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CONVERGENCE OF ALGORITHMS FOR RECONSTRUCTING
CONVEX BODIES AND DIRECTIONAL MEASURES

RICHARD J. GARDNER, MARKUS KIDERLEN, AND PEYMAN MILANFAR

ABSTRACT. We investigate algorithms for reconstructing a convex body K in R™
from noisy measurements of its support function or its brightness function in k direc-
tions w1, ..., ur. The key idea of these algorithms is to construct a convex polytope
Py whose support function (or brightness function) best approximates the given mea-
surements in the directions w1, ..., uy (in the least squares sense). The measurement
errors are assumed to be stochastically independent and Gaussian.

It is shown that this procedure is (strongly) consistent, meaning that almost surely,
P tends to K in the Hausdorff metric as k — oo. Here some mild assumptions on
the sequence (u;) of directions are needed. Using results from the theory of empirical
processes, estimates of rates of convergence are derived, which are first obtained in
the Lo metric and then transferred to the Hausdorff metric. Along the way, a new
estimate is obtained for the metric entropy of the class of origin-symmetric zonoids
contained in the unit ball.

Similar results are obtained for the convergence of an algorithm that reconstructs
an approximating measure to the directional measure of a stationary fibre process
from noisy measurements of its rose of intersections in k directions uq, ..., ur. Here
the Dudley and Prohorov metrics are used. The methods are linked to those em-
ployed for the support and brightness function algorithms via the fact that the rose
of intersections is the support function of a projection body.

1. INTRODUCTION

The problem of reconstructing an unknown shape from a finite number of noisy
measurements of its support function (giving the (signed) distances from some fixed
reference point, usually taken to be the origin, to the support hyperplanes of the
shape) has attracted much attention. The nature of the measurements makes it natural
to restrict attention to convex bodies. Prince and Willsky [35] used such data in
computerized tomography as a prior to improve performance, particularly when only
limited data is available. Lele, Kulkarni, and Willsky [28] applied support function
measurements to target reconstruction from range-resolved and Doppler-resolved laser-
radar data. The general approach in these papers is to fit a polygon or polyhedron to
the data by a least squares procedure. In contrast, Fisher, Hall, Turlach, and Watson
[11] use spline interpolation and the so-called von Mises kernel to fit a smooth curve
to the data in the 2-dimensional case. This method was taken up in [19] and [32],
the former dealing with convex bodies with corners and the latter giving an example
to show that the algorithm in [11] may fail for a given data set. Further studies and
applications, including the 3-dimensional case, can be found in [16], [22], and [24].
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Despite all this work, the convergence of even the most straightforward of the re-
construction algorithms has apparently never been proved. In Theorem 6.1 below, we
provide such a proof for an algorithm we call Algorithm NoisySupportLSQ, due to
Prince and Willsky [35]. By convergence, we mean that given a suitable sequence of
directions, the estimators, convex polytopes, obtained by running the algorithm with
noisy measurements taken in the first k£ directions in the sequence, converge in suit-
able metrics (the Ly and Hausdorff metrics) to the unknown convex body as k tends
to infinity. Suitable sequences of directions are those that are “evenly spread,” only
slightly more restrictive than the obviously necessary condition that the sequence be
dense in the unit sphere.

Moreover, by applying some beautiful and deep results from the theory of empirical
processes, we are able to provide in Theorem 6.2 estimates of rates of convergence of
the estimators to the unknown convex body. Some considerable technicalities are in-
volved, and some extra conditions are required, of which however only a rather stronger
condition on the sequence of directions should be regarded as really essential. Conver-
gence rates depend on the dimension of the unknown convex body; for example, for
the L, metric, the rate is of order k=2/° in the 2-dimensional case, and £~/? in the
3-dimensional case.

Analogous results are obtained for an algorithm, Algorithm BrightLLSQ, proposed
recently by the first and third authors [15], that constructs an approximating convex
polytope to an unknown origin-symmetric convex body from a finite number of noisy
measurements of its brightness function (giving the areas of the shadows of the body
on hyperplanes). The very existence of such an algorithm is highly nontrivial, due
to the extremely weak data; each measurement is a single scalar that provides no
information at all about the shape of the shadow! Nevertheless, the algorithm has
been successfully implemented, even in 3 dimensions. Here we are able to prove,
for the first time, convergence (Theorem 7.2), with estimates of rates of convergence
(Theorem 7.6), also for this algorithm. One technical device that aids in this endeavor
is the so-called projection body, whose support function equals the brightness function
of a given convex body. This allows some of our results on reconstruction from support
functions to be transferred to the new reconstruction problem. However, we require
additional deep results on projection bodies (a subclass of the class of zonoids) from
the theory of convex geometry due to Bourgain and Lindenstrauss [1] and Campi [4].
Examples of rates of convergence we obtain, for the Hausdorff metric, are of order
k=415 in the 2-dimensional case, and k~'/3° in the 3-dimensional case.

Most of our results are actually much more informative in that they indicate also
how the convergence depends on the noise level and the scaling of the input body. A
discussion and the results of some Monte Carlo simulations can be found in Section 8.

Many auxiliary results are obtained in the course of proving the convergence of these
algorithms, but one is perhaps worth special mention. Roughly speaking, the results
we employ from the theory of empirical processes give rates of convergence of least
squares estimators to an unknown function in terms of the metric entropy of the class
of functions involved. In obtaining our results on reconstruction from support functions
it turns out that we therefore need an estimate of the metric entropy of the class of
compact convex subsets of the unit ball B in n-dimensional space, with the Hausdorff
metric. Luckily, the precise order of this, t~(»~1/2 for sufficiently small ¢t > 0, was
previously established by Bronshtein [3] (see Proposition 5.4; it is traditional to talk of
e-entropy rather than ¢-entropy, but we require € for a different purpose in this paper).
In the problem of reconstruction from brightness functions, however, we need to know
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the metric entropy of the class of origin-symmetric zonoids contained in B. As far as
we know, this natural problem has not been addressed before. For n = 2 it is easy to
see that the answer, t~'/2, is unchanged, but in Theorem 7.3, we show that for fixed
n > 3 and any 1 > 0, the t-entropy of this class is O(t=2"=1/(+2)=1)) for sufficiently
small ¢ > 0. This is somewhat remarkable, since the t-entropy becomes O(t72) as n
tends to infinity, in complete contrast to the case of general compact convex sets. The
hard work behind Theorem 7.3 is done in highly technical papers of Bourgain and
Lindenstrauss [2] and Matousek [31] on the approximation of zonoids by zonotopes.

While most of the paper is devoted to reconstruction of convex bodies, Section 9
focuses on a problem from stereology, that of reconstructing an unknown directional
measure of a stationary fiber process from a finite number of noisy measurements of its
rose of intersections. It turns out that the corresponding algorithm, Algorithm Noisy-
RosellSQ), is very closely related to Algorithm NoisyBrightLSQ, due to the fact that
the rose of intersections is the support function of a projection body. This fact was
also used in the previous work [25] of the second author, where an estimation method
similar to Algorithm NoisyRoseLLSQ was suggested and analyzed. Convergence of Al-
gorithm NoisyRosel.SQ was proved by Ménnle [29], but also follows easily from our
earlier results (see Proposition 9.1). With suitable extra assumptions we can once again
obtain estimates of rates of convergence of the approximating measures to the unknown
directional measure. These are first given for the Dudley metric in Theorem 9.4, but
can easily be converted to rates for the Prohorov metric. For example, for the Prohorov
metric, the rate is of order k=% in the 3-dimensional case.

We thank Chris Eastman, Amyn Poonawala, Greg Richardson, Thomas Riehle, and
Chris Street for writing the computer programs for Monte Carlo simulations. We are
also grateful to Sara van de Geer for a helpful correspondence concerning her work.

2. DEFINITIONS, NOTATION, AND PRELIMINARIES

As usual, S"7! denotes the unit sphere, B the unit ball, o the origin, and || - || the
norm in Euclidean n-space R™. It is assumed throughout that n > 2. A direction is
a unit vector, that is, an element of S"~1. If u is a direction, then u' is the (n — 1)-
dimensional subspace orthogonal to u. If x,y € R", then z - y is the inner product of
x and y and [z, y]| denotes the line segment with endpoints x and y.

If Ais a set, dim A is its dimension, that is, the dimension of its affine hull, and 0A
is its boundary. The notation for the usual (orthogonal) projection of A on a subspace
S is A|S. A set is origin symmetric if it is centrally symmetric, with center at the
origin.

We write Vj for k-dimensional Lebesgue measure in R”, where £ = 1,...,n, and
where we identify V, with k-dimensional Hausdorff measure. If K is a k-dimensional
convex subset of R”, then V(K) is its volume Vj(K). Define ,, = V(B). The notation
dz will always mean dVj(z) for the appropriate k = 1,...,n.

Let K" be the family of nonempty compact convex subsets of R™. A set K € K" is
called a convex body if its interior is nonempty. If K € K", then

hg(x) =max{z-y:y € K},
for x € R", is its support function and
bre(u) = V(K|ub),

for u € S"71, its brightness function. Any K € K" is uniquely determined by its sup-
port function. If K is an origin-symmetric convex body, it is also uniquely determined
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by its brightness function. The Hausdorff distance §(K, L) between two sets K, L € K"
can be conveniently defined by

(K, L) = |lhie = hiloo-
We shall also employ the Ly distance do( K, L) defined by
0o(K, L) = |[hxe = hilla.

By [17, Proposition 2.3.1], there is a constant ¢ = ¢(n) such that if K and L are
contained in RB for some R > 0, then

(1) §(K,L) < CR(n_l)/(n+1)(52(K, L)2/(n+1),

which shows (together with a trivial inequality in the converse direction) that both
metrics induce the same topology on K.

A zonotope is a vector sum of finitely many line segments. A zonoid is the limit in
the Hausdorff metric of zonotopes. The projection body of a convex body K in R is
the origin-symmetric convex body IIK defined by

hHK - bK.

An introduction to the theory of projection bodies is provided in [13, Chapter 4].
It turns out that projection bodies are precisely the n-dimensional origin-symmetric
zonoids. For this reason we shall denote the set of projection bodies in R™ by Z".

The surface area measure S(K,-) of a convex body K is defined for Borel subsets £
of S~ 1 by

(2) S(K7E):Vn—1 (9_1<K7E))7

where ¢~ (K, E) is the set of points in K at which there is an outer unit normal
vector in K. The convex body P is a zonotope if and only if P = IIK for some origin-
symmetric convex polytope K. In this case, S(K,-) is a sum of point masses, each
located at one of the directions of the line segments whose sum is P and with weight
equal to half the length of this line segment. This fact will be used in a reconstruction
algorithm in Section 7.

A fundamental result is Minkowski’s existence theorem (see, for example, [13, Theo-
rem A.3.2|), which says that a Borel measure p in S"! is the surface area measure of
some convex body K in R™, unique up to translation, if and only if i is not concentrated

on any great sphere and
/ udp(u) = o.
Sn—1

The treatise of Schneider [38] is an excellent general reference for all of these topics.

Let U = {uy,...,ur} C S"'. The nodes corresponding to U are defined as follows.
The hyperplanes u;-, i = 1,...,k partition R” into a finite set of polyhedral cones,
which intersect S"~! in a finite set of spherically convex regions. The nodes +v; € S"1,
j=1,...,1 are the vertices of these regions. Thus, when n = 2, the nodes are simply
the 2k unit vectors each of which is orthogonal to some u;, i = 1,..., k. When n = 3,
each v; is of the form (u; X uy)/||w; X uy||, where 1 <i < i’ <k and u; # +u;. Thus,
forn =3, < k(k —1)/2 and in general, [ = O(k"~'). Campi, Colesanti, and Gronchi
[5] proved the following result.

Proposition 2.1. Let K be a convex body in R"™ and let U = {uy,...,ux} C S™*
span R™. Among all convex bodies with the same brightness function values as K in
the directions in U, there is a unique origin-symmetric convex polytope P, of maximal
volume and with each of its facets orthogonal to one of the nodes corresponding to U.
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This implies that for any projection body IIK and any finite set of directions U C
Sn=! there is a zonotope Z with

hz(u) = hHK(u),

for all u € U. Moreover, Z can be written as a sum of line segments, each parallel to
some node corresponding to U.

The following deep result was proved independently by Campi [4] (for n = 3) and
Bourgain and Lindenstrauss [1]. The latter authors state their theorem in terms of a
metric other than the Hausdorff metric, and make an additional assumption on the
distance between the projection bodies. Groemer [17, Theorem 5.5.7] presents the
version below, and his proof yields the estimate of the constant in (4). This involves
some tedious calculations (see http://www.ac.wwu.edu/~gardner; no attempt was
made to obtain the optimal expression). In (4) and throughout the paper, the “big O”
notation is used in the sense of “less than a constant multiple depending only on n”.

Proposition 2.2. Let K and L be origin-symmetric convex bodies in R™, n > 3 such
that
roB C K,L C RyB,

for some 0 <ry < Ry. If 0 < a <2/(n(n+4)), there is a constant ¢ = c¢(a,n,rq, Rp)
such that

(3) (K, L) < cO(IIK, TIL)°.
Moreover, if 0 < a < 2/(n(n+4)) is fized, ro < 1, and Ry > 1, then
(4) c=0 (rg® 'RY) .

3. SOME PROPERTIES OF SETS AND SEQUENCES OF UNIT VECTORS

In this section we gather together some basic results on sets and sequences of unit
vectors that will be useful in Sections 5 and 7.
If {uy,...,us} is a finite subset of S™7!, its spread Ay is defined by

(5) A = Jnax min llu — u;|.

Fori=1,...,k, let €; be the spherical Voronoi cell
(6) Qi={ueS" " |lu—ul <|u—u| foral1<ij<k}

containing u;. Then UF_,Q; = S"1, and we define

= _1(82).

(7) Wi 11252% Vn 1( z)
By the definition of spread, {uy,...,ux} is a Ap-net in S"~!, meaning that for every
vector u in S"1, there is an i € {1,...,k} such that u is within a distance Ay of u;.

The existence of e-nets in S"~! with relatively few points is provided by the following
well-known result. It can be proved by induction on n in a constructive way; see, for
example, [15, Lemma 7.1].

Proposition 3.1. For each ¢ > 0 and n > 2, there is an e-net in S"™! containing
O(e'™™) points.

Now let (u;) be an infinite sequence in S"'. We retain the notation A, for the
spread of the first k£ points in the sequence, and similarly for w,. We need to consider
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some conditions on (u;) that are stronger than denseness in S"~!. To this end, for
ue S tand 0 <t <2, let

Ci(u) ={ve S :ju—v| <t}

be the open spherical cap with center u and radius ¢t. We call (u;) evenly spread if for
all 0 <t < 2, there is a constant ¢ = ¢(t) > 0 and an N = N(t) such that

(8) [{ur, ..., un} N Cy(u)| > ck,

for all w € S"~! and kK > N.

The following lemma provides relations between various properties of sequences we
need later. In the Appendix we also indicate how these properties relate to the well-
known concept of a uniformly distributed sequence.

Lemma 3.2. Consider the following properties of a sequence (u;) in S™1.
(i) Ay =O(k™ /1),

(ii) wr = O(k™1) and (u;) is dense in S™'.

(iil) (uy) is evenly spread.

(iv) (ug) is dense in S™1.

Then (i) = (ii) = (iii) = (iv), and there are sequences with property (i).

Proof. Assume (i), and let k € Nand i € {1,...,k}. Let Q;, 1 <i <k, be the Voronoi
cells corresponding to the set {us, ..., u;}, defined by (6). Note that Q; C Ca, (u;) and
hence
Vie1(§%) < Va1 (Ca, () < Vet (Dy(ws)),
where Dy, (u;) is the (n — 1)-dimensional ball in the tangent hyperplane to S™~! at w;,
obtained by the inverse spherical projection (with center o) of Ca, (u;). If A, < V2,
then Dy (u;) has center u; and radius r, = tan(2 arcsin(Ay/2)). Therefore
wy = Max Vi1 () <7k, = O(AY) = O(k™1).

Since it is clear that (i) also implies that (u;) is dense in S"~!, (ii) holds.

Suppose that (ii) holds. Fix 0 < t < 2 and u € S" . Cover S" ! with finitely
many open caps C; = Cy(v;), 1 < j < m. Since (u;) is dense in S™7!, there is an
N = N(t) € N such that for £ > N, any of these caps contains at least one point
of {u1,...,ux}. The cap Cy3(u) contains at least one C;, and hence a point u;, with
1 <149 < N. Note that N does not depend on u.

Fix £ > N and let ;, 1 < i < k, be the Voronoi cells corresponding to the set
{wr, .. ug ). IEQNint Cyz(u) # 0, ¢ # 49, there must be a point in Cy/3(u) closer to
u; than to u;,. This implies u; € Ci(u). Consequently,

Now (ii) implies that there is a ¢ = ¢/(t) such that

/
Vit (Cs(w) < 30 Vard() S @i s wi € Cuw)}] < %’{ul,...,uk}ﬂ@(uﬂ.
uZECt(u)

Since the left-hand side of the previous chain of inequalities does not depend on u, this
yields (iii). That (iii) implies (iv) is clear.

To obtain a sequence with property (i), observe that by Proposition 3.1, there is
a constant C' such that for each m € N, there is a set W,, of at most C' 27"~V unit
vectors forming a 27"-net. Order the elements of each W, in an arbitrary fashion, and
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let (u;) be the sequence obtained by forming one sequence from these finite sequences
Wi, Ws, and so on in that order. Let

2m(n—1) -1
Nm - C (2n_1 + 22(n_1) + A + 2m(n_1)) — C2n_1 (W) .
Then for all kK > N,,, the points uq, ..., u; form a 27"-net.
Now suppose that k is the least integer such that the points uq, ..., u; have spread
Ay, where

27 <Ay < 21T,

Then )
om n—1) 1 2n—1A17n -1
< N. — 2n71 2n71 k
0 (ZTY g (228721,
o /(n—1)
k(nt—1) 1\ Vit et
A < ( O 92(n—1) + 2n—1) =0 (k ! )) :

g

Let (u;) be a sequence of vectors in S"1. For application in Section 7, we need to
consider properties of the “symmetrized” sequence

9) (uf) = (u1, —uy, ug, —ug, ... ).

Let

(10) k= max min min{lu —wl], flu — (—u)|}

be the symmetrized spread of uy, ..., u;. Also, let w; be the maximum V,,_;-measure

of the 2k spherical Voronoi cells corresponding to the set {£uq, fuo, ..., fux}.
Following [25, p. 14], we call (u;) asymptotically dense if

.1
hg})rolfz‘{ul,...,uk}ﬂG| > 0,

for all origin-symmetric open sets G # () in S™~L.

Lemma 3.3. Consider the following properties of a sequence (u;) in S™1.
() A = O(k=/0-),
(i O(k™) and (u

i w
(itla) (u
(iiib) (u

(iv) (u

Then (i) = (ii) = (ilia) < (111b) = (iv), and there are sequences with property (i).

) is dense in S"L.
f) is evenly spread.

i) s asymptotzcally dense.

*

) is dense in S

Proof. The implications (i) = (ii) = (iiia) = (iv) are direct consequences of Lemma 3.2
and the definition of (uf). The existence statement also follows from this lemma, as
any sequence with Ay = O(k~Y/ (=) satisfies A} = O(k~1/(=D),

That (iiia) implies (iiib) is trivial. The prove the converse, let Cy(u) be an open
cap in S"! of radius ¢, and cover the compact set S*~! with open caps Ci,...,C,
of radius ¢/2. Then C; C Cy(u) for some j. If (u;) is asymptotically dense, we can
apply the definition of this property with G = C; U (—C}) to conclude that there is a
constant ¢ > 0 and an N’ such that

{u, ... urk 0 (C U (=C))| >k,
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for all £k > N’ and hence that
H{tuy, ..., tup} NCy(u)| > dk,
for all £ > N’. From this it follows easily that (u}) is evenly spread. O

7
4. METRIC ENTROPY AND CONVERGENCE RATES FOR LEAST SQUARES
ESTIMATORS

Let G # 0 be a class of measurable real-valued functions defined on a subset E of R".
Suppose that z; € E, ¢+ = 1,2,... are fixed, and let X;, + = 1,2,... be independent
random variables with mean zero and finite variance. If gy € G, we regard the quantities

vi = go(z;) + Xi,

1 =1,2..., as measurements of the unknown function gy. A least squares estimator gy,
for gy satisfies

k
(11) Gy = arg rgneigz (y; — g(x:))” .
=1

In general g need not be unique and the existence of a least squares estimator has
to be assumed. In the applications we have in mind, a least squares estimator always
exists. To provide the necessary measurability for the background theory to work, a
suitable condition can be imposed on the class G. Following Pollard [33, p. 196], we call
G permissible if it is indexed by a set Y that is an analytic subset of a compact metric
space, such that G = {¢(-,y),y € Y}, and g(+,-) : R" XY — Ris £,,®B(Y)-measurable,
where £, is the class of Lebesgue measurable sets in R™ and B(Y) is the class of Borel
subsets of Y. The metric on Y will be important only insofar as it determines B(Y).

Let (S, d) be a set S equipped with a pseudometric d and let € > 0. A set U C S is
called an e-net if each point in S is within a d-distance at most ¢ of some point in U.

We can now define metric entropy, a valuable concept introduced by Kolmogorov.
Metric entropy is often also called e-entropy, but we need to reserve the letter € for a
different purpose. Accordingly, we define the t-covering number N(t,S,d) of (S,d) as
the least cardinality of all t-nets. In other words, N(¢, S, d) is the least number of balls
of radius ¢ with respect to d that cover S. Then H(t,S,d) = log N(t,S,d) is called
the t-entropy of (S, d), and we can drop the argument d when there is no possibility of
confusion. This notion will mainly be used for subsets of G. We define a pseudonorm
|- |x on G by

Lk 1/2
|9l = <E ZQ(%‘)2> ., g€y
=1

For e > 0 let
Ge(90) ={9€G: 19— golr < e}
Then we denote by H(t,G.(go)) the t-entropy of G.(go) with respect to the pseudometric

generated by the pseudonorm |-|. Based on this notion, a local entropy integral J (g, G)
can be defined for @ > 0 and 0 < ¢ < 2%a by

(12) J(e,G) = max { / ;(2%) H(t,G.(g0))"” dt, 5} .

Note that this integral depends on go, a, and | - |, although this is not explicit in the
notation.
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If G is a cone (i.e., G = sG for all s > 0), then

(13) H(st, Gs=(s90)) = H(t, G=(90)),

for any s > 0. This follows from the fact that the balls of radius ¢ (with respect to
| - |x) with centers g, ..., ¢, form a minimal cover of G.(go) if and only if the balls of
radius st with centers sgy, ..., $g, form a minimal cover of G,.(sgo).

To state the principal technical result, a little more terminology is needed. The
random variables X; are called uniformly sub-Gaussian if there are constants A and 7
such that for ¢ = 1,2,..., we have

(14) A? <E [e‘X”Q/AQ] - 1) <72

Note that if X; is a normal N (0, 0%) random variable fori = 1,2, ..., then this condition
is satisfied when A = 7 = 20.
The following result is due to van der Geer [43, Theorem 9.1] (see also [42]).

Proposition 4.1. Let X;, i = 1,2,... be uniformly sub-Gaussian independent random
variables satisfying (14 ), each with mean zero. Let G be a permissible class of real-valued
functions on a subset of R", let gy € G, and let gy denote a least squares estimator of
go- Let a >0, let J(e,G) be defined by (12), and suppose that V(e) > J(e,G) is such
that W (eg)/e? is a decreasing function of € for 0 < € < 2a. Then there is a constant
c = c(A, 1), independent of a, such that for Vkei > cU(ey) and e > &, we have

k
1
(15) Pr (lgo — lp > €) < ce /¢ £ Pr (E ;Xf > a2).

The following result is implicit in [43, pp. 187-8]. A proof is provided for the conve-
nience of the reader and because we need some details about the constants involved.

Corollary 4.2. Suppose that the assumptions on the random variables X; and class G
in Proposition 4.1 hold and that there are positive constants «, ty, and M such that

(16) H(t,G.,(g90)) < M*t°,

for all 0 < t < tg and gg = 2'3/21. Then, almost surely, there are constants C' =
C(A,1,a) and N = N(A, T, «,tg, M) such that

C M2/ (2+e) —1/(2+a) ifa < 2,

(17) |90 — Grlx < Ck~Y*logk if o =2, and
C MY ef=1/() if o > 2,

for k> N.

Proof. Let J(g,G) be defined by (12) with a = v/27. We may suppose that 7 > 0 and
therefore that a > 0. As H(t,G:(go)) is an increasing function of € (with ¢ fixed), (16)
holds when &g is replaced by any 0 < € < 2%a = ¢,.

Consider first the case o < 2 and let 0 < € < 2%a. For 0 < € < t,, we have

€ 2M g2\ /2
H(t,G. 2gr < = [z - | — .
/sz/uea) AT (6 26a
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As H(t,G.(go)) is a decreasing function of ¢ (with ¢ fixed), ¢ > ¢, implies

/ H(LG.(g0) 2 dt — /  H Gl dt + / CH(t G lgo)) " dt

?/(2%q) £?/(2%a)

2M o
< —atl 2 4+ Hito,G-(90))"*(c — to).

Let
max { 22 el=/2 ¢} if 0 < e <t,

18 V() =
(18] ) max{%té*a”+Mtg“/2(e—t0),e} if £ > .

Then ¥(e) > J(&,G) and by (18), ¥(e)/e? is a decreasing function of ¢ for 0 < ¢ < 2%a.
Suppose that ¢ > 0 and let ¢, = Ak~ Y2+ If both

IM 2/(2+a)
(19) A = < C)

22—«

and

2(24a)/a 24+a
C Al
(20) e (£) ()

hold, then one can check that ; < to and (using this also) that vke? > cW(e;). As
noted in [43, p. 150], (14) implies that

k
1 2 2 —k72/(12A2)
Pr(EiEIXi>27')§e .
Thus, (15) with € = ¢, yields

(21) Pr (|go — guln > Ark™/@F0)) < cem AR/ mhr/(124%)

provided (19) and (20) hold. The sum over & of the right-hand side of (21) converges,
so by the Borel-Cantelli lemma we have, almost surely,

|90 — Grlk < A kY o) — o g2/ (2Fe) =1/ (24e)

Y

say, for sufficiently large k. Therefore (17) is true when « < 2.
The argument when « > 2 is similar; we omit the details. If a > 2, we take

or [ 2 1-a/2 )
maX{T<2T> 78} 1f0<€<t07

a

1-a/2
max{ 28 () 4 Mty (e —to), e} it e >,

and e, = A,k 1/2 for a suitable constant A,. If @ = 2, we can take
w( max { M (log(2%a) — loge), €} if 0 < e < 1o,
| max{M(log(2%a) —logte + (¢ — to) /to), €} if & > tq,
and ¢, = A3k~'/*log k for a suitable constant As. In both cases it can be checked that

ex < to and then that vke? > ¢¥(g;,) when k is sufficiently large. (The case o = 2 is
qualitatively different, as Az can be chosen independent of M.) Il
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5. LEAST SQUARES ESTIMATION OF SUPPORT FUNCTIONS

Suppose that K is an unknown convex body in R™, and (u;) is a sequence in S"~!. For
k € N, the support function hx of K is measured at uy, ug, ..., ur. The measurements

(22) vi = hi(w) + Xi,

1 =1,2,..., k are noisy, the X;’s being independent random variables with zero mean
and finite variance. We want to find a convex body with the property that its support
function values at wuq,...,u, best approximate the measurements ¥, ...,y In order
to apply the results of the previous section, we let

g:{hLZLGICn}.
Lemma 5.1. The class G is permissible.

Proof. Referring to the above definition of the term “permissible,” the index set Y = K"
is a subset of the family J,, of all closed subsets of R™. The latter, endowed with the
hit-and-miss topology, is a compact metrizable space; see, for example, [39, Satz 1.1.1].
By [39, Satz 1.3.2], Y is a Borel set in F,,, so it is analytic in F,,. Although the induced
topology on Y as a subset of F,, is coarser than the topology induced by the Hausdorff
metric, the respective families of Borel sets coincide; see [39, Satz 1.3.2]. The mapping
(K,u) — hg(u) is continuous with respect to both topologies, so the parametrization
mapping is Borel measurable. U

In accordance with the notation of the previous section (see (11)), we let (E[\() r be a
least squares estimator for hyx with respect to the class G, so that hy plays the role of
the function gy. As G is a closed cone in the usual Banach space of continuous functions
on the sphere (and the objective function in (11) is continuous on this space), a least
squares estimator always exists. For ¥ € N and any h : S" ! — R, the pseudonorm
|h|x is now given by

1 1/2
_ 2
(23) ]y = (E;hm) )
The following lemma provides an upper bound for the Ly distance between two

convex bodies L and M contained in a ball SB in terms of the pseudometric |hy, —has|.

Lemma 5.2. Let S > 0 and let L and M be convex bodies in R™ contained in SB. Let
{u,...,ur} be a subset of S"~'. Then

(24) (52(L,M) S (kwk)1/2 (|hL—hM|k+2AkS)7
where Ay and wy are defined by (5) and (7), respectively.

Proof. As in Section 3, denote the Voronoi cells corresponding to {uy,...,ux} by €,
1 <i<k. Ifuey, wehave ||u—u;|| <Ay and hence
U — u;
Similarly,
Therefore

and interchanging L and M, we obtain

| (u) = har(u)] < lhp(ui) = b (wi)] + 2455,
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Therefore

6o(L, M)? = / (h(u) — har(w))? du

Sn—1

<3 / (s(0) = ()] + 258" d

< wy Z (1) = har(us)] + 245)

(o) ()

i=1

= kwyi (Jhr — haglk + 2A,5)% .

We shall also need the next lemma, which under the assumption K C RB and a
mild condition on the sequence (u;), yields the radius of a ball containing L in terms
of the pseudometric |hx — hr|,.

Lemma 5.3. Let K and L be convex bodies in R™. Suppose that K C RB for some

R > 0, and that (u;) is an evenly spread sequence in S™~'. Then there are constants
Co = Co((u;)) > 0 and Ng = No((u;)) € N such that

L C (O() |hK — hL|k + ZR) B,
for all k > N,.

Proof. Fix k and choose x, € L, where we may assume that ||zx|| > 2R since otherwise
L C 2RB. Then hy(u) > xy - u for all u € S"7!. Let vy = x1/||z1|. Choose ty > 0
small enough that for each u € S"~! and any v,w € Cy,(u), we have v -w > 1/2. (Of
course, tg does not depend on k.) If u; € Cy, (vg), then

|hi(u;) — hp(w;)| > o - u; — R > @ —R>0.

Therefore

1

|hic — by > T > Thie(ws) = hi(u)?

U; ECtO (Uk)

2
T 1

(Y
- 2 )

for some ¢ > 0 and all k > N, say, because (u;) is evenly spread. (Note that ¢ and N
depend only on (u;).) From this we obtain

1
loul < 2 (T e =l + 7).
for k£ > N, and the result follows. O

The following result is due to Bronshtein [3]. His definition of entropy uses log,
instead of the natural logarithm, requiring an extra constant factor in the lower bound.
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Proposition 5.4. Let K"(B) denote the space of compact convex subsets of the unit
ball B in R™, endowed with the Hausdorff metric. Then for 0 <t < 1072/(n —1), the
t-entropy H(t, K™"(B)) of K"(B) satisfies

Kn_1log?2

SR TRy

t= =02 < [{(t, KM(B)) < (log 12)1060%/2¢~ (=72,

Let € and t be positive numbers. As before, let
Ge(hi) ={hy € G : |hg — hp|x < e},

and let H(t,G.(hk)) be the t-entropy of G.(hx) with respect to the pseudometric
generated by | - .

Corollary 5.5. Let K be a convexr body in R™ with K C RB for some R > 0. Then
there are constants t; = t1(n) and Cy = Ci(n) such that

(26) H(t,G.(hi)) < CLR" /2 (=072,
forall0 <e < R and 0 <t < Rty.

Proof. Since K C RB and ¢ < R, we have G.(hg) C Gor(hio}), where hy, is the
(identically zero) support function of the singleton {o}. By (13), it follows that

H(t, Ge(hk)) < H(t, Gorlho)) = H(t/(2R), Gi(hgo})) < H(t/(2R), K" (B)).
Here, the last inequality follows from the fact that
\hr — harle < ||hr — harlloo = 6(L, M),

for any two compact convex subsets L and M in R™. Now (26) is an immediate
consequence of (25) if we put t; = 2-107'2/(n—1) and C; = (log 12)10%p°/22(n=1)/2

Theorem 5.6. Let X;, © = 1,2... be uniformly sub-Gaussian independent random
variables satisfying (14), each with mean zero. Let K be a convex body in R™ with
K C RB, where R > 2'3/27. Then, almost surely, there are constants Cy = Cy(A, 7,n)

and Ny = No(A,T,n, R) such that least squares estimators (l;]\()k for hy with respect
to G satisfy

CoR1D/(43) =2/(n43) - ifp — 2.3 4,
(27) )hK - (ﬁ;)k‘k <! CokVilogk ifn=>5, and
CoRY2|~1/(n=1) if n > 6,
for k > Ns.
Proof. Let g9 = 2'3/27. Since 0 < gy < R, Corollary 5.5 yields
(28) H(t,Geo(hi)) < CLRU V2072,

for 0 < t < Rt;. By (28), we may apply Corollary 4.2 with a = (n —1)/2, ty = Rt
and

M2 — ClR(n_l)/Q,
to conclude that (17) holds, almost surely, with M as above and C' = C(A, T, «)
Cy(A,,n) and N = N(A, 7, «, tg, M) = No(A, 7,0, R).

ool
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Corollary 5.7. Let X;, i =1,2... be independent normal N(0,0?%) random variables.
Let K be a convex body in R™ with K C RB, where R > 2'/2¢. Then, almost surely,
there are constants Cs = C3(n) and N3 = N3(o,n, R) such that least squares estimators

(E;()k for hi with respect to G satisfy
Oy o4/ (+3) Rn=D/(043) | =2/00+3) £y 93 4,

(29) ‘hK — (E{)k}k << CyokY*logk ifn=>5, and

Cy o2 RY2 |1/ (1) ifn>06,
for k> Nj.

Proof. As was noted earlier, we may take A = 7 = 20 in Theorem 5.6 and conclude

that if K C RB and R > ¢'%/? then, almost surely, the least squares estimators (ﬁ[\()k
for hy with respect to G satisfy (27), where the dependence of Cy and Ny on A and 7
is replaced by dependence on . Instead we now use scaled measurements

Ay = Mg (u;) + AX;

with some A > 0, to estimate the support function hyx = Ahg of the scaled convex

body AK. Then A(hg) is a least squares estimator for hyg. Also, AX;, i =1,2,... are
independent normal N (0, (Ao)?) random variables. Replacing K, R, and o by AK, AR,
and Ao, respectively, we conclude that, almost surely, there are constants ¢y = ¢o(Ao, n)
and ng = ng(Ao, n, AR) such that

(30) Mg — Mg )], < coAR) fu(k),

for k > ng, where R’ and f,(k) are the functions of R and k, respectively, in (27).
When A\ = 1/0, (30) becomes

(31) |hic — (hi)i|, < Caot ™2 RP £, (k),
where C3 = C3(n) and k > N3 = N3(n, R,0). Substituting b, and f, from (27) into
(31), we arrive at (29). O

6. CONVERGENCE OF THE PRINCE-WILLSKY ALGORITHM

Let ug,...,u; be fixed vectors in S~ whose positive hull is R”. We say that the
nonnegative real numbers hq, ..., hy are consistent if there is a compact convex set L
in R™ such that hp(w;) = h;, @ = 1,..., k. If hy,..., hy are consistent, there will be
many such sets L; let P(hq, ..., hy) denote the one that is the polytope defined by

k
i=1
For n = 2 and vectors uy, ..., u; equally spaced in S*, the following algorithm was

proposed and implemented by Prince and Willsky [35].
Algorithm NoisySupportLSQ

Input: Natural numbers n > 2 and k > n + 1; vectors u; € S"1, i = 1,...,k whose
positive hull is R™; noisy support function measurements

yi = hi(u;) + X,

1 = 1,...,k of an unknown convex body K in R", where the X;’s are independent
normal N(0,0?) random variables.
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Task: Construct a convex polytope Py in R" that approximates K, with facet outer
normals belonging to the set {u; :i=1,... k}.

Action: Solve the following constrained linear least squares problem (LLS1):

k
] Japp— . 2
(33) i ;(yz ha)?,
(34) subject to  hq,...,h; are consistent.
Let ﬁl, . hy, be a solution of (LLS1) and let b, = P(ﬁl, . ﬁk) O

Naturally any implementation of Algorithm NoisySupportLSQ involves making ex-
plicit the constraint (34). Although we do not need to address this problem for our
purposes, a few remarks are appropriate. For n = 2, this was done by Prince and
Willsky [35] for vectors uy, ..., u; equally spaced in S, and by Lele, Kulkarni, and
Willsky [28] for arbitrary vectors uy,...,ux, by means of an inequality constraint of
the form Ah < 0, where h = (hy,...,h;) and A is a certain matrix. For general n
this is more difficult, and was studied by Karl, Kulkarni, Verghese, and Willsky [24].
(In [28] and [35] there is no mention of Rademacher’s condition for consistency when
n = 2, and in [24], Firey’s extension (see [38, p. 47]) of Rademacher’s condition to
n > 2 is not mentioned.) The authors of [24] did not implement the algorithm for
n > 3; an implementation for n = 3 and certain special sets of directions was carried
out by Gregor and Rannou [16].

If the positive hull of {uy,...,ux} is not R”, then (32) could still be considered as
output of the Algorithm NoisySupportLSQ, if consistency of hq,...,h; is extended
to closed convex sets which may be unbounded. We choose not to do this, however.
Indeed, if (u;) is a dense sequence of vectors in S"~!, then for sufficiently large k, the
positive hull of uy, ..., u; is R" and in this case, Algorithm NoisySupportLSQ produces
a polytope P, as output. We now establish conditions under which P, converges, almost
surely, to K as k — oo. Of course, the denseness of (u;) is a necessary condition for
such convergence.

The following theorem establishes the strong consistency of Algorithm NoisySup-
portLSQ when (u;) is evenly spread.

Theorem 6.1. Let K be a convez body in R™ and let (u;) be an evenly spread sequence
in S"L. If Py is an output from Algorithm NoisySupportLSQ as stated above, then,
almost surely,

lim §(K, P) = 0.

k—o0
Proof. Theorem 5.6 and (f:;()k = hp, imply that, almost surely, we have

(35) Jim by = hp, |, =0.
Fix a realization for which (35) holds.

By Lemma 5.3, there is an S > 0 such that P, ¢ SB for all k. According to
Blaschke’s selection theorem, the set {]51, ]52, ...} is relatively compact in the space
of convex bodies in R™ with the Hausdorff metric. To prove limy_, ﬁk = K, it is
therefore enough to show that K is the only accumulation point of (Pk)

Let K be an arbitrary accumulation point of this sequence. Then a subsequence of
(hﬁ’k) converges uniformly to hz. This and (35) can be applied to the right hand side



16 RICHARD J. GARDNER, MARKUS KIDERLEN, AND PEYMAN MILANFAR

of
|hK - hf{|k: < |hK B hﬁklk + |h15k o hk‘k

to show that a subsequence (|hgx — hg|,,) converges to 0. For each k" in this subse-
quence,

\hie = higly = I = Pl oo
is the Ly norm of hx — h; with respect to the probability measure jy that assigns a
mass 1/k’ to each of the points uy, ..., up. As the set of probability measures in S™*

is weakly compact, there is a subsequence (py~) of (up) that converges weakly to a
probability measure p. Using the continuity of support functions, we conclude that

0= Jim s = g lleatun = Ik = Bgllzag.

We claim that since (u;) is evenly spread, the support of p is S"~1; this will then imply
hx = hgi and hence K = K. To prove the claim, suppose that G is a nonempty
open set in "' such that p(G) = 0. Choose an open cap Ci(u) C G, t > 0, and a
nonnegative continuous real-valued function f on S™~! with support contained in G
and such that f > 1 on Cy(u). Then the fact that (u;) is evenly spread implies that

0 < lim inf / Loy (v) dps(v) < lim (v) dpg(v)
Sn—1

k—o0 k—o0 gn—1

= f)dp(v) < [ flloop(G) =0,

Sn—1

where 1¢,(,) denotes the characteristic function of Cy(u). This contradiction completes
the proof. Il

The conclusion of the following theorem is stronger than that of Theorem 6.1 since
it provides convergence rates. However, the hypothesis on the sequence (u;) is also
stronger; see Lemma 3.2, which also guarantees the existence of suitable sequences

(ui)-

Theorem 6.2. Let 0 > 0 and let K be a convex body in R" such that K C RB for
some R > 220, Let (u;) be a sequence in S™' with A, = O(k~Y=1), If P, is
an output from Algorithm NoisySupportLSQ) as stated above, then, almost surely, there
are constants Cy = Cy(n, (u;)) and Ny = Ny(o,n, R, (u;)) such that

C, ot/ (n+3) p(n—1)/(n+3) |.—2/(n+3) ifn=23,4,

A

(36) So(K, Py) < ¢ Cyiok Yilogk if n=2>5, and
Cy (R+ (oR)Y/?) K=/ (=) if n>6,
for k > Ny.
Also, there are constants Cs = Cs(n, (u;)) and N5 = Ns(o,n, R, (u;)) such that
8 (n=1)(n+5) 4
Cs o @FD0F3) R D (nd3) |~ (D (nF3) @f n=273,4,
(37) 0(K,Po) < C5o'/3 R3E1/12(log k)13 ifn=>5, and

05 (R + O,l/(n-l—l)Rn/(n—l—l)) k.—2/(n2—1) an > 6,
for k > Ns.
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Proof. By Lemma 5.3, we can apply Lemma 5.2 with L = K, M = Py, and S =
Co|hK — h’ﬁklk + 2R to obtain

(38) 0a(K, Py) < (kwi)'? (4AkR + (28:Co + 1) |hie — hip |1)

for all & > Ny. By Lemma 3.2, kwy, = O(1) and we also have (l;;\()k = hp, . The various

estimates for 0,(K, P;) now follow from the corresponding estimates for [hx — (E;() klk
in Corollary 5.7.
To obtain the estimates for 6(K, f’k), we combine those just found and the relation
(1) that yields
S(K, By) < eST=D/0 g, (¢, P2/,

where S = Cy|hx — hpk|k + 2R, for all £ > Nj. O

7. RECONSTRUCTION FROM BRIGHTNESS FUNCTION MEASUREMENTS

Suppose that K is an unknown origin-symmetric convex body in R™, and (u;) is a
sequence of directions in S"~!. For k € N, the brightness function bx of K is measured
at uy,us,...,u,. The measurements

(39) v = br (w;) + X,

1 =1,2,..., k are noisy, the X;’s being independent random variables with zero mean
and finite variance. We want to find an origin-symmetric convex body with the property
that its brightness function values at uy,...,u; best approximate the measurements
Yis -5 Yk

The following algorithm was proposed by Gardner and Milanfar [14]. Since it is
convenient for us to describe it in somewhat different language, we briefly explain
how it works in the case of exact measurements, a situation analyzed in detail in [15].
The algorithm proceeds in two phases, motivated by the connection between zonoids,
projection bodies, and surface area measures outlined in Section 2. In the first phase, a
constrained least squares problem is solved to find a zonotope Z with hy(u;) = by (u;),
t = 1,...,k. This zonotope is the projection body of a polytope, whose surface area
measure can easily be calculated from Z. The second phase reconstructs the polytope
from this known surface area measure.

Algorithm NoisyBright LSQ

Input: Natural numbers n > 2 and k; vectors uw; € S" ', i = 1,..., k that span R";
noisy brightness function measurements

Yi = bre(ui) + X,
1 =1,...,k of an unknown origin-symmetric convex body K in R", where the X;’s are
independent normal N(0,c?) random variables.

Task: Construct a convex polytope Qk in R™ that approximates K.

Action:
Phase I: Find a zonotope Z), € Z" that solves the following least squares problem:

(40) min (i — hz (%))2 :

ZeZn 4
=1
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Calculate the (finitely supported) surface area measure S (Qk, -) of the origin-symmetric
polytope Q. satisfying
Phase II: Reconstruct Qy, from S(Qy,-) (or directly from Zj, if possible). O

It was observed in [15] that the remark after Proposition 2.1 can be used in Phase I;
this shows that a zonotope Zj solving (40) exists. Moreover, as 7, can be assumed to
be a sum of line segments, each parallel to a node corresponding to U = {u, ..., ux},
only the length of these line segments has to be determined. (Note, however, that this
restriction on the direction of the line segments is not required in (40).) This turns
(40) into a finite-dimensional quadratic program which can be solved using standard
software. When n = 2, Phase 1T is simple (see [15, p. 284], but note also the statistically
improved method proposed in [34]). For n > 3, Phase II is highly nontrivial, but can
be performed by means of the previously known algorithm MinkData given in [15].

When the brightness function measurements are exact, it was proved in [15, Theorem
6.1] that if (u;) is dense in S™ !, then the outputs Qs (corresponding to the first k
directions in (u;)) converge to K, as k — oo. For a convergence proof that applies to
noisy measurements, we can apply our results from Section 5. We begin with a suitable

form of Lemma 5.3. Recall the definition (9) of the symmetrized sequence (u}).

Lemma 7.1. Let K and L be origin-symmetric convex bodies in R™. Suppose that
K C RB for some R > 0, and that (u;) is a sequence in S"~' such that (u}) is evenly

(2

spread. Then there are constants C§ = C§((u;)) > 0 and N§ = N§((u;)) € N such that
L C (Cthg — hyl, +2R) B,
for all k > Nj.

Proof. This follows easily from Lemma 5.3, if (u;) and k are replaced by (u}) and 2k,

respectively, and

12k

SO (i) = D () = [foie =

i=1
is taken into account. O

The next theorem gives the strong consistency of Algorithm NoisyBrightLSQ when

(uf) is evenly spread.

Theorem 7.2. Let K be a convexr body in R™ and let (u;) be a sequence in S™™1 such
that (u}) is evenly spread. If Qg is an output from Algorithm NoisyBrightLSQ) as stated
above, then, almost surely,

(42) Lim 8(K, Qi) = 0.
Proof. Choose 0 < r < R such that rB C K C RB. Then II(rB) C IIK C II(RB), so
(43) sB C IIK C tB,

where s = k,_1r" ' and t = k,,_1R"'. Theorem 5.6 and (h/n;)k = hy,_imply that,
almost surely, we have

(44) lim[hrge = hy, |, =0.

Fix a realization for which (44) holds.
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By (43), (44), and Lemma 7.1 with K, L, and R replaced by IIK, Z;, and x,_; R" ",
respectively, there is an S > 0 such that Z;, C SB holds for all k. We can now apply
Blaschke’s selection theorem and the argument used in the proof of Theorem 6.1 to
conclude that
(45) lim S(ILK, Zi) =0,

as (uf

When n = 2, it is easy to see that 11K and I1Q)) are rotations about the origin by
/2 of 2K and 2Q), respectively. (See, for example, [13, Theorem 4.1.4].) Therefore
(42) follows immediately from (45).

Suppose that n > 3. By (43) and (45), we have

) is evenly spread in S™7L.

. .3
(46) gB C 2y =TQx C 5tB,

for sufficiently large k. (Note that the fact that Z), is n-dimensional for sufficiently
large k guarantees the existence of QJ;.) Exactly the same argument as in the proof of
[15, Lemma 4.2] (beginning with formula (16) in that paper) leads from (46) to

(47) roB C Q1 C RoB,
for sufficiently large k, where

3nk, (3\Y"Y Rn Kpr™ !
48 Ry = L d = n=
(48) 0 Kn—1 (2) rn—l an o 2n Ry 2

Since rB C K C RB implies roB C K C RyB, we can apply (45) and Proposition 2.2
with L = @ to obtain (42). O

The results from Section 5 also give rates of convergence. However, we are able to
do better, at least for 3 < n < 5, by replacing the class of regression functions by the
smaller family

G={hs|Zc 2"}

Note that this class is permissible, since it is easy to check that Z" is a Borel set in
K.

In the plane, the class Z?(B) of origin-symmetric zonoids contained in B is just the
class of origin-symmetric convex bodies contained in B. Using this fact, an appropriate
modification of the proof in [3, Theorem 4] of the lower bound in (25) can be made
that shows there is a constant ¢ > 0 such that

(49) H(t, Z*(B)) > ct™'/2,

for sufficiently small ¢+ > 0. It follows that the exact entropy exponents for Z%(B)
and K?(B) are the same, namely, —1/2. For n > 3, however, the following theorem
represents a dramatic improvement.

Theorem 7.3. Let Z"(B) denote the space of origin-symmetric zonoids contained in
the unit ball B in R™, endowed with the Hausdorff metric. If n > 3, then for all
0<t<1/2and anyn >0,

(50) H(t, 2"(B)) = O (" 2r=/m+2)=n)
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Proof. Let t > 0. Suppose that K is a zonoid in Z"(B). Clearly there is an N =
N(n,t) € N, depending only on n and ¢, and a zonotope Z such that

(51) KcZc(l1+t/2)K
where Z = Zf\il a[—wv;,v;], for some 0 < a <1 and v; € S"' i=1,..., N.
Let S = be a t/(4N)-net in [0,1] and let U be a t/(4N)-net in S"~*. Let s be the
closest point in S to a, let u; be the closest point in U to v;, 1 =1,..., N, and let
N

(52) 7' = Zs[—ui,ui].

i=1
For each i = 1,..., N, L; = a[—v;,v;] and M; = s[—u;, u;] are origin-symmetric line
segments, whose Hausdorff distance apart is bounded by the distance between the
points av; and su;. Using this, we obtain

5(27 Z/) - ||hZ - hZ’Hoo >

N
o < Z |lav; — sug|
i=1 ;

N

t

< (llavi — aug|| + llau; — su,]|) < E <__|__) -2
=1

From this and (51), we obtain §(K,Z’) <t

By Proposition 3.1, we can choose S and U so that |[S| = O(N/t) and |U| =
O((N/t)"=1). With this choice, the number of zonotopes of the form (52) is O ((N/t)"V) .
Therefore the t-entropy of Z™(B) is

(53) H(t,Z"(B)) = O(Nlog<¥)).

Bourgain and Lindenstrauss [2] proved that for 0 < ¢ < 1/2, one can take

(54) N =N(3,t) = 0( —4/5 (log )2/5),

when n = 3 and

(55) N= N4 =0 (tl (log %)3/2),

when n = 4. They also obtained a good bound for n > 5, but this was improved by
Matousek [31], who obtained

(56) N = N(n,t) = O (t~20=D/(n+2)
for n > 5. Substituting (54), (55), and (56) into (53), we obtain (50). H

Let € and t be positive numbers and Z € Z" be given. In accordance with earlier
notation, let

G-(hz)={hr € G :|hz — hrlp < ¢},
and let H(t,G.(hz)) be the t-entropy of G.(hz) with respect to the pseudometric gen-
erated by | - |-

Corollary 7.4. Let Z be an origin-symmetric zonoid in R™ with Z C RB for some
R > 0. Ifn > 3, then for anyn > 0, there are constants ts = ts(n,n) and Cs = Cg(n,n)
such that

(57) H(t, ée(hz)) < C’6R2(”_1)/(”+2)+"t_2("_1)/(”+2)_”,
forall0 <e < R and 0 <t < Rtg.
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Proof. This follows from Theorem 7.3, exactly as Corollary 5.5 follows from Proposi-
tion 5.4. U

Lemma 3.3 guarantees the existence of sequences satisfying the hypothesis of the
next theorem.

Theorem 7.5. Let 0 > 0 and let K be an origin-symmetric convex body in R™ such
that K C RB, where k,_1R"! > 21525, Let (u;) be a sequence of directions in Sn—t
with Af = Ok~ and suppose that 7y is a corresponding solution of (40). If
n = 2, then, almost surely, there are constants C; = C7((u;)) and Ny = N;(o, R, (u;))
such that

(58) 0o(IIK, Zy,) < C7o*PRVP K5,

for k > N;. If n =3 or4, there is a constant vo = vyo(n) > 0 such that if 0 < v < v,
then, almost surely, there are constants Cs = Cs(n, (u;),7) and Ng = Ns(o,n, R, (u;),7)
such that

(59) 52(1—[[(’ Zk) < 08 J(n+2)/(2n+1)7'y R(nfl)Q/(2n+1)+’7k*(n+2)/(4n+2)+’7

Y

for k > Ng.
Finally, if n > 5, there are constants Co = Cy(n, (u;)) and Ng = Ny(o,n, R, (u;))
such that

(60) 0(TIIK, Zy) < CoR™ =Y/ (=1,
for k > Nj.

Proof. Let ey = 220 and n > 0. As K C RB, we have IIK C &, R"'B. Since
0 < g9 < kptR" Y, Corollary 5.5 (for n = 2, using G C G) and Corollary 7.4 (for
n > 3) with Z and R replaced by IIK and r,_; R"!, respectively, yield

(61) H(t,G.(hnx)) < CeR Ve
for all 0 <t < Rtg, where
1/2 ifn =2,
(62) o= .
2(n—1)/(n+2)+n ,ifn>3.

If n < 6/(n+2), then a < 2, so applying Corollary 4.2 with this o, tg = Rts,
M? = C4R™ Y and G replaced by G, we conclude that, almost surely, there are
constants ¢y = co(o,n,n) and ng = ng(o, n, R, (u;),n) such that

(63) |hx — hzk|k < COR(H—I)a/(2+a)k—1/(2+a)’

for k > ny.
The dependence on o is dealt with by the device used in proving Corollary 5.7. By
using scaled measurements

)\yz = )\bK(Uz) + AXZ = )\hHK(Uz) + )\Xz = hH(/\l/(n—l)K) (UZ) + /\X“

replacing K, R, and o by AY®=D K AV=DR and Ao, respectively, and then setting
A =1/0, we obtain from (63) the inequality

(64) |hHK . thlk < ¢ O_2/(2+a) R(n—l)a/(2+a)k—1/(2+a)’

which holds, almost surely, for some ¢; = ¢;(n,n) and k > ng.
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By Lemma 3.3, we may apply Lemma 7.1 with K, L and R replaced by 11K, Z;, and
Kn_1R"™!, respectively, to obtain 11K, Z, C SB for all k > N;, where

(65) S =C:

hHK — th ‘k + an_an—l'

In Lemma 5.2 we make similar substitutions and replace the set {uy, ..., ux} by {uf, ...,
u3, }, to conclude that

02(TIK, Zi) < (2kwi)'? (|hmw — by, |k + 2A19) |

for all & > N{. This, (64), and the fact that by Lemma 3.3 we have kw; = O(1), imply
that there are constants ¢’ = C’(n, (u;),n) > 0 and N’ = N'(o,n, R, (u;),n) > 0 such
that

7% <’ 2/(24+a) pn—1a/(24+a)1.—1/(2+a) n—17,—1/(n—1)
(66) 6 (K, Zy) < C' (o R k + Rk )

for all K > N’. For n > 5 and large k, the second term dominates and (60) follows. For
n < 4 and large k, the first term dominates; then (62) and (66) yield (58) for n = 2
and (59) for n = 3 and 4. O

The next theorem gives rates of convergence for Algorithm NoisyBrightLSQ in terms
of the Hausdorff metric. For n > 3, we omit the dependence on R because this is
complicated by the use of Proposition 2.2; as we mentioned above, no particular effort
was made to obtain optimal results in the estimate (4).

Theorem 7.6. Let 0 > 0 and let K be a convexr body in R™ such that K C RB,
where K, R"1 > 2526 Let (u;) be a sequence of directions in S" ' with A} =
O(k~Y=1) " and suppose that Qk 1s an output of Algorithm NoisyBrightLS() as stated
above. If n = 2, then, almost surely, there are constants Cyg = Cio(0, (u;)) and Nyg =

Nio(o, R, (u;)) such that
(67) 5([(7 Qk) S CIOR7/15k‘74/157

fOT k Z NlO-

If n > 3, suppose in addition that rB C K for some 0 < r < R. Forn = 3 or 4,
there is a constant ~; = v1(n) > 0 such that if 0 < v < 1, then, almost surely, there
are constants Cyy = Cy1(o,n,r, R, (u;),7) and Nyy = Nyi(o,n,r, R, (u;),) such that

(68) 0(K,Qr) < anfW@"*”ﬂ,

fOT k Z Nu.
If n > 5 and v > 0, then, almost surely, there are constants C1o = Cia(o,n,r, R,
(u;),7y) and Nig = Nig(o,n,r, R, (u;),7y) such that

(69) 5(K,Qp) < Crok™ Tmer +7,
fOT k Z ng.

Proof. Suppose that n = 2. Then IIK and HQk are rotations about the origin by /2
of 2K and 20y, respectively. Then (67) follows directly from (58) and (1).

Now suppose that n > 3. We have sB C IIK C tB, where s = k,_;7"! and
t = k,_1 R"1. Note that (59) (for n = 3 or 4), (60) (for n > 5), and (1) imply that,
almost surely, there is a constant Ni3 = Ny3(o,n, 7, R, (u;)) such that (46) holds for all
k > Niz. As in the proof of Theorem 7.2, we can conclude that

(70) roB C K,Qr C RyB,
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for & > Ny3, where ry and Ry are given by (48). The desired results, (68) for n =
3 or 4 and (69) for n > 5, now follow from Proposition 2.2 (with L = @) and
Theorem 7.5. O

The use of Proposition 2.2 in the previous theorem introduces a factor that worsens
the convergence rates considerably. For example, when n = 3, we obtain a convergence
rate of approximately k~1/30!

8. MONTE CARLO SIMULATIONS

The theory of empirical processes that underlies our theoretical results suggests that
the rates of convergence obtained in Corollary 5.7, for support function estimation
with respect to the pseudonorm | - |, are suboptimal for n > 5 (compare [43, p. 162]).
However, for n < 4 we expect them to be optimal, and this should carry over to the
(identical) rates for Algorithm NoisySupportL.SQ with respect to the L, metric, given in
Theorem 6.2, as well as to the rates obtained in connection with Algorithm BrightLLSQ),
given in Theorem 7.5. On the other hand, we cannot expect the rates given in The-
orems 6.2 and 7.6 involving the Hausdorff metric to be optimal, in view of the use of
(1) (and, in the case of Theorem 7.6, the use of Proposition 2.2).

Extensive Monte Carlo simulations were run. The simulations are restricted to the
case n = 2, since there does not appear to be a fully satisfactory implementation of
Algorithm NoisySupportLiSQ in higher dimensions (see the remarks in Section 6) and
our present implementation of Algorithm NoisyBrightLSQ is too slow to allow enough
iterations (we hope to improve this in the near future). In each simulation, a poly-
gon was reconstructed 1000 times from noisy measurements of its support function
or brightness function, using our implementations of Algorithm NoisySupportL.SQ or
Algorithm NoisyBrightL.SQ, respectively. We developed the computer programs with
the help of Chris Eastman, Greg Richardson, Thomas Riehle, and Chris Street (work
done as Western Washington University undergraduates), and Amyn Poonawala (at
UC Santa Cruz).

Before describing the results of the simulations, we need to clarify the role of R
and the assumption in the above theorems about its relation to the noise level o. For
example, the inequality R > 2'5/2¢ is often assumed in order to prove that d(K, P,) <
Co®RP f,(k), where d is the pseudometric | - |, the Ly metric, or the Hausdorff metric.
To test the dependence on k or on ¢ over any fixed range oy < 0 < g1, we can obviously
choose R large enough so that K € RB and R > 2'%/%¢, is satisfied. We claim that the
condition R > 2'%/2¢ also does not play any essential role in testing the dependence
on R, and that we can view R as a scaling factor of K. To see this, suppose K, o,
and a range 0 < \g < A < )\; of scaling factors are given. Choose Ry large enough so
that K C RoB and )\0R0 2 215/20'. Then AK C ()\Ro)B and )\RO Z 215/20' for A 2 )\0.
Replacing K and R in our theorems by AK and ARy, respectively, we obtain

dAK, P(N),) < Co®(ARo)’ fu(k) = Ca"RON £, (k) = ' £ (k).

where P(\), is the output polytope for input AKX and where C’ does not depend on .
Thus the exponent for A is the same as that for R above, proving the claim.

Two input polygons were used, the regular 11-gon and irregular 9-gon displayed in
Figure 1. Some results for the regular 11-gon are shown in Figure 2. FEach graph
shows the results from 1000 iterations of Algorithm NoisySupportLSQ. The graphs
are divided vertically into three groups of six graphs, corresponding to noise levels
o =0.01, 0.1, and 1. In the left-hand column, the error (i.e., the distance between the
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FIGURE 1. A regular 11-gon and irregular 9-gon.

input polygon and output polygon) is measured with the pseudonorm ||, while in the
middle and right-hand columns, the L, and Hausdorff distance, respectively, is used
instead. Each graph shows a curve giving the average error over all 1000 iterations, and
points plotted above the curve giving the maximum error over the 1000 iterations. In
each group of six graphs the top row shows error against the scaling factor R varying
from R = 0.2 to R = 6 in steps of 0.2, where the support function is always measured
in the 35 directions at angles 0,27/35,47/35,...,687/35. The second row in each
group of six graphs shows error against the number &k of measurements (in directions
at angles 0,27 /k, 4w /k,...,2(k —1)7/k) varying from 20 to 100 in steps of 5, with the
scaling factor R fixed at 1.

For each of the 18 graphs in Figure 2, we used standard software to fit a curve of
the form C' R’ or Ck¢ (for error against R or k, respectively) to the points representing
the averages over the 1000 iterations, and we repeated this for the points representing
the maxima over the 1000 iterations. The corresponding values of b and ¢ are shown
in Table 1.

Average Error Maximum Error

|- |k Lo Hausdorff |- |x Lo Hausdorff

o= 0.01 b 0.5447 0.7768 0.8815 0.4916 0.6172 0.6979
e ¢ —0.3574 —-0.6616 —0.5965 —0.4011 —-0.6550 —0.4590
o =01 b 0.2020 0.2226 0.3248 0.1521 0.1567 0.2521
e ¢ —0.4006 —-0.3593 —0.3052 —0.4415 —0.4468 —0.3262
=1 b 0.1787 0.1684 0.2668 0.2771 0.2295 0.1686

c

—0.4268 —0.4202 —0.3628 —0.5338 —0.5347 —0.4316

TABLE 1. Fit for average and maximum error against R and k (11-gon).

Corresponding results for the irregular 9-gon from Figure 1 are shown in Figure 3
and Table 2. For reasons explained below, the simulations were run only at the noise
levels 0 = 0.1 and 0 = 1.

The case n = 2 of Corollary 5.7 and Theorem 6.2 suggests that the appropriate
values are b = 1/5 = 0.2 and ¢ = —2/5 = —0.4 when errors are measured with | - |,
and the Ly metric, and b = 7/15 = 0.4666... and ¢ = —4/15 = —0.2666... when
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FIGURE 2. Error against R and k for the regular 11-gon.

errors are measured with the Hausdorff metric. Of course, these theorems apply only
for sufficiently large values of k£ depending on both the noise level o and the scale factor

R.

Despite the widely varying values in Tables 1 and 2, we believe that the results of
our Monte Carlo simulations are compatible with the expectations outlined in the first
paragraph of this section, except perhaps in the case of Hausdorff error against scale.
To see this, note firstly that when there is no noise (o = 0), Algorithm NoisySupport-
LSQ will produce an output polygon whose support function values in the measured
directions agree eractly with those of the input polygon. Then the | - |, error will be
zero for all values of R and k. Moreover, the Ly and Hausdorff distances will clearly
then vary linearly with scale factor R. Thus we can expect similar behavior when
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F1GURE 3. Error against R and k for the irregular 9-gon.

Average Error Maximum Error
|- |k Lo Hausdorff |- |k Lo Hausdorff
— 01 b 0.6692 0.7603 0.9396 0.7559 0.5756 0.7485
=Y ¢ 03653 —0.7404 —0.7085 —0.4200 —0.6585 —0.4960
o1 b 0.1646 0.1905 0.3778 0.0916 0.1010 0.3092
- ¢ —0.4143 —-0.4076 —0.3486 —0.4364 —0.4375 —0.4125

TABLE 2. Fit for average and maximum error against R and k (9-gon).

the noise level is low, as observed in Figure 2 when ¢ = 0.01. These results do not
contradict the theory, since, as mentioned above, in Corollary 5.7 and Theorem 6.2, k
must be sufficiently large in a manner depending on both ¢ and R. When the noise
level is medium, o = 0.1, the values given in Table 1 for the |- | error, b = 0.2020 and
¢ = —0.4006, for the average of the 1000 iterations are in very close agreement with
theory, and the agreement is only slightly worse for the other metrics and at the high
noise level o = 1, except for Hausdorff error against scale.

Naturally, the results for the maximum of the 1000 iterations are more unreliable
due to the stochastic nature of the simulations. Again, a poor fit does not necessarily
contradict Corollary 5.7 and Theorem 6.2 (note the words “almost surely” in the state-
ments of these theorems), especially for high noise levels. Better fits can be expected



CONVERGENCE OF RECONSTRUCTION ALGORITHMS 27

for data representing 1 or 2 standard deviations, for example, above the average for the
1000 iterations. For example, when o = 1, the data representing 2 standard deviations
above the average gives ¢ = —0.4505, —0.4479, and —0.3745 for the | - |, Lo, and
Hausdorff errors, respectively (compare the three numbers at the right of the bottom
row in Table 1).

Another interesting phenomenon arises when we examine Figure 3 and Table 2,
showing the results for the 9-gon. Since the input polygon is irregular, its support
function may agree quite closely with that of an output polygon at two adjacent mea-
surement directions, but differ strongly at angles between these directions, and these
differing support function values can dominate in the Ly, and Hausdorff distances. The
result is that even at the moderate noise level ¢ = 0.1, we see the same almost linear
dependence for L, and Hausdorff error against R that we saw for the regular 11-gon
at the low noise level o = 0.01. (For this reason we did not perform the simulations
for the 9-gon when o = 0.01.) This effect is subdued as the noise level rises, and we
see again fairly good agreement with theory in the values of b and ¢ for the average
of the 1000 iterations at noise level 0 = 1. Better agreement still can be expected for
larger values of k; for example, if we use only values of £ in the range 60 < k& < 100,
the values of ¢ corresponding to o = 0.1 for the average over all 1000 iterations become
c = —0.4099, —0.5227, and —0.5767 for the |- |, Lo, and Hausdorff errors, respectively
(compare the three numbers at the left of the second row in Table 2).
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FI1GURE 4. Error against o for the regular 11-gon.

In Figure 4, the three types of error for the regular 11-gon are plotted against noise
level o varying from ¢ = 0.2 to ¢ = 5 in steps of 0.2. Here the support function is
always measured in the 35 directions at angles 0,27/35,47/35,...,687/35, and the
polygon is unscaled (i.e, R = 1). As before, each graph shows a curve giving the
average error over all 1000 iterations, and points plotted above the curve giving the
maximum error over the 1000 iterations. The exponent a for curves of best fit of the
form Co® are, for the average, a = 0.7894, 0.8038, and 0.7150 for the | - |z, Lo, and
Hausdorff errors, respectively. The corresponding exponents for the maximum error
are a = 0.9286, 0.9346, and 0.7593. These are in good agreement with the values
a=4/5= 0.8 for the | - | and Ly errors given in Corollary 5.7 and Theorem 6.2. The
less convincing agreement with the value a = 8/15 = 0.5333. .. for the Hausdorff error
given in Theorem 6.2 is not surprising, since the discrepancy between L, and Hausdorff
errors that occurs via (1) is smaller for the regular 11-gon than for a general polygon.
Indeed, the corresponding values for the irregular 9-gon in Figure 1 are a = 0.4345 for
the average and a = 0.6001 for the maximum over the 1000 iterations.

Suppose that we attempt to reconstruct an origin-symmetric planar convex body K,
first with Algorithm NoisyBrightLSQ, using k£ noisy support function measurements
at angles 0, 7/k, ..., (k—1)r/k, and then with Algorithm NoisySupportLSQ, using 2k
noisy support function measurements at angles 0, 7 /k, ..., (2k—1)m/k. The two output
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polygons will in general be different, but apart from the noise, this is only because the
two sets of measurements do not “match.” Indeed, for any angle o € [0, 27),

(71) hx(a£7/2) = bg(a)/2,

in view of the origin symmetry of K. In fact, there is a very close relationship
between our implementations of Algorithms NoisySupportLSQ and NoisyBrightLSQ
when n = 2. If we run Algorithm NoisyBrightLLSQ with noisy brightness function
values y; measured at angles o, i = 1,..., k, in the interval [0, 7), our implementation
will produce an origin-symmetric output polygon Qk with outer normals among the
directions o £ /2,4 =1,..., k; see [15]. Using this fact and (71), it is easy to prove
that if we then run Algorithm NoisySupportLSQ using y;/2 as noisy support function
value at angle a; £ 7/2, ¢ = 1,...,k, the output polygon will also be Qk. Thus very
similar results can be expected from the two algorithms when n = 2 and K is origin
symmetric, and we verified this by performing simulations of 1000 iterations of Algo-
rithm NoisyBrightLSQ for a regular origin-symmetric 12-gon and an affinely regular
origin-symmetric octagon. We omit the details, noting only that values of a and b
indicated by the case n = 2 of Theorems 7.5 and 7.6 are the same as those above,
and that the observed agreement was similar in all respects to that detailed above for
Algorithm NoisySupportLLSQ.

9. APPLICATION TO A STEREOLOGICAL PROBLEM

In this section, the convergence results above are used to obtain strong consistency
of an estimator for the directional measure of a random collection of fibers. Details
about the following notions can be found in [40, Chapter 9]. A fiber is a C' curve
of finite length, and a fiber process Y is a random element with values in the family
of locally finite collections of fibers in R™. We assume that Y is stationary (the term
homogeneous is also used), meaning that the distribution of Y is translation invariant.
Suppose that A is a Borel set in R" with V,,(4) = 1 and F is an origin-symmetric
Borel set in S"7!. Let u(FE) be the mean total length of the union of all fiber points in
A with a unit tangent vector in E. Due to the stationarity of Y, u(E) is independent
of A and so this definition gives rise to a unique even Borel measure u in S™ ! called
the directional measure of Y. We also assume that, almost surely, the fibers of Y do
not all lie in parallel hyperplanes, so that p is not concentrated on a great sphere.
The length density L = u(S™!) is the mean total length of fibers per unit volume.
The probability measure u/L, called the rose of directions, can be interpreted as the
distribution of a unit tangent vector at a “typical” fiber point, and hence can be used
to quantify anisotropy of Y.

In applications, the fiber process Y often cannot be observed directly, but only via
its intersections with planes. Due to the stationarity, we can restrict our considerations
to hyperplanes containing the origin. For each u € S"7!, let v(u) be the mean number
of points in Y Nut per unit (n — 1)-dimensional volume. The function v is called the
rose of intersections of Y. It is well known that

(72) )= [ ol dute)

for all w € S"71. As h(u) = |u-v|, u € S"~! is the support function of the line segment
[—v,v], (72) shows that 7 is the support function of a zonoid Z, called the associated
zonoid or Steiner compact of Y. Minkowski’s existence theorem implies that there is a
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convex body K with surface area measure 2u. As

(73) % /5 ol dS(K v) = b (),

for all u € S™™1 (see, for example, [38, (5.3.34)]), we have hz(u) = y(u) = hnx(u),
uwe€ S 1 and so Z = IIK.

Since v(u) = hng(u) = bg(u) for u € S* 1 and p = (1/2)S(K,-), the following
slightly modified version of Phase I of Algorithm NoisyBrightLSQ allows the recon-
struction of an approximation fi; to p from noisy measurements of ~.

Algorithm NoisyRoseLSQ

Input: Natural numbers n > 2 and k; vectors u; € S*1, i = 1,...,k that span R";
noisy measurements

(74) yi = 7(ui) + X,

t =1,...,k of the rose of intersections v of an unknown stationary fiber process Y in
R", where the X;’s are independent normal N (0, %) random variables.

Task: Construct a finitely supported measure fi, in S™ ! that approximates the di-
rectional measure p of Y.

Action:
Find a zonotope Z), € Z" that solves the following least squares problem:

k
. 2

(75) Inin 2 (yi — hz(u))”.
Calculate the finitely supported surface area measure S (Qk, -) of the origin-symmetric
polytope Qs satisfying R R

Zr = HQx
and set fi, = (1/2)S(Qp, ). O

As was remarked for Algorithm NoisyBrightLSQ after the statement of that al-

gorithm, Zk can be assumed to be a sum of line segments, each parallel to a node
corresponding to U = {uy,...,ux}, and only the lengths of these line segments has to
be determined. Applying the same observation leads to an output fi; that is supported
by the finite set of nodes corresponding to U. This implementation of Algorithm Noisy-
RoseL.SQ was suggested previously by Ménnle [29], who obtained the following result.

Proposition 9.1. Let Y be a stationary fiber process in R™ with directional measure
and let (u;) be a sequence in S~ ' such that (u}) is evenly spread. If jiy s an output from
Algorithm NoisyRoseLSQ as stated above, then, almost surely, fix converges weakly to
i, as k — oo.

In [29], Proposition 9.1 was obtained using local Kuhn-Tucker conditions for the
solutions of a weighted least squares problem slightly more general than (75). However,
the result follows immediately from Theorem 7.2 on observing that the map that takes
K € K" to S(K,-) is weakly continuous on K" (see, for example, [38, p. 205]).

The remainder of this section is devoted to presenting a refinement of Proposition 9.1
that provides rates of convergence of the estimators. This requires the introduction
of metrics on the space of finite Borel measures in S™!, to quantify the deviation of
the estimator from the true directional measure. Details for the following definitions
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in the case of probability measures can be found in [10, Section 11.3]; the extension to
arbitrary nonnegative measures is not difficult.
Let ¢ and v be finite nonnegative Borel measures in S"~!. Define

(76) dMMWZ&m{ fmm—u>Wﬂmﬂg§,
Sn—
where for any real-valued function f on S™! we define
[/ (u) = f(v)]
11l = [[fllee + £l and  [[f]lz = sup — :
o |lu—0

It can be shown that dp is a metric, sometimes called the Dudley metric (though he
attributes its definition to Fortet and Mourier [12]) on the cone of finite Borel measures,
inducing the weak topology. Now define

(77) dp(p,v) =inf{e > 0| u(F) < v(F°) +¢, v(F) < u(F°) +¢, F closed in "'},

where
Fe={uecS" | inf |u—v| < e}
veF

Then dp is also a metric, the Prohorov metric, that induces the weak topology. The
Dudley and Prohorov metrics are related, as we show below in Lemma 9.5.

The following proposition follows from a stability result of Hug and Schneider [21]
that generalizes one step in the proof of the version of Proposition 2.2 due to Bourgain
and Lindenstrauss [1].

Proposition 9.2. Let K and L be origin-symmetric convexr bodies in R", such that
?"QB C K,L C RoB,

for some 0 <1y < Ry. If 0 <b<2/(n(n+4)), there is a constant ¢ = /(b,n,ro, Ro)
such that

(78) dp(S(K,-),S(L,-)) < c6(ILK,TIL)".

Proof. We refer the reader to [21, Theorem 5.1]. In that result, more general than the
statement of our theorem, take u = S(K,-) — S(L,-) and ®(u - v) = |u - v|, so that
according to [21, Equation (52)],

(To(p))(w) =V (K|u) = V (L|u") = bk (w) — hig(w).

As is noted in [21], where it is assumed throughout that n > 3, we may then take
B = (n+2)/2in [21, Theorem 5.1]. With these substitutions, our theorem for n > 3
follows immediately.

When n = 2, [21, Theorem 5.1] is still valid (and our theorem follows as before),
but its proof requires an adjustment. One of the main steps is the approximation of a
continuous function f by its Poisson integral

£ = | e 0

Vo—1(S™ 1) 1472 —2ru-v)
where 0 < r < 1 is a parameter. The proof of [21, Theorem 5.1] uses the estimate
. Vn— Sn72
(19 I~ fllo <2 ¥=2E D 1 )t

Vn,l(S”—l) 1 —7"’
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for 1/4 < r < 1, from [17, Lemma 5.5.8], where the proof applies only when n > 3.
However, when n = 2, it can be shown that

(80 15~ e < 220 - o

for 1/4 < r < 1. Although this estimate is slightly weaker than (79), it is sufficient
to prove [21, Theorem 5.1] for n = 2. For the convenience of the reader, we supply a
proof of (80) in the Appendix. O

Let D denote the set of degenerate finite Borel measures in S™~!, that is, those whose
support is contained in a great sphere.

Lemma 9.3. Let p be a finite Borel measure in S™' and let

Then the infimum is attained and the mapping p — dp(p, D) is weakly continuous.
Consequently, the support of p is not contained in any great sphere if and only if
dD(,U, D) > (.

Proof. For a > 0, let
D,={reD:v(S"") < 2a}.

If 0 denotes the zero measure, we have
dp(p; D) < dp(p,0) = p(S").
Therefore, if a > p(S"™1), then

(82) dp (:ua D) = :glg, dp (:ua V) = Vienga dp (:ua V)a
dD(:UﬂV)Sa

where the last equality comes from substituting f = 1 in the definition (76) of dp(u, v).
It is easy to see that D is weakly closed and hence D, is weakly compact, so the last
infimum in (82) is attained.

Let (uz) be a sequence of finite Borel measures in ™! converging to . Choose a
so that p,(S™ 1) < a for all k. We know that there are measures v € D, and v € D,,
k=1,2,... such that

dp(p, D) = dp(p,v) and  dp(pk, D) = dp(puk, vk),

for k = 1,2.... The weak compactness of D, implies that a subsequence of ()
converges to a measure v € D,. Then

dp(p, D) < dp(p,v) = limkinf dp(pu, Vi) = limkinf dp(pu, D)
< lim sup dp(ux, D) < lim sup dp(p, ) = dp(p, v) = dp(u, D).
k—o0

k—o00

Therefore
kh—{{olo dD(:uk» D) = dD(:ua D)a

as required. O

The following refinement of Proposition 9.1 is phrased in terms of the Dudley metric.
For n > 3, the extra condition that d < dp(u, D) for some d > 0 is needed. It is a
natural analog of the condition that rB C K for some r > 0 in earlier results such as
Theorem 7.6. Lemma 9.3 implies that such a lower bound d > 0 always exists due to
our general assumption that the directional measure p is not degenerate.
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Theorem 9.4. Let 0 > 0. Let Y be a stationary fiber process in R™ with directional
measure pi and length density L = p(S™Y). Let (u;) be a sequence of directions in
St with A = O(k=Y™=Y) and let fir be an output from Algorithm NoisyRoseLSQ
as stated above.

If n =2 and v > 0, then, almost surely, there are constants C14 = C14(0, L, (u;),7)
and Ny, = Ny(o, L, (u;), ) such that

(83) dD(:ua ,ak) < 01416_2/15—1—77

fOT k Z N14.
Forn >3 let0<d <dp(u,D). Ifn=23 or4 and~y >0, then, almost surely, there
are constants Cy5 = Cy5(o,n, L, d, (u;),7y) and Nis = Ni5(o,n, L, d, (u;),7) such that

(84) dp(p, fur) < Cl5k_%+w7

fOT k > N15. .
Finally, if n > 5 and v > 0, there are constants Ci¢ = Cis(o,n, L,d, (u;),7) and
Nig = Nyg(o,n, L, d, (u;),v) such that

(85) dp (1, ) < Chgh™ T+,
fOT k > Nlﬁ-

Proof. Let K and Qk be the origin-symmetric convex bodies with surface area measure
24 and 2fi, respectively, and recall that Z, = [1Q)y.
Suppose that n = 2. According to [38, pp. 290-291], the mean width

TK) = — /S (o) du

™

of K satisfies mw(K) = S(K,S') = L. Since K = —K, for each z € K, [~x,2] C K

and so A .
“z|| = w([— <w(K)=—L.
= ol = ([, 2]) < W(K) = =

It follows that K C (L/4)B. By the case n = 2 of Theorem 7.5, with
R = max{L/4, (226 [k,_1 )YV},

almost surely, there are constants Ci; = Cy7(0, L, (u;)) and Nyz = Ni7(o, L, (u;)) such
that

0, (1K, T1Qx) = 0(I1K, Zy) < Curk ™2,
for all k> Niy7. The inequality (78) with L = Q) now implies (83).

Suppose that n > 3 and let 0 < d < dp(p, D), which is possible by Lemma 9.3. Let
M = M(L,d) be the set of all finite Borel measures v in S"~! such that v(S"!) < L
and dp(v, D) > d. Then p € M and M is weakly compact by Lemma 9.3. Using the
equicontinuity of the family {f, : u € S"'} of functions defined by f,(v) = |u - v| for
v € S"1, we see that the map T : S"~! x M — R defined by

T(u,v) = /Sn—l |u - v|dv(v)

is continuous. Therefore T attains its minimum r = r(n, L, d) at some point (ug, 1) in
the compact set S"~! x M. Note that

r=T(ug, ) = / lug - v| dvg(v) > 0,
Sn—1
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as 1y is not degenerate. Then T'(u, u) > r for all w € S"7!, so by (73) and the fact that
S(K,-) = 2u, we have
prscw) = [ Ju- ol duv) 2 v
sn-

for all u € S"~'. Therefore rB C TIK. On the other hand, (73) also implies hrx (u) <
L = R. Summarizing, we have shown that there are constants 0 < r < R, depending
only on n, L, and d, such that

rB C IIK C RB.
As in the proof of Theorem 7.2, we can conclude
roB C K C R()B,

with positive constants rq = ro(n,d, R) and Ry = Ry(n,d, R). Theorem 7.5 can now
be applied with
R = max{Ry, (2"%0 /kp_1)"Y "V},

The inequality (78) with L = Q) then yields (84) and (85). O

To obtain a version of Theorem 9.4 in terms of the Prohorov metric, the following
lemma is useful.

Lemma 9.5. Let pu and v be finite nonnegative Borel measures in S™1 with mg =

pu(S™ 1) #£0. Ifdp(u,v) <1, then
dp(p,v) < (1+ 3+ mo) dp(u,v)"/?.

Proof. We may assume that ng = v(S""1) # 0 and let p; = u/mg and vy, = v/ng. For
s,t > 0 the definition (77) of dp implies that

dp(sv,tv) =inf{e > 0| sv(F) — tv(F°) < e, tv(F) — sv(F°) <e, F closed in S" '}
<inf{e > 0|sv(F°) —tv(F°) < e, tv(F°) — sv(F°) <&, F closed in "'}
< ngls — ],
while the definition (76) of dp (with f = 1) yields
dp(p,v) > |mg — ngl.
Therefore
dp(p,v) < dp(p, (mo/no)v) + dp((mo/no)v, v)
(86) < dp(mop1, mov1) + nolmo/no — 1| < dp(mopr, morr) + dp(p, v).
Let 0 < € < dp(mop1, mory). By (77), there is a closed set F in S"~! such that

< £
Ml(F)>V1(F6)+m—O or VI(F)>M1(F€)+m_O_
Setting a = £/mg and 3 = ¢ in [8, Proposition 3], we obtain

(87) e? <dp(p, ).

G
By (77) again, we have dp(u1,v1) < 1 and
() <un(Fe) + =, ni(F) < i(Fe) + =, }

dp(mop1, mory) =1inf < € > 0 o o
p(mofir, mova) { F closed in S™7!

Therefore, if mo < 1, we have

dP<m0,UlamOV1) < dP(M1,V1) <1,
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while if mg > 1, then

F closed in S™!
< modp(p1, 1) < my.

. pi(F) < v(Fmf) e, v (F) < pa(F™F) + ¢,
dp(mopy, mory) = moinf < e > 0

Thus, for any mg > 0, we have ¢ < dp(mop1, mor1) < 1+ mg. Substitution into (87)

yields
2

m0(3 + mo)
As e < dp(mop1, mory) was arbitrary, we conclude that

2
—d 2<d
m0(3~|—m0) P(m()/il,mol/l) > D(/h,’/l)

e? <dp(p1,11).

<dp(p/mo,v/mg) + dp(v/mo,v/ng)
1 1

S —dD(,U, V) + No
mo mo no

2
< m_OdD(lua l/)‘

Substituting this into (86), and using the hypothesis dp(u,v) < 1, we obtain the
desired inequality. O

With Lemma 9.5 in hand, the estimates of Theorem 9.4 can be converted to the
Prohorov metric. Since this is routine, we shall only give one example. By Lemma 9.5
and (84), under the hypotheses of Theorem 9.4 with n = 3, for all v > 0, almost surely,
there are constants Cis = Cis(0, R, (u;),7) and Nig = Nis(o, R, (u;),~y) such that

dp(u, i) < Cigh™>/%7,

for all £ > Nig. Thus the exponent when n = 3 is approximately —1/20.

We close this section with a comment on the assumption in (74) that the errors
are normally distributed. In applications, the measurements y; come from counting
intersection points, so they are integer random variables. If L is large, our assumption
is appropriate. Otherwise, a model that allows only integer values for y; could be more
apt. For example, if Y is a Poisson line process (one of the most common models
in stochastic geometry), then the number y; of intersection points of its fibers with a
unit window in ut is Poisson distributed with mean ~(u;), i = 1,..., k. Under this
assumption on the distribution, the maximum likelihood problem no longer corresponds
to a quadratic program. Nevertheless, its solution is a strongly consistent estimator
for u (see [25]), and the tools provided by [43] would still allow results giving rates of
convergence.

10. APPENDIX

10.1. Uniformly distributed sequences. Here we add a few remarks to assist the
reader in comparing the various properties of sequences of unit vectors considered in
Section 3 with another well-known property. Let (u;) be a sequence in S™! and let
pr be the probability measure that is the sum of point masses of weight 1/k on each
of the points uy, ..., u;. The sequence (u;) is called uniformly distributed in S™~! if
the measures ju, converge weakly to (normalized) Lebesgue measure in S"'. This is
equivalent to the condition

1 _
lim EHUI’ U NE| =V, (E) V1 (S™7),

k—o0
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for every Borel set £ C S™! with V,,_1(0F) = 0. Uniformly distributed sequences
originated in the work of H. Weyl around 1916 and have found many applications; see,
for example, the book of Hlawka [20].

It follows immediately from the definition that a uniformly distributed sequence in
S™~1is evenly spread. That the converse is false can be seen by means of the following
example. If (u;) is a sequence of independent random vectors in S"~! with the same
distribution u, then the corresponding measures u; as defined above almost surely
converge weakly to p, by the strong law of large numbers. If p is not the normal-
ized Lebesgue measure in S"!, then (u;) is almost surely not uniformly distributed.
However, if u has a positive continuous density, then (u;) is almost surely evenly spread.

Neither of the conditions (i) or (ii) of Lemma 3.2 implies that the sequence (u;) is
uniformly distributed. Indeed, let (u;) be a sequence satisfying (i) and let v € S™*
be arbitrary. Then the new sequence (uq,u, ug, u, us, u, . ..) still satisfies (i) but is not
uniformly distributed. The same construction applies with condition (ii) of Lemma 3.2.

Conversely, a uniformly distributed sequence need not satisfy (i) or (ii) of Lemma 3.2.
The following probabilistic argument shows this when n = 2. If (u;) is a sequence of
independent random vectors distributed according to normalized Lebesgue measure in
S™1 then (u;) is almost surely uniformly distributed. Now the random variable Ay /m
has the same distribution as the length Lj of the longest interval obtained by dividing
the unit interval [0, 1] into k subintervals separated by k& — 1 independent uniform
random points in [0, 1]. It follows from Mathai [30, Theorem 2.1.3] that

k—
EL, =1 —
k 1+k—1 Z

=1

where a; = (k —j)/(k — 7+ 1). Therefore

1 k—1 k
1 k-1 1 1 11
EL,=1— - IR VE . SR N
F k;z( —g+1) k +k,zlkr—j+1 ij

Jj=1 J= Jj=1
It follows that

s 1

EAk — E e

=17
which implies that with positive probability (u;) does not satisfy condition (i) of
Lemma 3.2. In R? wp > Ay, so such sequences also do not satisfy condition (ii)

of Lemma 3.2.

10.2. Proof of (80). From [17, p. 228], we have, for u € S,

1

(88) () = fr()] < (=) f 12 (rw),

J(r,u) = / ] dv.
S

1 14+72—=2ru-v

where

According to the penultimate displayed formula on [17, p. 227], we have

J(r,u) = 8/01 s(1 — s2)71/2

14172 —2r 4+ 4rs?
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Using 1/4 < r, it follows that
1 8(1 _ 82)_1/2
< ———(s.
J(r,u) < 8/0 1=t s
If0<t<1,then

1 tg(] — g2)—1/2 1g(] — ¢2)-1/2
0 t

(1 —7)2+ 52 (1 —7)2+ 52

2\—1/2 ' S 1 2\—1/2
<(1—-t)" ———ds+ — 1—s)""/%d
<( ) /0(1—T)2+82 S+t2/t$( s7) s
1 _ (1-r2+1 1
<] — 2 V2 e m T g 22
< S — P log bt S )

el (1=r241 1
(1= (Zlogt—L oy — 1),
(=) (glee =g+ &

Choosing t = 1/2/3 and using 1/4 < r again, we obtain

1 1 1. (1-r?+1

. l=="<Zlopg~— /1 =

2 2 =2 Ty
and thus

1 (1-r)3+1

—J <V3log ~————

) (r,u) — \/_ 0g (1 —7“)2

The trivial inequalities (1 —7)? +1 < 2 < 22 imply
2
J(r,u) < 16v/3log T
—r

Substitution into (88) and the inequality (1 —7?) < 2(1 —r) gives (80). O
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