collection of all compact convex sets in the Euclidean
space R? and by %% the set of all smooth convex bodies in .# ¢, which are all
K e % that have nonempty interior, boundary of differentiability class €, and
positive Gaussian curvature everywhere. Let 7, be a Poisson point process on R?
with intensity measure u = Ay, where t > 0 and A, denotes the d-dimensional
Lebesgue measure on RY, see, e.g., [18] for more details on Poisson point processes.
We fix K € Jiﬂfn and investigate the random polytope K; C K defined as the convex
hull of all points in n; N K,

K;:=conv{x:xen NK}.
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The investigation of random convex hulls is one of the classical problems in stochas-
tic geometry, see, for instance, the survey article [12] and the introduction to stochastic
geometry [13]. Functionals like the intrinsic volumes V;(K;) and the components
fi(K;) of the f-vector, see Sect. 3, of the random polytope K; have been studied
prominently, see [6,7,25] and the references therein as well as the remarks and refer-
ences in [15, Theorem 5.5] for more details.

Central limit theorems for V;(K;) were proven in the special case that K is the
d-dimensional Euclidean unit ball, see [6,28]. Short proofs for the binomial case K,
where n i.i.d. uniformly distributed points in K are considered instead of a Poisson
point process, were derived in [30]. Recently [15] embedded the problem for both
cases, the binomial and the Poisson case, in the theory of stabilizing functionals deriv-
ing central limit theorems for smooth convex bodies removing the logarithmic factors
in the error of approximation improving the rate of convergence.

We extend the results of [30] on the intrinsic volumes to the more general case of
continuous and motion invariant valuations. This includes the total intrinsic volume
functional (Wills functional) W (K;) and a central limit theorem for the intrinsic vol-
umes in the Poisson case similar to [30, Theorem 1.1]. We also obtain a univariate
central limit theorem for the oracle estimator f}oracle that was derived in the remarkable
work of [1] on the estimation of the volume of a convex body. Finally we investigate
the components of the f-vector f;(K;), j € {0,...,d — 1}, defined as the number
of j-dimensional faces of K; and derive a multivariate limit theorem on the random
vector composed of the intrinsic volumes and the f-vector.

For a continuous and motion invariant valuation ¢ : % d 5 TR, we define the
random variable ¢(K;) and the corresponding standardization

) o(K)) — Elp(K))]
K;) = . 1
(K Vel W

The remarkable theorem of Hadwiger, see 6 and [8,10,14] for more details and
different proofs, states that every continuous motion invariant valuation can be decom-
posed into a linear combination of intrinsic volumes, i.e., for all L € 2~ 4 it holds,
that p(L) = Z?:O ¢; Vi (L) where V; denotes the ith intrinsic volume and ¢; € R are
constants depending only on ¢.

We prove a central limit theorem for t — oo under some additional assumptions on
the coefficients ¢; in this linear decomposition, allowing us to assume that our valuation
functional does not lose variance compared to the intrinsic volume functionals V; (K;).

We denote by dw(X,Y) = SUPpeLip(1) IE[h(X)] — E[h(Y)]| the Wasserstein
distance between the laws of X and Y where Lip (1) denotes the class of all 1-Lipschitz
functions /2 : R — R, see (9) in Sect. 2.1 for the precise definition.

Theorem 1 (Univariate Limit Theorem) Assume that ¢ is a continuous and motion
invariant valuation, with linear decomposition given by Hadwiger (13), such that
cici > 0foralli, j €{0,...,d} and suppose that at least one index k € {1, ..., d}
exists, such that ¢y # 0. Then
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dw(@(K)). 2) = 0 (1727 log(1)* 1) @

where Z 4 A0, 1).

For j € {1, ..., d} wecandirectly obtain the central limit theorem for the standardized
Jjthintrinsic volume in the Poisson model by setting ¢ (K;) = V;(K;). Further we can
directly obtain a central limit theorem with rate of convergence for the total intrinsic
volume, also known as the Wills functional, see [11,19,32], setting the coefficients
cj=1,j€{0,...,d}in Theorem 1.

Corollary 1 (Wills functional) Let W(K,) denote the Wills functional, defined by

W(K;) = Z?:o V;(K;) and denote by W(K,) the corresponding standardization.
Then

dw(W(K,), Z) = 0 (z—%ﬂ% 1og(:)3+ﬁ) : 3)

where Z . _¥(0.1).

In the remarkable work [1] on the estimation of the volume of a convex body V;(K)
given that the intensity # > 0 is known, the oracle estimator

K
Oracle(K,) = Vy(K,) + =2 fO( t)

is derived. This estimator is unbiased,
E [éoracle(Kt)] = Vu(K),
and of minimal variance among all unbiased estimators (UMVU), see [1, eq. (3.2), The-

orem 3.2]. Additionally the variance can be obtained by combining [1, Theorem 3.2]
with [23, Lemma 1] yielding

N 1
V [Doracte (K| = ~E[Va(K \ K0l = 7RO +o(0)i ™71, @)

for t+ — oo, where the constant y; only depends on the dimension and is known
explicitly and €2 (K') denotes the affine surface area of K. This enables us to prove the
following univariate limit theorem for the oracle estimator:

Theorem 2 (Oracle estimator) Let ﬁoracle be the oracle estimator for a smooth convex
body K € &, 4 and denote by l?oracle the corresponding standardization. Then

~ 1 1 2
dw Boracte(K), Z) = 6 (172705 log(r) 31 ) )

where Z < (0. 1).
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Finally we provide a multivariate limit theorem for the intrinsic volumes and the
components of the f-vector of the random polytope K; that were considered in [15,
Theorem 5.5] in the univariate case. We note that this result suggests that it should
be possible to remove the logarithmic factors in the speed of convergence of the
multivariate limit theorem, since these factors are due to the floating-body approach.
Unfortunately, up to our knowledge, there is no multivariate version of the method
provided in [15] available at the moment. Thus we decided to restrict to the floating-
body approach on all results.

We denote by d3(X, Y) := sup,c s |E [A(X)] — E[(Y)]| the multivariate proba-
bility distribution distance, where .77, denotes the class of all &3-functions h : R —
R such that all absolute values of the second and third partial derivatives are bounded
by one. See (10) in Sect. 2.2 for the precise definition.

Theorem 3 (Multivariate Limit Theorem) Let
FK) = (VK. Va (K, oKD, fami(KD) € R¥ - (6)

be the vector of the standardized intrinsic volumes \7]- and standardized number of
k-dimensional faces fk(K,), ie.,
Vi(K;) —E|Vi(K ~ K —E K

jK) —BViKI] 0 ey o KD ZBUED]
V[Vj(Kt)] VV [ fi(Ko)]

Vi(Ky) =

We denote by F; := Fi(K;), i = 1,...,2d, the ith component of the multivariate
Sunctional F(K,). Define X(t) = (0ij(t))i je(1,..,2d} as the covariance matrix of
F(K;), i.e., 0;j(t) := Cov [Fi, Fj] and oii(t) = 1 foralli € {1,...,2d} and all
t > 0. Then

d3(F(K:), Nx@) = 0 (t_%'kd%r' log(t)3d+di+l> 8)

where Ns@y £ (0, £(t)).

Note that N still depends on the intensity . This gives rise to the following ques-
tions:

Open Problems The limit of the variances and covariances is still unknown; thus, we
cannot set o;; to be the limit of the correlations (rescaled covariances) o;;(t). These
limits would give rise to a limit theorem providing a fixed multivariate Gaussian
distribution .4 (0, ¥) with fixed covariance matrix X. In this case, the rate of the limit
theorem will also contain the rate of the correlations on the right-hand side of the
bound; thus, it would be beneficial to obtain the limit o;; of o;; () including an upper
bound for |o;;(t) — 0i;|, since the convergence of the correlations could be slower
than the rate given in Theorem 3, slowing down the overall convergence. We should
mention that Calka, Schreiber and Yukich were able to derive limits for the variance in
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the case that K is the Euclidean unit ball using the paraboloid growth process, see [6],
but up to our knowledge there are no results on the limit of the variance in a general
(smooth) convex body and also no results on the covariances of F(K;).

The Euler—Poincaré equations and more general the Dehn—Sommerville equations,
see [33, Chapter 8], imply linear dependencies on the components of the f-vector.
Thus the covariance matrix X (¢) is singular and therefore rank (X(#)) < 2d, which
gives rise to the question what rank (X (7)) actually is and if this also applies to the
limiting covariance matrix X?

Remark 1 Note that the univariate results can be derived for the d3-distance using the
multivariate result. Since the additional work that is needed to prove the univariate
results alongside the multivariate limit theorem is small, we decided to directly prove
the univariate results in the Wasserstein distance.

The paper is organized as follows: For the convenience of the reader, we repeat
the relevant material on the Malliavin—Stein method for normal approximation of
Poisson functionals in Sect. 2. In Sect. 3 we introduce some background material on
convex geometry and corresponding estimations using floating bodies without proofs,
to keep our presentation reasonably self-contained. The proofs of our main results are
presented in Sect. 4, starting with the central limit theorem for valuations, Theorem 1,
in Sect. 4.1 handling the intrinsic volumes. In Sect. 4.2 we prove the multivariate
limit theorem, Theorem 3, by extending our proof to the components of the f-vector.
Finally we can combine the results derived in the proofs before to obtain the central
limit theorem for the oracle estimator, Theorem 2.

2 Stochastic Preliminaries

Let 7 be a Poisson point process over the Euclidean space (RY, %%) with intensity
measure 1. One can think of n as a random element in the space N, of all o-finite
counting measures x on RY, i.e., x(B) € INU {oo} forall B € 2, where the space
N, is equipped with the o-field .4, generated by the mappings x — x (B), B € %#“.
To simplify our notation, we will often handle n as a random set of points given by

xen@xe[yeRd:n({y})>O}.

We call a random variable F' a Poisson functional if there exists a measurable map
f : Ny — Rsuchthat F = f(n) almost surely. The map f is called the representative
of F. We define the difference operator or so-called add-one-cost operator:

Definition 1 Let F be a Poisson functional and f its corresponding representative,
then the first-order difference operator is given by

D.F = f(n+8:) — f(n), xeR,

where &, denotes the Dirac measure with mass concentrated at x. We say that F
belongs to the domain of the difference operator, i.e., F € dom (D), if E[F?] < oo
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and

/E [(DXF)z] w(dx) < oo.

R4
The second-order difference operator is obtained by iterating the definition:

D,%MZF := Dy, (D, F)
= f(+8x +8x) — f(1+8x) — f(1+8x) + f(), x1,x2 € RY.

For a deeper discussion of the underlying theory of Poisson point processes, Malli-
avin calculus, Wiener-1t6-Chaos expansion and Malliavin—Stein method, see [18,20].

2.1 Malliavin-Stein Method for the Univariate Case

We denote by Lip (1) the class of Lipschitz functions 2 : R — R with Lipschitz
constant less or equal to one. Given two R-valued random variables X, Y, with E | X| <
oo and E |Y| < oo, the Wasserstein distance between the laws of X and Y, written as
dw(X,Y), is defined as

dw(X,Y):= sup |E[r(X)]—-E[AY)]. 9
heLip(1)

If a sequence (X},) of random variables satisfies lim,,_, o, dw (X,, ¥Y) = 0, then it
holds that X, converges to Y in distribution, see [18, p. 219 and Proposition B.9].
Especially if Y has standard Gaussian distribution, we obtain a central limit theorem
by showing dw (X, Y) — 0, which we will achieve by rephrasing the bound given by
[17, Theorem 1.1] which is an extension of [21, Theorem 3.1], see also [18, Chapter
21.1, 21.2] for a slightly different form and proofs.

Theorem 4 Define

= / (E [(D)%MF)“] E[(Di,sz )4]

K3
x B [(Dxl F)4] E [(DXZF)“])% 13 (d(x1, x2, x3))

o= / (e[}, P']E [(Dﬁz,mF)“])% 1, 2, x9)
K3

73 :=/E|DxFl3u(dx).

K
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Let F € dom (D) be a Poisson functional such that E[F] = 0and V [F] = 1, and
let Z be a standard Gaussian random variable. Then

dw(F,2) <2yt +JVn+ .
2.2 Malliavin-Stein Method for the Multivariate Case

We denote by .7, the class of all 3-functions / : R™ — TR such that all absolute
values of the second and third partial derivatives are bounded by one, i.e.,

2
max  sup h(x)| <1
I<ii<iz<m , _pd Bx,-laxiz
and
3
max sup | ———h(x)| < 1.
I<ii<iz<iz<m , _pa | 0X;; 0X;,0X;;

Given two R™-valued random vectors X, Y with IE ||X||2 <ooand E || Y||2 < 00, the
distance d3 between the laws of X and Y, written as d3(X, Y), is defined as

d3(X,Y) = sup |E[R(X)]—E[RX)]l. (10)
hedt,

If a sequence (X,) of random vectors satisfies lim,_,~, d3(X,,Y) = 0, then it
holds that X,, converges to Y in distribution, see [22, Remark 2.16]. Especially if ¥
is a m-dimensional centered Gaussian vector with covariance matrix X € R™*™,
we obtain a multivariate limit theorem by showing d3(X,, Y) — 0. We will achieve
this, similar to the univariate central limit theorem, by rephrasing the bound given
by [29, Theorem 1.1] which extends [22], to provide the multivariate analogue to the
univariate result derived in [17], that was stated here as Theorem 4.

Theorem5 Let F = (Fy, ..., Fy) with m > 2 be a vector of Poisson functionals
Fi,...,Fpedom (D)with E[F;] =0,i € {1,...,m}. Define

Y= i /(IE) [(Dil’szi)4]E[(Diz,“}?fﬁ]
i,j:lK3
< B[00 ) B[00 Fp*]) " 1@, )
o= 3 [ (B[ B [0, 5]
ij=1g3

< B[02 ) B[, F)*]) i@l xn )
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ni= 3 [ EIDAP )

i=1

and let ¥ = (0})i,je(1,...m} € R™*™ be positive semi-definite, then

.....

m 2
m m m
d3(F, Ns) = = ) |oij = Cov[Fi, ]| +mymi+ S v+ ws.
i,j=1
3 Geometric Preliminaries
Fixj € {1,...,d}andlet G(d, j) denote the Grassmannian of all j-dimensional linear

subspaces of R? equipped with the uniquely determined Haar probability measure vj,
see [26, Section 4.4]. For k € IN, the k-dimensional volume of the k-dimensional unit
ball B¥ is denoted by ky := 75T (1 + %)_1.
For a convex body K € .7, the j-dimensional Lebesgue measure of the orthog-
onal projection of K onto the linear subspace I. € G(d, j) is denoted by A ; (K |L).
For j € {1,...,d}, the jth intrinsic volume of K is given by Kubota’s formula,
see [27, p. 222]:

d
Vj(K)z() Kd /Aj(KHL)vj(d]L) (11)
T g

and for j = 0 the Oth intrinsic volume of K, Vy(K), is the Euler characteristics of K,
and therefore we have V(K) = 1 {K # @}. It is worth mentioning that V;(K) and
Vi—1(K) are the mean with and the surface area, respectively, up to multiplicative
constants and V;(K) equals the d-dimensional Lebesgue volume of K. The intrinsic
volumes are crucial examples of continuous, motion invariant valuations:

Definition 2 A real function on the space of convex bodies, ¢ : Z" d 5 R, is called
a valuation, if and only if

9(K) + (L) =9p(KUL)+¢o(KNL) 12)

holds, whenever K, L, KUL € ¢ 4 Tt is called continuous if it is continuous accord-
ing to the Hausdorff metric on %%, and it is called invariant under rigid motions if it
is invariant under translations and rotations on R¢.

The theorem of Hadwiger [8,10,14] states that every continuous and motion invari-
ant valuation ¢ : #¢ — R can be decomposed into a linear combination of intrinsic
volumes:

Theorem 6 (Hadwiger) Let ¢ be a continuous and motion invariant valuation. Then
there exist coefficients ¢; € R, i € {0, ..., d)}, such that for all convex sets L € K¢,
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it holds that
d
o(L) =Y ciVi(L), (13)
i=0

where V; denotes the ith intrinsic volume.

For further information on Hadwiger’s theorem, convex geometry and integral
geometry, we refer the reader to [9,26,27].

Let P € #“ be a polytope and i € {0, ..., d}. We denote by .%; (P) the set of all
i-dimensional faces, i-faces for short, of P and by fiVis(P, x) the restriction to those
i-faces that can be seen from x, where we consider a face § of P to be seen by x if all
points z € § can be connected by a straight line [z, x] to x such that the intersection
of this line with P only contains the starting point z, i.e.,

FYS(P,x) =(Fe F(P):VzeF:[x,2lNP = {z}}.
The sets of all faces resp. all visible faces are denoted by .7 (P) := U?:o Z;(P) resp.
FVS(P,x) = ULy FVS(P, x).
For a vertex v € .%((P), the link of v in P is the set of all faces of P that do not
contain v but are contained in a (higher dimensional) face that contains v, i.e.,

link(P,v) :={Fe€ F(P):v¢FandIB € F(P):F C & > v},

see [33, Chapter 8.1] for a recent account of the theory.
The number of i-dimensional faces of P will be denoted by f; (P), i.e.,

fi(P) = |.Zi(P)].

Note that the vector (f—1(P), fo(P), ..., fa(P)) with f_1(P) := Vp(P) is the f-
vector of P, see [33, Definition 8.16, p. 245] for more details.

3.1 Geometric Estimations
We introduce the notion of the e-floating body, following [25, Section 2.2.3]. For a
fixed K € 2% and a closed halfspace H, we call the intersection C = H N K a cap
of K. If C has volume V;(C) = ¢, we call C an ¢-cap of K. We define the function
v:K — Rby

v(z) = min {Vy(K N H) : H is a halfspace with z € H},

and the floating body with parameter ¢, e-floating body for short, as the level set

Kw>e)={zeK:v(z)>¢},
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which is convex, since it is the intersection of halfspaces. The wet part of K is defined
as K (v < &), where the name comes from the three-dimensional picture when K is a
box containing ¢ units of water. Note that the e-floating body is (up to its boundary)
the remaining set of K, if all e-caps are removed from K and the wet part is the union
of these caps. For the convenience of the reader, we will only use the notation for the
floating body K (v > ¢) to prevent confusion with the wet part denoted by K (v < ¢).
From now on, we will assume that the parameter ¢ > 0 is sufficiently small. Thus we
can use the following lemmas from [31, Lemma 6.1-6.3]:

Lemma 1 Let C be an e-cap of K, then there are two constants c1, ¢y € (0, 00) such
that the diameter of C, diam(C) = SUPy yec llx — yll, is bounded by

1 .
c1ed+1 < diam(C) < cped+l,

Lemma 2 Let x be a point on the boundary 0K of K and D(x, ¢) the set of all points
on the boundary which are of distance at most ¢ to x. Then the convex hull of D(x, €)
has volume at most C38d+1, where c3 € (0, 00) is some constant not depending on ¢.

Lemma 3 Let C be an e-cap of K. The union of all e-caps intersecting C has volume
at most cq€, where cy4 € (0, 00) is some constant not depending on ¢.

4 Proofs of the Main Results

To shorten our notation, we write K;* resp. K ,y for the convex hull of (; + 8;) N K
resp. (n; +8y) N K and K, for the convex hull of (1, + 8, +8y) N K. Further we will
use C € (0, o) to denote a constant that can depend on the dimension and the convex
set K, but is independent of the intensity of our Poisson point process ¢. For sake of
brevity, we will not mention these properties of C in the following, and additionally
the value of C may also differ from line to line. We will use g(#) < f(¢) to indicate
that g(¢) is of order at most f(¢), i.e.,

g L f(1) 6 gt) = O (f(1))
< 3de>0,t0>0:Vt>10:80) <cf(t),

where ¢ and 7y are constants not depending on ¢. We will use g(r) = O(f(¢)) to
indicate that g(¢) is of the same order of f(¢), i.e.,

gy =0(f®) = f) =0 (g@) and g(t) = O (f(1)).

For sufficiently large t > 0, we define & = clog# with ¢ > 0 and denote by
K (v > &) the g,-floating body of K. Let A(e;, 1) := {K (v > &) C K,} be the event
that the &;-floating body is contained in the random polytope K;. Recall the well-
known lemma from [3,31] and [25, Lemma 2.2] in a slightly modified version for the
Poisson case:
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Lemma4 Forany B € (0, 00) there exists a constant c(B, d) € (0, 00) only depending
on B and the space dimension d, such that the event A(&;, t), that the &;-floating body is
contained in the random polytope K, occurs with high probability. More precisely, the
probability of the complementary event A(g;, t) has polynomial decay with exponent
—pB fort — oo, i.e.,

P (A(er, 1)) < Ct7P,
whenever t is sufficiently large.

Note that the parameter 8 can be freely chosen in (0, o), thus for § = 16d + 1,
which is sufficiently large for all our purposes, we get c(8, d), and therefore we can
define ¢; such that K (v > ¢;) € K, with high probability according to Lemma 4.

We will use the following estimation of subsets of G(d, j) from [4, Lemma 1] to
handle the projections arising from Kubota’s formula in our proof of Theorem 1:

Lemma5 Forz € S ' andL € G(d, j), we define the angle <((z, L) as the minimum
of all angles <(z, x), x € L. For sufficiently small « > 0, one has that

vi({LeGW. j): <@z L) <a)=0© (ad_j) .

4.1 Proof of Theorem 1: Valuation Functional

We first recall that the valuation functional ¢ (K;) can be decomposed with Hadwiger
(13) into the linear combination of intrinsic volumes, and thus the variance V [¢(K;)]
can be rewritten as

d d d
Vip(K)l =Y ;VIVi(K)l+2) Y cicjCov [Vi(K), V;(K))].

=0 i=0 j=i+1

For V;,i € {1, ...,d}, we will use the variance bound from [15, eq. 5.20, eq. 5.22,
eq. 5.23], see also [6, Corollary 7.1] and [23]:

1T « VVI(K)] < 1 @ (14)

Since Vo (K;) is the Euler characteristics of K;, we have Vo(K;) = 1{K; # (} and
therefore Vo (K;) is a Bernoulli distributed random variable with success probability
P(Vo(K)=1) = 1 — e &) The expectation is given by E[Vy(K;)] = 1 —
e~t8aK) and the variance by V [Vo(K;)] = (1 — e "2a(K))e=tAa(K) "\yhich can be
bounded by

0 <V [Vo(Kp)] < e840 « =1=ir, (15)
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Lemma 6 Foralli, j € {0, ..., d} the intrinsic volumes of K; are non negatively cor-
related and their covariances are bounded from above by the same order of magnitude
as the variance, i.e.,

0 < Cov [Vi(Kn). Vj(Kp] < 171~ (16)

Proof Since D, Vi(K;) > Oforallx € R4, it follows from the Harris-FKG inequality
for Poisson processes, see [16, Theorem 11], that

E[Vi(K)V;(K)] = EIVi(K)IE[V;(K))],

which directly implies the lower bound on the covariances. The Cauchy—Schwarz
inequality implies

Cov [Vi(K0). V(K] < |V V(KT V [V;(KD):

thus, using (14) and (15), the upper bound on the covariances is obtained. O

We are now in a position to bound the variance of our valuation functional with the
following lemma:

Lemma 7 Under the assumptions of Theorem 1, the variance of the valuation func-
tional is bounded by

T & Vp(K,)] < 1T E (17)

Proof We assumed c;c j = 0 forall i, j and that there exist at least one index k €
{1, ..., d} such that ¢y # 0. Thus Lemma 6 implies

Vip(K)] = 2V [Vi(K)] > 1~ =@,

and

VoK)l < (d + D™= 4+ (d + l)d\/<t_1_dil> (t—l—d%) <1 \-a,

which completes the proof. O

The crucial part in the proof of Theorem 1 is the application of the general bound
given by Theorem 4, and thus we need to investigate the moments occurring in 11,
72 and 3. In the first step, we adapt and slightly extend the proof from [30] for the
binomial case, to work in the Poisson case, yielding upper bounds on the moments
of the first- and second-order difference operators applied to the intrinsic volumes
V;(K;) which will be used in the second step to derive the bounds for the valuation
functional.
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First-Order Difference Operator Fixx € K and j € {l, ..., d}, then conditioned on
the event A(g;, t), it follows that

Dy Vi(Ky) =1{x € K\ K} D:Vj(K;) =1{x € K\ K(v=e)} D V;(Ky),
(18)

thus we can restrict the following to the case x € K \ K (v > &).

For x € K \ K(v > &), we define z to be the closest point to x on the boundary
dK. Since K is smooth, z is uniquely determined, if &, is sufficiently small.

The visible region of z is defined as the set of all points that can be connected to z
by a straight line in K avoiding K (v > &), i.e.,

Vis (1) :={y e K\ K(w=¢):[y,zlNK( = &) =0}. 19)

Note that given the sandwiching K(v > &) C K; C K, a random point x can
influence the random polytope only in the visibility region.

We construct a full-dimensional spherical cap C such that K \ K; € C. The
definition of the visible region, which was first used in [5,31], is crucial in the following
steps:

Let y1, y» € Vis,(¢), then there exist two &,-caps C1 and C, such that the straight
line [y1, z] resp. [y2, z] is contained in Cj resp. C», thus

lyt = »2ll < llyt — zll + lly2 — zll < diam(Cy) + diam(C3).

1
Since the diameter of any &;-cap C of K can be bounded by Ce,*', see Lemma 1,

it follows directly that the diameter of the visibility region can be bounded by

log(t) ) T
t .

p :=diam (Vis; (1)) < (

Let D(z, p) be the set of all points on the boundary d K which are of distance at most
ptoz,ie.,

D(z,p) ={y € 0K :|ly —zll < p}
and denote the cap that is given by the convex hull of D(z, p) by C, i.e.,
C :=conv{D(z, p)}. (20)

By construction, we have K;* \ K; C Vis (¢) € C. It follows from Lemma 2 that
the volume of C is of order at most w.

Fix a linear subspace I. € G(d, j), then one has that the set difference of the
projection of K;* and K; onto the subspace LL is contained in the projection of C onto

L

(K7 L)\ (K:¢|L) € CIL.
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The j-dimensional volume of the projected cap C|L can be bounded in its order of
magnitude by

J+1
Aj(CIL) < (1"*‘;(’))‘”1 . 21)

Depending on the angle between z and L, <((z, L), the part K} \ K; is not visible
for the orthogonal projection on L since it is hidden behind K (v > &), i.e.,

(K \KDIL € K(v = &)L,

for sufficiently large ¢. To obtain a bound on the maximal angle <((z, L) where the
projection does not vanish, we approximate K by a ball B%(z., r) with center z. and
radius r such that B4(z., r) € K and B%(z., r) N 9K = {z}. Indeed we approximate
the boundary 0K of K from the inside of K by a ball, which is possible, since K is
sufficiently smooth.

We repeat the construction of the cap C for B¢ (z., r) with the corresponding &,-
floating body BY (v > &,) of the ball to obtain the cap Cp and define « to be the central
angle of Cp in B (z¢, r). It follows from Lemma 2 that the volume of Cp is of order

1
at most g( ) , since pp < (%) o , which yields

1

o < (fa) ™ 22)

Thus it follows from B4 (v > &) € K (v > &) € K; C K} that K |L = K,|L if
<(z, L) is of larger order than «, and therefore we have

Aj ((KFIL)\ (K/|L)) # 0, onlyif <(z,L) < a.

Using (22) and (21), it follows that

1

Aj ((KFIL)\ (K(L)) <1 {<z(z,1L) < (log(t))d}A L)

1 j+1
1 {<z(z, L) < (—“%“’)”’Tl } (—“%”)Zm .

Finally we use Kubota’s formula (11) together with (18) and Lemma 5 to obtain

D, Vi(K;) =T{x € K\ K(v=¢)}cd, j) / Aj ((KFIL) \ (K/|L)) v;(dL)

Gd.))
i+l

1 pEal
L1{xe K\ K > ¢)} / 1 {<(z,L) < (logt(t))dﬂ } (log(t)>d v;(dL)
Gd,j)
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Jt

L1l{xeK\Kw> gt)}<10g )7 ({L Lz L) < (log(t))dlD

&‘\
/N
—_
(=]
OG
A
=
-
S—"
tl

<1{xe K\ K> &)} (bg(z))

=1{xe K\ K@= e} 20,

where c(d, j) = ( ) s Kd can be omitted since we are bounding Dy V;(K,) in its
order of magnitude w1th respect toz.

Second-Order Difference Operator Fixx,y € K and j € {1, ..., d}, similar to (18)
and conditioned on the event A(g;, t), we have that

D; Vi(K) =1{x,y € K\ K(@v=>e)}D; V;(K)).

To further restrict x, y € K \ K (v > &), we show the following lemma:

Lemma 8 Fix two convex bodies P, K € #“ with P C K and two points x,y €
K\ P. Denote by P*>, P* and P” the convex hulls of P U{x, y}, PU{x} resp. P U{y}.
We define the visibility region of x with respect to P by

Vie(P):={z€e K\ P:[z,x]NP=0}.
If %.(P) N ¥y(P) = 0, then

P*NpPY =P, (23)
PYUPY = pY, 24

and further it follows for all valuations  : # ¢ — R that the second-order difference
operator of ¥ (P) vanishes, i.e.,

D; ¥ (P)=0. (25)

Proof Using P* C 7,(P)U P and PY C 7,(P) U P, it follows directly from
Ve (P) Ny (P) =@ that P* N PY C (¥:(P)N¥,(P))U P = P. Additionally the
inclusion P € P* N P”, which follows directly from the definition of the convex hull,
gives (23).

Again, it is immediate that P* € P*Y and PY C P*”, and thus it remains to prove
that P*Y C P* U PY. Assume z € P* \ (P* U PY), then there exist A1, Ao € [0, 1]
and u € P*, v € PY such that

z=MMu+ (1 —Xxpy =2 v+ (1 —A)x,
where we can safely assume that # and v are chosen such that 1| and 1, are maximized.

Note that u € PY implies z € P resp. v € P* implies z € P*, a contradiction, which
leads to the remaining case u € P* \ PY and v € PY \ P*. By construction it now
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follows that [x, z]NP = @and [y, z]NP = ¥, whichyieldsz € #;(P)andz € ¥;(P)
contrary to ¥, (P) N7/, (P) = ) which gives (24).
The second-order difference operator of v (P) is given by

D} Y (P) = Y (PY) = Y (PY) — Y (PY) + Y (P).

Using (23) and (24), we can rewrite the first term according to the valuation property
(12) to

V(P =Y (P + Y (PY) =y (PYNPY) =y (PY) + 4y (PY) =y (P),

which gives (25) when substituted in the representation of Dﬁ’yw(P). O

Since Vis, (1) N Visy(t) = ¥ implies the conditions of Lemma 8 for P = K; 2
K (v > &), it follows that

D} Vi(K) =1{x,y e K\ K@= e)}1{Visc(t) N Visy(r) # 0} D ,V;(K)).

Taking D?  V;(K,) = Di(DyV;(K), we obtain | D2, V;(Kn)| = DV;(K]) +

X,y
D, V;(K;) where we immediately see that the second term D, V; (K;) is the first-order
difference operator that we have bounded before. Using K (v > &) € K; C K ty’ we
can substitute K; with K;" in the proof for the first-order difference operator to obtain

D} \Vi(K))
=1{x,y € K\ K(=>e)} 1 {Visg(1) N Visy(t) # 8} (DxV;(K]) + Dy Vi(Ky))
< 1{x,y € K\ K@ > e)) 1 {Vis () N Vis, () # 0} (@ + @)

< Tf{x,ye K\ K@= e} 1 {Vise(1) N Visy (1) # 0} 20

The results of the prior discussion can be summarized in the following lemma
bounding the order of magnitude of the pth absolute moment of the first- and second-
order difference operator of the intrinsic volumes V; (K).

Lemma9 Letpe{l,...,8},j€{0,...,d}andx,y € K, then

E[(DyV; (K| < 1(x € K\ K@= e} (52)", 26)
E[(D2,Vi(K))?| <1,y € K\ K@= e)

x 1 {Vis, (1) N Visy (1) # 0} (@)p , (27)

Proof Let j # 0. On the event A(g;, t), we use the bounds derived before and on
the complementary event A°(g;, ), it is sufficient to use the estimations D, V;(K;) <
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V;(K) resp. ‘D,%,y Vi(Kp)

<2V;(K), thus

E[(DxVj(K)"| = E[(DxV;(K)) Lo, ] + E[(Dx Vi (K Lace,.n ]
<Llee K\K@ =)} (20) P (A, )
+ Vi(K)PP (AC(er, 1))
and
E|(D2,V;(K))"|

<E }(Diyvj(Kt))p]lA(&,f)

+E )(Dg’yvj(Kt))p]lA‘(Ent)

<1{x,y € K\K@ = e} T {Vise) N Visy () # 0} (222)" P (A, 1)
+ QV;(K)PP (AC(er, 1)) .
Since P (A(g;,t)) < land P (A(g;, 1)) < t‘ﬂ,withﬂ = 16d+1 > p,see Lemma4,
our claim follows for j € {1, ...,d}.
Let j = 0. We use V(K;) = 1 {K, # } to derive
E|(DyVi(K)P| =1{x € K\ K@ = )} P (K, = )
and
E|(D2, VoK) |
=1{x € K\ K@ = e)}1{Vis,(t) N Visy (1) # 0} P (K; =),

thus using P (K; = ) = ¢ 24X the claim follows by bounding the exponential
decay with (12227, O

Our next objective is to prove corresponding bounds on the moments of the first-
and second-order difference operator of the valuation functional we wish to study.

Lemma10 Let p € {l,...,8}and x,y € K, then

E[(Dip(K))?| < 1 € K\ K@z en) (52)", (8)

E[(D2,0(K)"| < 1ix.y e K\ K@= &)

X 1{Vis, () N Vis, ) £ 0} (222)". 9)

t

Proof Since D, is linear, we obtain

d P
E[(Dip(K))P| < > (chk>E

J1eeip=0 \k=1

P
[]DxVic(kn

k=1
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and the generalized Holder inequality yields

d p » 7
E|(Dyp(K)P| < Y (1’[%) (HE|Dijk<Kz>|p)-

Jloeejp=0 \k=I k=1

Therefore we can use (26) to bound all moments on the right-hand side yielding
(28). The proof of (29) is similar using (27) instead of (26). O

Before we apply the previous lemma to the error bounds 71, 72 and 3, we introduce
two estimations for the domain of integration. From [2, Theorem 6.3] it follows directly
that

2
AdK\ K@ > g)) < (“’gm)"“ . (30)

Denote by C(x) resp. C(z) the caps constructed according to (20) for points x, z €
K\ K(v > &), then for every fixed x € K \ K(v > &) we have

{y € K\ K@ >¢g): Visg(t) N Visy(t) # Q) U Vis, (t) € U C(2).
ZEVISX(I) zeC(x)

Recall that the volumes of C(x) and C(z) are of order at most w; thus Lemma 3
yields

Aa({y € K\ K@= &) : Visy (1) N Vis, (1) # 0}) < 20 31)

forallx € K\ K(v > ¢&).
Applying the previous results to the error bound 77 yields

1 < VIip(K)]™2 (“’g(’)) fn s € K\ K@= &)
K

x /11 {Visx, (t) N Visy, (1) # 0} dx

K

x / 1 {Visy, (1) N Visg, (1) # @) dxa | dxs

K
2

< (;‘1—%)_2 (lo%(t)>4t3 (logt(t))d = (logt(t))2

2 2
L 7@ Jog(r)T

@ Springer



Journal of Theoretical Probability (2021) 34:897-922 915

In the same manner, we can see that

2 2
Ty & 11T Jog(r)St @,

1 1 2
13 L 72T Jog(n) T,

Combining these three bounds with Theorem 4 leads to
2
dw (G(K)). Z) < 2/71 + /72 + 13 < 17777 log(t) 7,
d
for Z ~ A4 (0, 1), completing the proof of Theorem 1.

4.2 Proof of Theorem 3: Multivariate Functional
We start to investigate the moments of the first- and second-order difference operators
applied to the components of the f-vector by combining combinatorial results from

[24] with the floating body and economic cap covering approach from [25,30].

First-Order Difference Operator Fixx € Kandj € {0, ..., d — 1}, thenconditioned
on the event A(g;, t), it follows similar to (18) that

Dy fj(Ky) =1{x € K\ K(v = &)} Dy fj(Kyp),

thus we can restrict the following to the case x € K \ K (v > &).

Let K, be fixed and assume x ¢ K;. Since the polytope K, is simplicial and all
vertices are in general position almost surely, analysis similar to that in [24, Section
4] allows us to decompose Dy f;(K;) into the number of j-faces gained, denoted by

j+, and the number of j-faces lost, denoted by f I

DKol = |17 = f7 | = £+ £

Every j-face gained in K} is the convex hull of x and a (j — 1)-face i_n link (K7, x).
Additionally every (j — 1)-face in link (K", x) is also contained in ijisl (K¢, x), thus

£ = fioa (link(KF, 0) = |75, (K00
On the other hand, the j-faces in .%; (K;) that are lost have to be visible from x, thus
f7 = |7 |

Note that not all visible j-faces are removed; to gain the exact amount of lost j-faces,
one has to calculate the number of j-faces that are visible and not contained in the link
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of x in the new polytope K, i.e., ﬁyis(l(t, x) \ link(K}, x)|, as we will see later for
the second-order difference operator.

Let z be the closest point to x on the boundary of d K, then it follows immediately
that every visible i-face § € ZViS(K,, x) has to be a subset of Vis,(¢). Since (i + 1)
pairwise distinct points are needed to form an i-face, the number of visible i-faces can
be bound by the number of points in Vis,(¢), i.e.,

& Vis n (Vis (1))
‘/1 (Kz»x)‘ S( i1 )
foralli € {0, ...,d — 1}. Combining these steps, we obtain
_ n (Vis (1)) n(Vis (1)) _ (n(Visg (1)) + 1
‘D’“f’(K’)’5< j >+( j+1 )‘( j+1 )

< (n (Visg (1)) + 1)/ !

and further for p € {1, ..., 8},
E Dy f;(K)ae,o|” < B[ (1 (Visz@) + DPO*D].

The binomial theorem and the fact that n (Vis,(#)) is Poisson distributed with parameter
w(Vis,(¢)) yield

p(j+1

. ‘
E Dy fj(K)Lae, n|" < Z <p(]i+ )>E[77(Visz(t))l]

i=0

A

p(+D) . i .
> (m N D) {;}M(Visz(t))k
i=0 k

=0

IA

where {,’{} denotes the Stirling numbers of the second kind. Recall that

B (Vis; (1) = tAg(Vis; (1) < 1758 = log(1)
and j € {0,...,d — 1}, thus
E Dy fj(K)Lag,.n|” < logt)?.

Conditioned on the complementary event A€(g;, t), we need to slightly modify
the proof, replacing 1 (Vis;(¢)) by n(K), the number of all points in K, and using
the Cauchy—Schwarz inequality to separate the expectation of the indicator, from the
moments of 1(K):
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p(j+1) . |
B[ Dy fj(KLacen|” = ) (p(1-+ D) (B [Lacie,0] B [n(K)%])*

1

i=0
pG+D) (+1) 5 7
< VP (A, 1) Y ( )(Z{ } (K))
i=0 k=0

B
<t « 1,

since f = 16d +1 > 2pd.

Second-Order Difference Operator Fixx,y € K and j € {0, ...,d — 1}, similar to
the intrinsic volumes handled before we have

D fi(K)=1{x,y € K\ K@ > &)} D; V;(K,).

We show the following lemma, to obtain a restriction on x, y for the components of
the f-vector similar to that derived from Lemma 8 for the intrinsic volumes:

Lemma 11 Fixad-dimensional polytope P C K contained ina convexbody K € ¢

and two points x,y € K \ P. Let ¥, (P) and ¥, (P) denote the visibility regions of x
and y with respect to P be defined as in Lemma 8. If ¥;,(P) NV, (P) =, then

D}, fj(P)=0,
forall j €{0,...,d —1}.
Proof Denote by P*Y, P* and P” the convex hulls of P U{x, y}, PU{x}resp. PU{y},

then we can decompose the number of j-faces of P*Y into the number of j-faces of
P* and the gained and lost j-faces obtained from adding y, i.e.,

Fi(PY) = fj(PY) + fj1(link(P*, y)) — |.Z/(P¥, y) \ Tink(P*, y)

Since the visible regions are disjoint, we have .# Vis(pr vy = . ZViS(P, y) and addi-

tionally link (P*Y, y) = link(P”, y), thus

D2, £i(P) = £;(P) = £;(P*) = f;(P") + f;(P)
= fj-1ink(P?, y)) = |ZYS(P, y) \link(P?, )| = f;(P*) + £;(P).

Similar to f;(P*”) we can decompose f;(P) by counting the j-faces in P and
subtracting the difference that arises from the addition of y to P:

F3(P) = f3(P¥) = fi-1ink(P?, ) + | (P, ) \ Tink (P, )
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yielding

D2, fi(P) = fi-1(link(PY, ) = | #Y5(P, ) \Tink(P*, )| = £;(P?)
S5 (PY) = fi-link(PY, ) + | (P, y) \Tink(P?, )|
= O’
which is the desired conclusion.

Since Visy (t) N Visy(t) = ¥ implies the conditions of Lemma 11 for P = K; 2
K (v > g), it follows that

D fi(K) =1{x.y € K\ K@= e)} 1L {Vise(t) N Visy(r) # ¥} D2, f;(Ky).
and similar to D)%) Wi (K;) we derive

D (K) < 1f{x,ye K\ K@= e)}1L{Vis:(t) N Visy(t) # B} log(t)"".

Having disposed of these preliminary steps, we can now summarize the results
in the following lemma bounding the order of magnitude of the pth moment of the
difference operator of the f-vector components f;(K;).

Lemmai12 Letp €{l,...,8},j€{0,...,d —1}and x,y € K, then

E |(Dy fj(K))?| < 1{x € K\ K(v > &)} log(t)%,
B[, (k)| < 1ley € K\ K@= )
x 1 {Visx (t) N ViSy(t) # Q)} log(t)dp_

Proof The proof is similar to the one of Lemma 9. O

We are left with the task of applying our estimations on the bound y1, y> and y3 given
by Theorem 5. Since we consider the multivariate functional given by (6), we have to
distinguish the following three cases depending on the combination of functionals F;
and F; using the corresponding bounds for the variance given by (14) for the intrinsic
volumes and by

T L V[ fiK)) < 1@, (32)

for the components of the f-vector, see [23]. We denote by y; (i, j), y2(i, j) resp. y3(i)
the integral in y, y» resp. ys, then it follows from Lemma 9, 12 and the estimations
on the domain of integration (30) and (31) that
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(i, j)
log)H 7T, i jefl,....d},

v, ) < tTFE x Mg 2 ET e (1, d),jeld+1.....2d),
log()ZH4+7T | i jetd+1,...,2d).

and

log) 7T, iefl,... d},

1 1
ya(i) <t 2T x
log()3TT, ie(d+1,...,2d).

It can easily be seen that the speed of convergence is dominated by the case
i,j €{d+1,...,2d}; thus we can rewrite the bound in Theorem 5 using o;; (t) =
Cov [F,-, Fj] to

2d
d3(F, Nx(1) <d Y |oij(t) — Cov [F;, Fj]|
i,j=1

+2d- (it log(t)”z”ﬁ +d. [t aE log(r)”z‘”ﬁ
F @ T log(n) T

1 1 2
< 172 T log(r)3r @,

which completes the proof.

4.3 Proof of Theorem 2: Oracle Functional

Recall that the oracle estimator is given by f}oracle(l( D) = Vy(K) +17! fo(Ky), and
its variance asymptotics is given by (4)

A% [ﬁoracle(Kl):I =14 (K)(1 +0(1))tilidi+1 =0 <[7]7ﬁ> ,

for + — oo, where the constant yg only depends on the dimension and is known
explicitly and ©2(K) denotes the affine surface area of K. Rescaling of ¥qracle (K7)
yields

éoracle (Kt)

=0 (t%"'d%r' Va(Ky) + t_%+ﬁf0(Kt)) )
V [Boracte (K1)

where the scaling t%"'%ﬂ resp. féﬂl%rl corresponds with the asymptotic variance of
Va(K;) resp. fo(K;), see (14) and (32). Therefore we can use the previous results to
deduce bounds on the moments of the first- and second-order difference operator of
the standardized oracle estimator 5orac1e(K ).
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Lemma13 Letp €{l,...,4}andx,y € K, then

B (D2 Boracie (K0)?| < 1w € K\ K (v 2 e} 1757 log()®,
E|(D2 ,Borace (K| < 1{x, v € K\ K(v = &)
x 1 {Vis, (1) N Vs, (1) # @B} 1~ 2@ log(n)%.

Proof Using the binomial theorem and the Cauchy—Schwarz inequality, it follows
directly with Lemmas 9 and 12 that

E

11 1 p
(D, V(K + 17T D fo(K))|

2 ()

J

P 2j 2(p=))
<LlxeK\K@ze) ) (’J’) (o ee) T (=2 10g(n)?)
j=0

1 1
1211 DV (Ky)

2j iy 20—\ 2
E|i=2* 77 D, fo(Ko)|

P
=1{x e K\ K@ > e}t 2tar 3 (?) log(r)/H4 P =1,
— \J
Jj=0

Since j + d(p — j) < dp, the desired conclusion follows. The proof for the second-
order difference operator is similar. O

Applying these estimations to the bound 71, 72 and t3 in Theorem 4 yields

2 2 2
2 2 2

1 1 2
13 L 72T Jog(r)Yd T

thus

dw (B (K)), Z) < 271 + /T2 + 13 < 17277 log() 34+ 7,

d .
for Z ~ 4(0, 1), completing the proof of Theorem 2.
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