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Abstract: This paper deals with the average-case-analysis of the number of pivot steps
required by the simplex method. It generalizes results of Borgwardt (who worked un-
der the assumpution of the rotation-symmetry-model) for the shadow-vertex-algorithm
to so-called cylindric distributions. Simultaneously it allows to analyze an extended
dimension-by-dimension-algorithm, which solves linear programing problems with ar-
bitrary capacity bounds b in the restrictions Ax < b, whereas the model used by
Borgwardt required strictly positive right hand sides . These extensions are achieved
by solving a problem of stochastic geometry closely related to famous results of Renyi
and Sulanke, namely: Assume that aq,...,a,, are uniformly distributed in a cylinder.
How many facets of conv(ay, . .., an,0) will be intersected by a two-dimensional shadow
plane along the axis of the cylinder. The consequence of these investigations is that the
upper bounds of Borgwardt (under his model) still apply when we accept distributions
with arbitrary right hand sides.



1 Introduction

Today the simplex-algorithm is still one of the most important algorithms for solving
linear programs. It was presented first by George Dantzig [6], [7] in the 1950s and then
became very famous and popular. Since a great gap between practical experience and
theoretical worst case has been observed, first discovered by Klee and Minty [10], one
started to analyze the average runtime of the algorithm. The first pioneering results in
this field came from Borgwardt [5], [3], [4], who showed that the expected number of
required pivot steps is polynomial in the restriction number m and the dimension n for
the shadow-vertex-algorithm, a special variant of the simplex-algorithm. For that pur-
pose he observed canonical problems maximize v’ x subject to Az < b with a constant
right side of the inequalities b = 1,! what guarantees the feasibility of the problems.
As stochastical model he used the well-known rotation-symmetry-model, which we will
define later. The aim of this work is to generalize this result in the way that we will
allow arbitrary values of the right sides (so that the problems can also become infeasi-
ble). We will concentrate on the asymptotic case, i. e. we assume the dimension n as
constant and let the restriction number m tend to infinity. For the purpose of sharper
calculations we will focus on a special rotational symmetric distribution family, which
is representative for general rotational symmetric distributions and for which sharp
bounds were already proven by Hofner [9]. For a comprehensive historical overview
about the average-case-analysis of the simplex-algorithm we refer to [4]. The contents
of this paper are essentially based on the dissertation of Markus Gohl [8], supplemented
by some improvements of partial results. Besides we give a much easier proof of one
central Lemma. Newly, in addition to the calculated upper bound we are able to state
an asymptotic lower bound for the analyzed expectation value.

1.1 The problem and its motivation

Before we start let us agree on the following notation for vectors: We denote a series
of different vectors by ai, ..., an, while we write a', ..., a" for the components of one
such vector a. So we have to write (a*)? for the squared value of the third component of
the vector a, but in this context there will be almost no exponents, so an upper index
cannot be misunderstood. Now, let us start with the problem we want to analyze in
this paper. For linear programs of the form

max vlaw
st alz<1,...alz <1 (LPy)
with  aq,...,a,,v,z € R" and m >n

the average runtime for solving such problems with the shadow-vertex-algorithm, a
special variant of the simplex-algorithm, has been elaborately outlined by Borgwardt

I Here, 1 is the vector containing 1 in each component.



[4] using the rotation-symmetry-model.

ai,...,ay,,v € R"\ {0} are distributed independently, identically (RSM)
and rotationally symmetric.

In this model we may assume the following condition of nondegeneracy of the observed
problems,; as degenerated problems only occur with probability 0.

Each subset of n elements out of {ay,...,any,v} is linearly inde-
pendent and each subset of n+ 1 elements out of {ay,...,a,} isin (CoND)

general position.

The crucial result for the expected runtime of the shadow-vertex-algorithm under the
rotation-symmetry-model by Borgwardt [1] is the following.

Theorem 1.1. Let ay,...,a,,v € R*\ {0} be generated according to the rotation-
symmetry-model. Then

EpnnlS] < C-maT - n?

where C' is a constant depending not on m and n.

Here, S is the number of shadow vertices and therefore a simple upper bound for the
required number of pivot steps of the shadow-vertex-algorithm for proceeding from one
given start vertex to the optimal vertex (phase IT).? One essential feature of problems of
type (LP;) is the positive bound on the right side of the constraints, which guarantees
the feasibility of these problems. As this nice feature is a limitation of generality, of
course, we want to observe general linear problems of the form

max vlw
st alz<1-p8Y.. . ale<1-—pm (LPy)
with  ay,...,am, v,z €RY, B, ..., /"M cRand m>n+1

in this paper. So from now on, we cannot be sure that there is a feasible solution for the
problem at all. We denote the feasible region of such a problem by Z and remark that
the problem class (LF,) contains the special class (LP;) what can be seen by setting
Bt =0foralli=1,...,m. We now want to use the knowledge about programs of
the type (LP;) in order to solve programs of the type (LP,). For the solution of (LFP;)
we apply the dimension-by-dimension-algorithm of Borgwardt as it is described in [4].
There are generally two possible cases:

1. We get an optimal vertex Z (primal view) respectively a facet conv(aai, ..., aan)
of the dual polyhedron Y := conv(0, ay, . .., a,,) which is intersected by R*v (dual
view).

2 More details about the quantity S can be read in [4].



2. v’z is unbounded on the primal polyhedron
X={reR" |alo<1,...;alx <1}
(primal view) respectively the ray R*v does not cut Y (dual view).

Here, A = {A' ..., A"} C {1,...,m} is a collection of indices of vectors a; such
that aa1,...,aan define a basis of R™. In the second case, there is an increasing free
direction, i. e.

dd € R" witha{dg0,...,a§d§0andde>0.

This d also is an increasing free direction for (LB,). So (LF,) is either infeasible or
(feasible and) unbounded, so there definitely is no optimal solution what allows us to
interrupt the algorithm in this case. Much more interesting is the first case, when there
is an optimal vertex of X respectively an optimal facet of Y. Of course, we can rewrite
our inequalities
T 1 T m
ar<l-p, ..,a,x<1-p4

to
alr+p4'<1,...,alz+pm<1.

Now, we augment the vector of variables z € R™ with one additional component and
obtain for z = (z7,z""')T € R"*! the new problem

max o0lx=vTx+0-z7!
s.t. alz=dlx+pla"t <1,....a

Tz
with  @1,...,am, 0,7 € R"™ and m >

i =alr+ pmintl <1 (LP,)
n+ 1.

Writing X for the feasible region of (LP,) and II; for the canonical projection from
R™! onto R¥, precised by

I, : R — R, (2, .. 2" ) e (2t 2,
it follows o
Z =1,(XN{z e R | 7" =1})

and o
X =1L,(X Nn{z € R | 7"t = 0}).

The problem (LP,) is of the type (LP;) again, so we can solve it. Besides Z is empty,
if and only if
Xn{zeR"™ | 3" =1}

is empty. Therefore, the decision whether Z is empty becomes an optimization problem,

namely the maximization of el ;7 = "™ on X. Since we have

Z =0 <= max{el, 7 |i€ X} <1



As we already have solved (LP;), we know the v-optimal vertex z, of X. Its embedding
%, = (zT,0)7 lies on the one hand on an edge of X and it is on the other hand optimal
with respect to 977 on X N {# € R"™ | el i = el i, = 0}. So i, lies on a
shadow-vertex-path relative to 07z and el ;. Thus, we only have to find a vertex
on the edge which contains z, and then start the shadow-vertex-algorithm using the
shadow plane span(?,e,1). If the optimal value is less than 1, (LP,) is infeasible.
Otherwise we can calculate a solution Z; with €] ;Z; = 1 and get the optimal solution
I1,(%,) of (LPy), as #, is optimal with respect to #7# on X N {z € R*"* | eI 7 = 1}.
Finally, we formulate the augmented dimension-by-dimension-algorithm on the basis
of the original algorithm of Borgwardt [4]. There we will use the intuitive notation
I : R* - RE (21,... 2") — (2%, ..., 2%) and Y = conv(0, @y, ..., 0dn).

Algorithm 1.2 (Augmented dimension-by-dimension-algorithm).
1. Find a facet Ily(conv(aat,anz)) of a(Y).

2. Find the facet of Tlo(Y') which is intersected by the ray RTTIy(v). If there is no
such facet, go to 7.

3. If k =n, go to 8., otherwise set k =k + 1.

4. The optimal facet Ty_i(conv(aat,...,apx-1)) of LPy_1 is available. Find a vec-
tor a; with i ¢ {AY,...  AF1} so that Hi(conv(aa, ..., anr—1,a;)) s a facet of
I1,(Y).

5. Start the shadow-vertex-algorithm at Il(conv(anai,...,aar-1,a;)) and find the
optimal facet IIj(conv(aat,...,aar)), which is intersected by the ray RT1I;(v).
Use span(Ilg(ex), IIx(v)) as shadow plane. If there is no such facet, go to 7.

6. Go to 3.

7. The whole problem has no solution. Print "Problem has no optimal vertex" and
go to 9.

8. The optimal facet of LP, is available. Print the corresponding optimal vertex x
and the optimal value v'xz. Go to 10.

9. STOP.

10. The optimal facet 11, (conv(aas, . . ., aan)) of IL,(Y) is available. Find a vector a;
with i ¢ {A', ..., A"} so that conv(aa1,...,aan,a;) s a facet of Y.

11. Start the shadow-vertex-algorithm at conv(anai, ..., aan,a;) and mazimize egﬂi‘.
Use span(v, e,41) as shadow plane. Once el & > 1, print a1, ..., aan1. Delete
the ax: which entered the basis last and print aar, ..., api-1, Apitt, ..., GAn+1.



12. Calculate the solution z of the system of linear equations

T Al T AL
anr=1-p0%,. . anaxc=1-p5% ",

T AiJrl T AnJrl
CZA7;+1£B:1_B 7...,CLAn+1ZL‘:1—B

and print z. This z € Z is a solution of (LP,). Go to 9.

1.2 An integral formula for the desired expectation value

We are now interested in the expected number of required pivot steps of the complete
algorithm. We denote that number by s;. For the original dimension-by-dimension-
algorithm the following result of Borgwardt [1] is already known.

Theorem 1.3. Letay, ..., a,,v € R" be generated according to the rotation-symmetry-
model. Then for the expected number of shadow vertices in stage k (denoted by S® ) of
the algorithm we know that

Epn[S®] < Cy-maT -n- k.
Furthermore, for the number of necessary pivot steps of the whole algorithm s; we know
Emnlsi]) < Cy- maT - nd,

Here, Cy and Cy are constants depending not on m and n.

The second part of this result uses the fact that there are n stages in the algorithm, so
the result for one stage is multiplied with n what is a rough estimation for the whole
effort. Actually, Hofner [9] could show that the effort for the complete algorithm only

has an order of growth like maT -n3 instead of m#1 - n3 for the asymptotic case, i. e.
m tends to infinity, while the dimension n is constant. This is due to the fact that the
effort for the later stages is much lower than for the earlier stages, since the path from
the k-dimensional optimal vertex to the (k+ 1)-dimensional optimal vertex is relatively
short, as only one additional dimension is observed. The effect of that relative efficiency
increases with the observed dimension k. So in total, the factor y/n can be saved by this
effect. As we have augmented the dimension-by-dimension-algorithm by one additional
stage in essence, the result above still holds, if

i) = (g%),...,am_ <gj§;> b= (;0> c R

are generated according to the rotation-symmetry-model. But that does not seem to
be reasonable because it would generate a stochastical dependence between a; and 3.
There is only one special case for which we can use the known result without difficulty.



Theorem 1.4. Ifay,...,am,v € R" and £*,..., 3™ € R are distributed independently,
wdentically, normally, then holds

Epnlsi] < C-mn - (n+ 1)

where C' s a constant depending not on m and n.

Proof. If ay,...,am,v € R® and B1,..., 3™ € R are distributed independently, identi-
cally, normally, then a4,...,a,,, v are generated according to the rotation-symmetry-
model so that Theorem 1.3 is applicable. [l

For the general case we define the augmented rotation-symmetry-model (RSMA) as
follows.

Aty am,v € R*\ {0},8',...,8™ € R are stochastically inde-

pendent. Furthermore, aq,...,a,,,v are distributed identically and (RSMA)
rotationally symmetric and 3!, ..., 3™ are distributed uniformly on
[—1,1].

So from now on, our main task is to investigate how many pivot steps are necessary
on the average for the last stage of our algorithm, i. e. how many shadow vertices can
be expected, when the vectors aq, ..., a,,, v are generated according to our augmented
rotation-symmetry-model. In other words, we are forced to develop an adapted fun-
damental Theorem for the augmented rotation-symmetry-model corresponding to the
crucial Theorem 1.1 of Borgwardt for the classical rotation-symmetry-model.

If aq,...,a,, are distributed rotationally symmetric in a ball in R", then the augmented
vectors dar, . . ., a,, are distributed in a cylinder in R"*!. So from a geometrical point of
view, it is justified to call such distributions cylinder distributions. In order to avoid
misunderstandings we want to clarify some linguistic terms at this point. Based on a

unit cylinder
{(7) ex xr|lell <1 ec 11}

we say cover for the subset of the cylinder with & = 1, bottom for the subset with
¢ = —1 and barrel for the surface of the cylinder without cover and bottom, i. e.

||| =1 and £ € (—1,1).

For the following considerations we assume that 8',..., 8™ € Raswellasay, ..., am, v €
R™\ {0} (given by a common density function f with compact support) are generated
according to (RSMA) and observe the dual polyhedron Y = conv(0, @y, . .., a,,) with

) = (g),...,am: (g”,;) = (8) c R,



Apart from that we denote the density function of @ € R™™ by f so that
flai) = flai) - f(5Y)

holds, where
1
~ =~ fO - ]_ < < ]_
fR>R, £r2 ' S
0 else
is the density function of the last coordinate. Generally, we assume m > n+1 > 4. Th~e
essential quantity we are interested in is the number of facets of the dual polyhedron Y’
which are intersected by the half-plane R*9+Re,,,; and whose number we denote by S.
In the following we take advantage of the fact that in our model a facet is intersected by
the half-plane, if and only if exactly two of its boundary (n — 1)-dimensional simplices
are intersected.®> Analogously to the approach in [4] we obtain

Emn[S’] = "Number of candidates" -

)

- "Probability that a candidate is a shadow vertex"

— ( TZ 1) - P(conv(ay,...,dy41) is a facet and cone(ay, ..., a,41) "R v # 0)
n

1
:<nw—:1)n; / / / P(conv(ay,...,a,.1) is a facet)-
Rn+1

Rn Rn+l

- P(cone(ay, ..., a,) "R 0 # 0) - f(@1) ... f(am)f(v)-day ... day,dv

m n+1 ) ) o
:<n+1)' ./,,./G(al,...,anH) (n+1)

where
G(&l, Ce >&n+1) = / IH*(d1,---,dn+1)(&)f(&) d&,
Rn+1
Ap(cone(aq, ..., a,) N,
Wiay,...,a,) = ( (a1 ) )
()
Here we have used that for fixed vectors ay, ..., a,.1 the events
"conv(ay,...,d,41) is a facet" and "cone(ay,...,a,11) NRTv £ ("
are stochastically independent. The notation corresponds to [4]. So H™ (ay,...,ans1)
describes the half-space which is generated by conv(ay, ..., ad,1) and contains the ori-

gin, by \,(-) we denote the n-dimensional Lebesgue-measure and §2,, is the whole unit

3 We should mention that this claim does not hold for the start-simplex and the optimal-simplex in
the simplex path because for these two simplices only one boundary (n — 1)-dimensional simplex
is intersected. But this fact is not essential for our purpose.



ball in R"™. Later we will additionally use w, for the unit sphere in R™ (surface of the
unit ball).

Next we introduce some basic notation for the analysis. Let H = H(ay, ..., a,11) be the
hyperplane which contains conv(ay,...,a,.1). Besides h = h(as,...,a,41) describes
the distance of H(ay,...,a,41) to the origin and ¢ = ¢(ay,...,a,+1) the (smaller)
angle between the normal vector d= cZ(dl, eypy) of H(ay,...,an41) and e,41. And
let h = iz(dl, ..., @p41) be the distance from the intersection point of H(ay,...,dns1)
with the 2" *1-axis* to the origin. Finally, we write z for the distance of the intersection
of the hyperplane H with the cylinder cover to the barrel and s for the distance of the
intersection of the hyperplane H with the cylinder barrel to the cover respectively.

We have to distinguish between three constellations on how the hyperplane may inter-
sect the cylinder. We say that the hyperplane belongs to category A, if it intersects the
cover and not the bottom of the cylinder (or vice versa), to category B, if it separates
the whole cover from the rest of the cylinder, and to category C, if it intersects both
cover and bottom of the cylinder. The following table shows, for which sets of the
parameters h and ¢ these different cases occur.

h < |sin(p) — cos(¢)| | h > |sin(p) — cos(y)|

0<p< category B category A

FNE

T<¢< category C category A

S

For the function G, which really only depends on h and ¢, we know

h—al -sin(
COS(LP)

/ / / f(@)- f(@Y) - dz"tdz” ... dzt

what is described in detail in [8]. Performing a transformation of coordinates such that
the normal vector of the hyperplane has the form d = (6*,0,...,0,6"™)7 yields®

BafS= (7)) 0 1) Auca )

7(
5 sm +Cos

= (sin )"
/ (H)-W-A(h,cp)-dhd@ (1.1)

4 This intersection point exists in our model with probability 1.
5 See [8] for details.



_ 1\ h—cos(p)
z=1 T\ sin(¢)

i h—sin(¢)
cos()

RTL

Figure 1.1: Illustration of important quantities, when the hyperplane H intersects the
cylinder.
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category A category B category C

Figure 1.2: Illustration of the different intersection possibilities of the hyperplane with
the cylinder.

where

A(h, / /ydetB| (i bn) - F) o Fonsa) - dby b

Rn

:/.../|detB|-W(b1,...,bn)-f(b1)..-f(bn+1)'

R Rn

.f(M) f(h bres Sm(@)) cdby . dby,y

cos(p) cos()
and
bl b1
B = : :
b711+1 b2+1 1

2 Asymptotic analysis of the number of shadow
vertices in the cylinder and of the last stage of the
augmented dimension-by-dimension-algorithm

In this section we want to analyze the integral formula of the previous section for the
asymptotic case, that means that the dimension n is assumed to be constant, while the

11



restriction number m tends to infinity. For this purpose we will partition the integral
into different pieces which will all be analyzed on their own. In order to get preferably
sharp upper bounds for all integrals we will analyze especially one particular family
of distributions, which allows us to perform very accurate calculations on multiple
integrals. This subclass is representative for all the variety in the set of rotationally
symmetric distributions. The members of that family are defined and specified by their
radial distributions®

F(r):=P(x eR" | ||z|| <r) forall re]l0,00).

Definition 2.1. For k € (—1,00) we define a specific member of the rotationally sym-
metric k-distribution family by its radial distribution

Jo (1=rH)yrrn—lgr
Fur) m | gy Jor 0= <1
1 forr >1

with density function

(1—:2)# for0<r<1

0 forr>1

so that Fi.(r) = [ fu(T)dT holds for all r € [0,00).

The distribution parameter x specifies the distribution of the distance of the vectors to
the origin. Here, the weight will be close to the origin, when « is large, and apart from
0, when « is small. The following special cases are particularly interesting:

Kk— —1
k=0

Uniform distribution on the unit sphere (surface of the unit ball).
Uniform distribution on the (whole) unit ball.

-~
-~

We will use this distribution family as rotationally symmetric distribution for the first
n coordinates of our vectors, while the last coordinate still shall be distributed indepen-
dently uniformly on [—1, 1] according to our augmented rotation-symmetry-model.

2.1 Partition of the analysis

In order to get a sharp upper bound we start by splitting the integral into

]Em,n[s] =Is+1p+1Ic

6 Compare Borgwardt [2].
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where

Iy = (nTl) (1) A (wn)-

2 sin(p)-+cos(p)

m—(n+1 (Sin sp)nil
G(h, )" . lcos ) A(h, ¢) - dhdy

0 [sin(p) ~cos()|

and

Ip= (n’z 1> (1) A (wn)-

T Jsin(p)—cos(®)| -
G(h S0>m7(n+1) . (Sln 90)

- A(h, @) - dhd
(cos )7 (h, @) - dhdy

as well as

Ic = <n”+1 1) (1) Ay (wn):

3 |sin(y)—cos(y)]

m—(nt1)  (sin )"
' / / G(h, )"y (cos )72 A(h, @) - dhdep,

ENE]

so I4 counts facets of category A, Ip facets of category B and I facets of category C.
I is asymptotically harmless as we can bound it by’

[B < 2n+1 : An ' )\n(Qn) <

where I'(+) is the well-known Gamma function and

1
A= 5o -/.../]detB\ Wbty ba) - f(0) . f(busr) - dby ... b
Rn R™

For the analysis of 14 and I we perform another transformation of coordinates. We
shall describe these integrals no longer by h and ¢, but by z and s. By use of that
quantities /4 and I~ will be split into

IA: le>l+*]fl§1

where

2 2
m —(n s"
— (n—i— 1) (n+1) - N1(wy) - / /G(s,z)m (1) e A(z) - dsdz
10

7 See [8] for a proof.
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and

12
. m m—(n s"
JE = (n+1) 1) Aaen) [ Gl A - dsd:
0 0
respectively
IC: Z>1+Jé<1
where

2 0o
> m m—(n s"
It = (nH).(nH)-An_l(wn)-/ [ G S A2 - dsi
1 2

and

1 oo
z m n s"
JC<1 = (n+1) (n+1) n— 1wn / /G m=(nt1) ‘ﬁ'A(S,Z)'deZ.
0 2

For J3>! and JZ! we have the constant upper bound®
5-C(F,n)™" - Ay - Aa(S2,).

The accurate analysis of J Zgl and Jég will be the main part of this section.

2.2 Estimation of the spherical measure

An essential part in the integral (1.1) is the term A(h, ). So when we want to get a
good upper bound for the whole integral, we are forced to analyze this term first. It is
obvious that the expression A(h,¢) mainly depends on |det B| and W (by,...,b,). In
order to simplify the analysis we want to observe both influences separately. Therefore
we use the inequality of Cauchy-Schwarz, which yields

where

AB( / /|detB| (n+1) dbl...dbn_H

n

and

/ /W bi,....bp)% f(b1) ... f(bpsr) - dby ... dbys.

Rn

8 See [8] for a proof.

14



{z | 2t =1}

Figure 2.1: Illustration of the estimation of the spherical measure W in the projection
onto R for n = 2.

The spherical measure W (b1, ..., b,) can be bounded trivially by

1
Wi(by,...,b,) < =,
2
which is a very simple upper bound, but of course too rough for a precise asymptotic
analysis. A much more accurate estimation is

1 1 1
Wby, ...,b,) < (N A (conv (O,b—%bl,...,abn>)

1 1

T () bEbE * An(conv(0,by, ..., by))
N ' - — - |det(by, ..., by
/\n(Qn) b%bl n! ‘ e ( 15 > )’

1 (sing)” 1

< . L= |det(by, ... b))
T M(Q2,) (h—cosp)r nl |det (b, ..., bn)|

which holds for h > cos(p) respectively z < 1.9 Recalling

h—al sin(y)
os(?)

G(h,@:]o..j / F@) - fE - din izt dit

9 See [8] for details.
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and defining

alhp) = / / ) f (P e

—_

ga(h, @) = (D) ._Z ..._4(;1;1 2. f(%(j;(@) dat . da,
g5, ) = Cosl(@ . 7 ) 70(332)2 ) f (%&1@) Cda . da”,
) = — / ]} oy (A2 g

where g(h, ) is the partial derivation of G(h,y) with respect to h, we obtain the
following relations.'®

Lemma 2.2.

Ap(h, ) = (n+1)!- (cos )™ - gs(h, )" - [g(h, ©)ga(h, @) — ga(h.¢)?]

and for h > cos(y)

1 (sin )"

Ol nl (= cospe (X9

- (cos

2.3 Analysis of category A

We now come to the precise analysis of the category A. We know from [8] that the
main part of the integral can be described in the Cartesian coordinates z and s in the
form

> m m (n s"
JAglz(n+1>-(n+1) An—1(wn) //Gsz ) Zn+1'A<Z>'deZ

where

(A—z)stz—x"s z)s+z zls
oo e}

(s, 2) / / / z) - f(EY) - it dEn . dit

10" See [8] for a proof.
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and

:// / // /mwuwhwy
1—z —co 1—z —c0
1
~f(b1)...f(bn+1)~§...§-db’f...db%dbl b db? DY

It is remarkable that this term A depends on z only and not on s. This will make the
calculations easier than in the case of category C where A depends both on z and s.
Using the adapted notation

o= ] ] Jwest

1—z —c0 1—2z —o©

1 1
~f(b1) .. f(bpy) - SR dby .. .dbfclb1 dby .. dl’)iﬂdl)}l+1
and
1 oo o) 1 o [e'e)
://./”//m/wm,
11—z —c0 —00 1—z —c0
1 1 n 2 711 n 2 1
f(by) ... f(bpsr) - SR dby ...dbydby ...db, . ...db, db,
as well as
1 o0 o0
=5 / / /f CdxPdaxt,
z
1—z — —00
1 I 1,2 1 n 2
92(2):2— (x) cf(z, . 2™ - d dx*dx
z
1—z —oc0 —00
1 1 oo [e'e]
g3(2) =3 ///(x2)2f(a:1, ,x) - d dz*dx
z
1—z —oc0 —00
1 1 oo 0
94(2) = / /.../x1~f(a:1,...,x”)-dx”...dedxl
z
1—z —© —00

we obtain the following Lemma.

Lemma 2.3.

Ap(2) = (n+ 12" gy(2)" - [9(2)g2(2) — ga(2)7]
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and for z <1

1 ‘ 1
Aa(2,))2 0! (1 —2)

2" g(2) - ga(z) - gs(2)"

From the inequality of Cauchy-Schwarz we get a first estimation for ngl‘

Theorem 2.4. For any q € (0,1) holds

- g3(2)" - V9(2)92(2)[9(2)92(2) — ga(2)?] - dsdz.

For the following calculations we observe some relations between the functions G and
d, 92, 93, g4, which can also be read in [8|.

Lemma 2.5. For s < 2 we have
G(s,z) =1—[ga(z) — (1 = 2)g(z)] - s.
The partial derivation of G(s, z) with respect to z is given by

G, g2 —g)

We define
D(s,2):=1—G(s,2)

and state

1 D(k+1+2) 2\ 2lyp
22 \/_F(Ii—i-l—F )/<1_C> a

1 F'(k+1+2) 7K
R

1 C(k+1+%) mi g
gﬂz)—zmr(HHnTﬂ)-l/u SRS

9(2) =

18



1 F'(k+1+12)

94(z) =

for the case of our distribution family.

Lemma.

2z \/_F(/mel—I—

/4‘

A very important relation is the following

Lemma 2.6. For s € (0,2) there is a function « : [0,1] — R with

9(2)g2(2) — 9a(2)°

and a(z) — 0 for z — 0.

S

_ [@(s,z)r_n+1+2m

(1 +a(2))

n+5+4+ 2k

Proof. By application of the rule of 'Hospital in three steps we get

9(2)g2(2) — 9a(2)”

=20 2(k+ 1+ 252

1)]° gs(2)2

1

Ja

. 1—=z
= lim

1 2

1
= [ =) G Lf (1= ¢33

—Zz

z—0 1
|

11—z

= lim

212 [ -y

1
=£grg)[2/c<1—<2)"
1—=z

[2(2 — ) TR (1 — 2) /(1 — (2

= lim
z—0

n+1

(2—2)2

_2(n+3
2

)

2 Jo-ered [} (5

2
(1- <2>"¥1+Hd<}

1

1
[ / C1 =)™ ¢+ (1 2)? /(1 — (¥ (-
1-z

1—z

1+“d§] / [2(2 —2)z /(1 —¢ )”““dg]

1—z

TG - 2(1 - 2) / (1—-¢*)" ¢

1
el f
1—z

”“+“d<]

1

1—z

+ Ii) (2= 2)" 2 Tr" Tt

TRt 4 41 —2)(2 — z)nTH+“znTH+“—
1
4 fa- >"“+“d<]
1-z

19



Now the term in the numerator has an order of growth like 2“3 %, In the denominator
there are two terms with an order of growth like 25+ and two with 23 . Dividing
by 2"3+% those with 2™ ™% in the denominator disappear, while the other terms yield
a constant (in n and k), when z is going to 0. Taking into regard

N . 22— z)%+“z%+“ PR
llirll) ntl 4 - z1_>1n0 n+1 n=ly = [ntl
z 2 ("5 + k)27 (5 + )
it follows )
9(2)92(2) — ga(2) _ 1

50 (2 (k414250 gs(2)2 4" +5) (52 +r)

As we already know that a function 3 : [0,1] — R exists with!!

n(z) = | 2221 )

and ((z) — 0 for z — 0, we can state

o 2
o(e)gate) (e = [T IR 1
and the claim is obvious by setting (1 + a(2)) := (1 + 8(2))% O

Now we can formulate our main result for the category A.

Theorem 2.7. For n > 3 there is a function e.(m,n), which depends on the distribu-
tion parameter k, with e.(m,n) — 0 for m — oo, n constant and

12
2l _ m . . . m—(n+1) s" . )
Jio = <n n 1) (n+1)- Xo1(wn) / / G(s, 2) poreet A(2) - dsdz
0 0
<lIn(m) - (n+ 1)% (n+3+ 25)@ (1 +e.(m,n)).

Proof. Using the notation

first we define for ¢ € (0,1)

m

2
1o ) i ) m—(n+l) = _° | .
Jy = <n+1> (n+ 1) - A\_1(wn) / /G(s,z) + poows A(z) - dsdz
0 1

1 See [8] for a proof.
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m—(nt1)

—— - A(2) - dsdz

—
I
N
3
+
—_
N———
=
+
=
>
3
&
2
ok-\§H
O\S\H
Q
"o
&
N
3| w
£

as well as

1 2
3 m . . . m—(n+1) 5 .
i () e - [ 66 2 AG) - dsd
q 1

so that obviously J5=' = J} 4+ J% + J3. The integral J3 is asymptotically harmless. If
we choose ¢ > 0 small enough, i. e. if we choose it such that 2A(q) < 1 holds, we can
estimate

Sn

Zn+1

—(n+1) |

~AN(z) - dsdz

Zn+1

/2
/1 - moth . 2 U A(2) - dsdz
0

A(Z) m m—(n+1) .n
=) Aaen) - [ S5 () [ s s as
=:C(k,n)
24(g)<1 1 /
@<t m
_ . . _ ) (ntl), m
< C(k,n) A (n—i— 1) /(1 w)™ Y™ du
0
= 1 m I(n+ 1)I'(m —n)
) gy (n + 1) C(m +1)
1 m! nl (m—n—1)! ~ 1 1

= C(k,n)- : C3(k,m)

Al n+1

Al (m—n—1)! (n+ D! 'm!

where C5(k,n) is a constant depending only on the dimension n and the distribution
parameter k, but not on m. The integral J3 also can be estimated by a constant
independent of m. For this purpose we use the simple fact that the hyperplane can cut
the cylinder barrel in a distance lower than % to the cover only, if all points aq, ..., Gy
are located in this region. Because if one point would have a greater distance to the
cylinder cover, the hyperplane would cut the barrel in a greater distance to the cover,
too. So as a result of our stochastic model we can roughly estimate

n+1 n+1
as() ) s (G) -
n+1 m m
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Now we care about J4. For ¢ < 1 it results from Theorem 2.4 and the obvious fact
g2(2) < g(2) that

: . V9(2)g2(2)[g(2)g2(2) — ga(2)?]
© 9(2) — 94(2)

() G g ] Joarone

: : . V9(2)g2(2) — ga(2)?
: 9(2) — 94(2)

- dsdz

- dsdz.

From [8] and Lemma 2.6 we know that for any 6 > 0 we can choose ¢ > 0 depending
on the dimension n and the distribution parameter x small enough so that for any
z €10, q] holds

)

1. gs(z) < (Z’ 2 (1 +9),
n—1+4+2k n—142k 2

(b n+1+42k _ 1 n+l1+2rk F + 1 _|_ n n+142k

2. g(2) < (5:2) TR - (s 2)_1 :
s 2 2/l (k+ 14 251
(14 9),
1
3. <1459,
(I—g)
O(s, 2) n+1+2k

4. — 2 < LA (146

5. 9(2) —qu(z) 2 20,2) (ngl +/<a) (1487

S

2
(n+3+2&)(n+1+2/@)ﬁr K_i_l_i_nTA) ntiten .
D (r+1+2)2%*n

(1+6).
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So for a suitable ¢ we get

m An—1(wn) >
Jig (n+1) (TL+1) m(n—l—g—l—Qﬁ)nJrH%

N

n—142k

- /2 /q [1 = B(s, 2)]™ "D . d(s, 2)" 1 - [q)("‘;’z)]"“”n-

' {@(s,z)} R [9(2) — g4(2)]s cdzds - (14 6)"T

z

m 3 )\nfl(wn) A
< . 1 —_— 7. 2K ) nti+2r .
< (n+1) (n+1)2 () (n + 3+ 2k)ni+

1 2

1
. /(1 . @)m—(n—&-l) . (I)(n—f—l)—l Add - /g ds - (1 + 5)n+4_

1

m

0

In the last step we have performed the transformation (s, ®) — (s, ®(s, z)) with deter-
minant of the Jacobian

det< : 0 ) 02 tonma2s [9(2) ~ gu(2)ls

00 (6 ) 052y ) T (57 ;

Js

This transformation yields

1 / [1 - (I)]mf(nJrl) . @(ﬂri’l)fl dPds
S

0

I
S\H\N

2 1
< / Las. / [1 — @~ . (-1 g,
S
1 0

Now, we use the known equations, which can be found in the appendix of [4],

)\n—l(wn)
1. =
W)
1
m . /(1 _ (I))m—(n—i-l) . (I)(n-l-l)—l AP = 1 )
n+1 n+1
0
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Taking into regard

[\V]

3=

/2 % ds = {ln(s)} = In(m) + In(2) < 2In(m)

we obtain , i
Jy <In(m)-(n+1)2 - (n+ 3+ 2K)w¥52z - (14 0)"

For m big enough we have J3 < J} and J3 < Jj. As we can choose for any ¢ > 0 a
0 > 0 with
3(146)"™ < 14¢,

it finally results
JEE < m) - (n+ D) - (n+ 3+ 26) 755 - (1+ 25, )

and our claim is proven. [l

2.4 Analysis of category C
Now we focus on category C. Here, we know from [§|

1 o
2 m m (n s"
JC<1_(n+1)(n+ : nlwn //G +1 ﬁ'A(Saz)'d‘Sd’z
0 2

where
(1 z)5+z zls

(s, 2) / / / z) - fE@Y - dE T dzEn . dE

z(s 2) z(s 2)

/ / / /_Z /\detBbel,.._,)

and

< f(b1) ... f(bpy) - % g dby ...dbidby ...db) ., ...db2,  db) ;.
Analogously to category A we note
T
Ap(s,z) = / // / / /|detB|2
fby) ... f(basr) - % : % ~db} ... dbidby ... db] ., ... dbL,  db)
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and

1— z(s 2) z(s 2)

[e.9] o0

S T

1

f(by) ... f(bpyr) - 3 5 ~db} ... dbjdby .. .db! . ..db}, dbL .,

as well as

9(s, /(/ /f o, at) - da™ . daddat

z(s 2)

92(s, 2 / / / coa") sda . datdat
z(s
gs(s, / / / ") -da™ . datdat,

z(s 2)

9a(s, 2 / / / 2" - da. .. deldst,

so we obtain the following Lemma.
Lemma 2.8.
AB(S> Z) =

(n + 1)' : zn+1 : 93(37 Z>n_1 : [g(S, 2)92(87 Z) - 94(57 Z)z]
and for z <1

1 1 "
Aw (s, z) < D) nl : i el

- g(8,2) - ga(s, 2) - ga(s,2)" L.

From the inequality of Cauchy-Schwarz we get a first estimation for Jé<1

Theorem 2.9. For any q € (0,1) holds

Jgﬁls(n”jl) (n+1) - A (wn) //Gm o) 2 A(s, 2) - dsdzt

Zn+1

+(m>.<n+1z e ] aporon
n—+1
2

(-2

- gs(s,2)" \/9 (5,2)g2(s, 2)[g (s, 2)9a(5, 2) — ga(s, 2)?] - dsdz.
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For the functions ® = 1 — G and g, g2, g3, g4 we know from [8] the following Lemma.

Lemma 2.10. It holds

(s, 2) = [ga(s,2) = (1= 2)g(5,2)] - s frr((iii) 1) / (1 ()" dg

z(s—2)

1—

as well as 9%
s
55 (5:2) = 9(s,2) = gals, 2)] - —

In the case of our distribution family this time we obtain

1— z(s—2)

S

_1 F(H_’_l—'—%) _Q”T_ln
g(s’z)_ﬂ’ﬁr(m+1+"7*1)' / (=)= dg,

1—2z
z(s 2)
1 ['(k+1+2%) ) no1
) Hd?
g2(s,2) = 2z \/_F(/»$+1~|—”1 / < ¢
z(s‘ 2)
1 T(s+1+2) ! oy 1
2) = — - . 1— (%2 ™ dC,
w7 =0 s iy | 0T
1—=z
z(s2)
1 I‘(/ﬁ:+1+ no1
— " d
9a(s,2) = 5~ /Al (k14 5 / ¢ S

Next we give some helpful Lemmas, which we will need for the main proof of the
category C.

Lemma 2.11. For s € [2,00) there is a function ay : (0,1] — R with

@(s,z)r n+1+2k

B 2 _ .
g(S,Z)QQ(S,Z) 94(872) [ n+5+ 2

S

and as(z) — 0 for z — 0.

This Lemma equates to the crucial Lemma 2.6 of the category A. It can be proven in
the same manner as in the case of category A, even though the calculation becomes
more complicated. The following technical Lemma can be seen as an appendix to the
previous Lemma.

26



Lemma 2.12. There is a function « : [2,00) — R with

(T (- (R (P E ()T
3 2

and a(s) — 0 for s — oo.

Proof. First, we define

= (= () (-5 )

and

N(s) := (1_ (s;2>"§3+n>2'

Using the rule of I'Hospital we easily obtain

_ (s=2)\ "R _ (n43 s=2\ "5 2
hml (sl) :hm (2 +/€)(ls) S :n_'_3+2/£
S$—00 ; S—00 _5_2
So it holds

The numerator Z(s) has an order of growth (for s — 00) like ;. To show this, again, we
use the rule of ’'Hospital three times. In the following calculation we give the simplified
terms of the derivations, which are already canceled by siz in each case. It is

T (T e (R A ()T
1m

s 1
S
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= lim
S§— 00

()

5
—8<n+ +

2

o

u

28

n—+1

{_Q(n;1

_2<”

+38

n+1
+

2

+ﬁf(

K>(";3+m
) (%

1
+%<”+

) <) &

+5+ 5 —

K

2

n—|—1+
2

S —

S

)

n+5
7 Th

n+1
K - 2 T+n
S

2

—i—/@) <

n—+5
2

2

><
+ﬁ><

n—1

2
24
s

)
3)

E
}

1+I€1

ntl
()
+ K
S
s—2\ z ™1
S

L
() (-
<S-2>”“<1—<8;

)_

(5—2
(=)
)

"1

S

3—2)715%r

n41
2)2

"1
52

o/



So we have

e 1 4 /n+1 n+5 n+3 2
Z(s) 2% — . 2 .
(s) o 3< 5 +/<)( 5 +/<c)( 5 ~|—/<;>

For the whole quotient we finally obtain

Z(s)s_o?l 1 n+1+/€ n—|—5+ﬂ
N(s) s? 3 2 2

and the claim is obvious. O]

Lemma 2.13. For z € [0,1] there is a function o, : [2,00) — R with

 I(k+1+3)
VAl (k+ 1+ 252

O(s, 2) ) /(1 — )T AC (14 au(s)

—z

and o, (s) — 0 for s — oo.

Proof. From Lemma 2.10 we know

1

[ a-eea

z(s—2)

D'(k+1+12)

AT 1)
1—

O(s,2) = [ga(s,2) = (1 = 2)g(s5,2)] - s

If we can show that
[94(‘9’ Z) - (1 - Z)Q(‘S: Z)] ) ﬂo 07

this would prove our claim. For that purpose we use the rule of I’'Hospital, which yields

1_2(572) 1_2(5;2)

S e S R R R S R

1—z

M I
= lim
S$—0C0
n—1 n—1
2 TJ’_K‘ 2 T+I€
5 (1-22) (1- (1220 7m0 (1- (1- 252))
1
82
=0.
]
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Lemma 2.14. For z € [0, 1] there is a function ., : [2,00) — R with

1 D(k+1+2%)
g(s’z)_}ﬁr(x+1+"7‘l

and o, (s) — 0 for s — oco.

)'(1—(1—2))5 (14 ax(s))

Proof. The rule of I’'Hospital yields

1_@ n—1

s —+kK
Jo =)t H (1 ~(1- <_>)) :
lim ——= T = lim T
S— 00 g S—00 _5_2
=2:(1— (1—2)?)"7 **
and the claim is obvious. O

Analogously we obtain the following fact.

Lemma 2.15. For z € [0, 1] there is a function «, : [2,00) — R with

1 TI(k+1+2)

93(5’2):32\/7?F(m+1+"7“)

and a(s) — 0 for s — oo.

(1= (1= 2% (14 au(s))

More complicated to prove, but very essential is the last Lemma in this series.

Lemma 2.16. For z € [0, 1] there is a function ., : [2,00) — R with

9(87 Z)92(572> - 94( )
11 I'(k+1+12)
&3 VD (k41425

s
and a,(s) — 0 for s — oo.

)] | [z(l — (=2 (4 o)

Proof. First, we recall

li - ﬁ?a:ztz)

1— 2(5—2) z(s 1_z(572)
| a- *“dg yeeac— | [ ca-eyiea
1—z 1—z

30



where the first factor is only a constant in s Now, we apply the rule of I'Hospital four
times and reduce the fraction by the term 2 after each step.

172(5—2) z(s 2)

5 1—
gm{ (1) d¢ (1 - (3 d(—
el oo ]

z(s

=}E&{2Z (1‘(1‘2(8;2))2> | }

z(s 2)

.51320{2<1 ) /< E

_2(5—2) Z<5 2)

(-2 [ e [eo-eread /(-]
= {822(1 —(1- 2)2)"2%}.

'}L“&{ (1—@) 173211 ()T dC /( >< 13 dg}/{f}
= {1623(1 —(1— z)2)”21+"v} .Sh_glo{ _ 1/( 2)(1 _ gz)"%“rﬂ dg}/{ B %}

oo (0 20) )

= §z4 [(1 —(1- z)z)ngl‘*"fr

Taking into regard the constant factor from the beginning the claim results. O]

Now, we can prove our main result for the category C.
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Theorem 2.17. For n > 3 there is a function e,(m,n), which depends on the distri-
bution parameter k, with e,(m,n) — 0 for m — oo, n constant and

1

A g m . . . m—(n+1) s" . )
Joo = <n+1> (n41) - Ap1(wn) //G(s,z) e A(s,z) - dsdz

< Co(kyn) - (1 +e4(m,n))

where Co(k,mn) is a constant depending only on the dimension n and the distribution
parameter K.

Proof. For g € (0,1) and ¢ € (2, 00) first we define

1 00
J— m m (n+1) S
Jo o= <n+1>'(n+1) An—1(wn) //G -ﬁ~/\(s,2)~dsdz
2

q

t

/G(s,z)m(”“) : Zi+1 - A(s, 2) - dsdz

2

n+1

o= () ) e

O\Q

as well as

q oo

s . (™). . . m-(nt1) | 5" .

Jo = <n—|—1> (n+ 1) A1 (wn) / /G(s,z) s A(s, z) - dsdz
0t

so that obviously J&i=" = J& + J& + J. The term J} is asymptotically not relevant
because we have

G(s,2) <G(2,9) <1

in this case. Because of

m o m‘ <mn+1
n+1) (m-n—-1)(n+1)!

the whole integral J}, therefore can be estimated by

Jb < Calk,n) - G2, g

with a constant C(k,n) depending only on the dimension n and the distribution pa-
rameter k. Since G(2,q) < 1, this tends to 0 for m — oco. Now, we care about JZ. For
g < 1 it follows from Theorem 2.9 and the obvious fact ga(s, z) < g(s, z) that

(1) o g Joon o

. 9(57'2) - 94(872) .q (8 Z)n_l Cy \/g<57z>92(572)[9<57Z)QQ(SVZ) - 94(872)2]
z T 9(s,2) = (s, 2)

- dsdz
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m . (n+ 1)% . )\nfl(wn) . S. 2 m—(n+1) s"
= <n+1) (1—q)» () / /G( %) :
. g(s,z) - 94(3’ 2) . . . \/9(572)92(372) - 94(372)2
z g(S,Z) _94(S7Z)

- dsdz.

From [8] and Lemma 2.11 we know that for any 6 > 0 we can choose a ¢ € (0,1)
depending on the dimension n and the distribution parameter s as well as ¢ small
enough so that for any z € [0, ¢] holds

(s, 2)

L ga(s,2) < ——— - (1+9),
n—1+2r n—14+2kK #%
@(S7Z)n+1+2n n — 1] n+i+es T (/{ S g) ¥
2 2) S —————— - + 1+ . .
9(s,2) s {’f 2 } [ﬁF (k+1+1251)
(1+9),

3 ! <1446

" (1-q) ’

(s, 2) n+1+42k
4, — P — '
V9(s,2)92(5,2) = gals, 2P £ == [ ==

<1 - (%)HTHM) (1 — (%)%%“) — (2 k) (2 4 k) L (%)"THJH@ |
(1- (=) )

5. 9(572) - g4<8,2) >

M?@-(n;1+m)%1+®l

2
n I(r14251) ] nFifee
( +1 /g) ( 5=+ I-{) ﬁ

By < (2) )

2

6. 2 < P(s, z)nFie2n -

C(1+6).
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So for a suitable ¢ we get

m 3 Ap_1(wn) n+1+2k
J% < . 1)z - . .
C_(n+1> (D220 Vatston

2
2 ¢
n+3 o e . 1 iz
+ K //
A\ . s .
—34+2
22+1+2: 1 — 2
0

. (b(s’z)n-&-lﬁ

KA
—
“Cn
I\
~
[
KA
—~
Va)
I\
~
[
|
V2)

. [g(svz) _g4<572>]5 - dzds - (1 +5)n+4

2
n+3 n¥iton
< (™) gy Al fn L2 (B4 w) T
n+1 An(2n) n+5+ 2k
1

2 n+142k

) AR (P ()

52 s

X ) EES v 1
- s — ds - /(1 . (I))m—(n—i-l) . (I)(n-l-l)—l Add - (1 + 5)71-‘:—4'
Sy J

Analogously to the analysis of category A we have performed here the transformation
(s,P) — (s,P(s, z)) with determinant of the Jacobian

1 0 od Lemma 2.10 [9(8, 2) — ga(s, 2)]s
det (%—3(572) 6(I><S7Z)> = a(sgz) - .

9z <

From the appendix of [4] we know

1
( Tl) X /(1 - @)m—(n-i-l) . q)(n—i-l)—l dd = 1
n
0

n+1
Taking into regard
2
l n+142k l n+12+2,.@ 1
3 < |T—5= = 2
1 — (ﬁ)i—"_'ki 1 - T 2n+1+2n
S
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as well as Lemma 2.12 we obtain

t

| (1= (- FT) —a (0 (20 5 (

S;>"T+1+f$
s
: (1- (525
2

1 l n+1+42k

- s

s L (ﬂ)%ﬁ+n ds < CS("@”)

s

where Cs(k,n) is a constant depending only on the dimension n and the distribution
parameter . Notice that Cs(k,n) depends not on ¢. So we finally get

J& < Co(k,n) - (1+0)"

with a constant Cy(k,n). For J2 similarly to JZ we have

o) o ] Jonr o

1 — z)ntt
- g3(s, 2)"

Njw

v@szgxs@w@ZMAS@—ﬁASAﬂ%l—@-ﬁﬁ

< m . (n+1) . nlwn //1_ SZm(n—l—l) s".
n+1) (1—q)t!

- g3(s,2)" - g(s, 2)

z) - \/g (s,2)g2(s,2) — ga(s,2)?- (1 — 2) - dsdz.

From our auxiliary Lemmas, which we have proven above, we know that for any 6 > 0

we can choose t € (2, 00) big enough (depending on the dimension n and the distribution
parameter k) so that for any s € [t, 00) holds

1

F(/@+1+
1'M&d2xfrﬁ+1+ /‘

TR (146"

2. gs(s,2) S%'z\/;r(?::jﬁil) (1= (1= 22" (14 0),

1 TD(k+1+42) 2yoly
3. g(s,z)ﬁg-ﬁr(ﬁ+1+%_l)-(1—(1—2)) (1 +0),

-1 1 I'(k+1+1%)
4. \/9(8,2)92(872)—g4(8,2) S_Z_ [ﬁr(ﬁ+1+n7_l>]

2 3
. [z(l (1- z)2)”%1+ﬂ] - (1+9).
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So for a suitable t we get

Jg§<7n>_<n+w3_M1@m_[ F(s+1+8)

n+1) (1—qrt  \(Q) \/_F(I{—I—l—l—n—_l)
I'(k+1+2)
'[2\/EF(/<+1+”+1] /_ds
| ) 1 m—(n+1)
’i"’" + ) _ o ilek g 1
! - ¢jjﬁ+1+ )t/u @Y dC - (1+0)

[(1 (1 2)? 'z“ﬂn_l-[(1—(1—2)2)’T+H]2-z-(1—z)dz-(1+5)”+1.

Because of

1

1— )+ g o
lim 1!;( - C = lim (1-{- 2)2)T+H = 1

=0 (1 — (1 — Z)Q)"T“+n 20 (nTH + /<¢) 2(1—2)(1— (1 - Z)2)”T‘1+n n+1+42k

and
1 — — 2 nTl—i_H ZSl n+1
Z(l—(1—2)2) 5 +Ii_(1 (12 Z)) S (1_<1_2)2) ;’—&-n
— 2z
we obtain
3 )\n71<wn)
J 1)2
C—( 1) (n+1) M () [\/‘r /£+1+” L

T(k+1+2 ]
1
—d

I Terivn ] 7
27T (k4 1+ %)
q D(s+1+3) (1= (1—2))% .
'0/[1ﬁr(K+1+"71)' niir2nUF9)

m—(n+1)

Ja— =] - =) T (=2 e (14 0),

if we additionally choose ¢ € (0,1) (depending on the dimension n and the distribution
parameter ) small enough. Substituting

P(rt1+48) (1-(1—2)2)

RV ) P W= R A

(14+6)72
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yields

)\n—l(wn) 1 7 1
o 14 26) —= - [ = dse
() ( ) V3 J s?

Qe
S
N
+ 3
—_
N———
£
+
=
N|wW

1
- /(1 — @)D @I 4P - (1 4 6P

Since

and

1
m . /(1 . (D)mf(nJrl) . (I)(n+1)71 dd = 1 ’
n+1 n—+1
0

as we already know, we finally obtain
Jo < C3(k,n) - (14 6)*H

with a constant C3(k,n). So for a given 6 > 0 we can choose ¢ big enough und ¢
(dependent on ¢) small enough such that both

JE < Cy(k,n) - (146" and J2 < Cs(k,n) - (14 8)"H
hold. In addition for m big enough we have J} < (14 4). Setting
Co(k,n) == max{1, Cy(k,n),Cs3(k,n)}
we have
JEH < Co(kyn) - [(1+6) + (1 +0)"M + (L +6)*].
As for given € > 0 we can choose § > 0 small enough such that

[(1+0)+ (1 +&)"™™+ 1+ <1+¢

holds, we obtain
JE < Colrm) - (1+¢)

and our claim is true. O]

Summarizing the particular results, mainly the Theorems 2.7 and 2.17, we can formu-
late our final result about the expected number of shadow vertices in the augmented
rotation-symmetry-model.

Theorem 2.18. For n > 3 there is a function €,(m,n), which depends on the distri-
bution parameter r, with e,(m,n) — 0 for m — oo, n constant and

E[S] < 2-In(m) - (n+1)3 - (n+ 3+ 2k) 7177 - (1 + e.(m, n)).
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2.5 An asymptotic lower bound

Now, we have an upper bound for the desired expectation value. We want to work
on a lower bound yet in order to get a feeling of the sharpness of our upper bound.
Therefore, first we give a lower bound for the spherical measure W, as we cannot use
the inequality of Cauchy-Schwarz in this case.

Lemma 2.19. For z <1 there is a function v : [0,1] — R with
Wby, bn) > —= - —=—=—= -~ - |det(B)[ - (1 +7(2))

and v(z) — 0 for z — 0.

Proof. 1t is clear that there is a function 7 : [0,1] — R with

An(conv(0, b, - b)) = An (conv (0, (bzl) o (Z))) (14 4(2))

and y(z) — 0 for z — 0. So we can estimate

1
W(bl, ce ,bn) > m . )\n(CODV(O, bl, ey bn))

_ m.xn (conv (0, (bzl) (Z“))) (14 ~(2))

e B (o (2) () 0

1 1 1 1
=M@ 0l Hirs) 2 |4etB-049()

where H(b,41,7) is the distance between (bl,,,2z)" and the hyperplane through the
points 0, (b1, 2)T, ..., (b, 2)T. Since (b}, 2)T are all contained in a cylinder with radius
1 and height 1, it obviously holds H(b,11,2) < /5 and the claim is proven. O

Using Lemma 2.3 and 2.19 we obtain a lower bound for the category A.
Theorem 2.20. There is a function 7y : [0,1] — R such that for any q € (0,1) holds

1 2
I > (n”j 1) (A1) - Apor(wn) - / / G(s, z)m %-A(z) - dsdz+

2

+%.(n¢1).<n+1>z.nlwn //G v &
)

193(2)" " [9(2)g2(2) — 9a(2)"] - (1 +7(2)) - dsdz

where y(z) — 0 for z — 0.
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In a similar way as we obtained the upper bound we now can obtain an explicit lower
bound for the category A.

Theorem 2.21. For n > 3 there is a function €,(m,n), which depends on the distri-

bution parameter k, with e,(m,n) — 0 for m — oo, n constant and

12

Z m m (n s"
JA<1:(n+1).(n+ A1 (wn) //G +1) Zn+1'A(z)~dsdz
0 0

n(n+1)
n—+54 2k

>

~In(m) - (14 ex(m,n)).

Sl

Proof. For q € (0,1) we define
2

Lo ™ , , m—(n+1) | 5 :
Jho— (n—i—l) (n 4 1) - Ans(wn) / / Gls, 20 - " A(2) - dsd
0 1

so that obviously holds Jfl > J}. For J} we have from Theorem 2.20

J}‘>%-(n7j:1) (n+1)*- /

+93(2)" " [9(2)g2(2) — ga(2)

() e At | foarens

9(9) = aal2) :

S Z m—(n+1) |

S\H\w

[\

|- (1 +7(2)) - dsdz

2
_ 2)g2(2) — ga(z
gs(z) [9(2)92(2) — 9a(2)7]

z 9(2) — ga(2)
From [8] and Lemma 2.6 we know that for any § > 0 we can choose ¢ > 0 depending

on the dimension n and the distribution parameter x small enough such that for any
z € [0, g] holds

(14+7(2)) - dsdz.

(s, 2)

S

L. gs(2) > -(1=9),

2. 1+7(2) >1-4,

s,z)}2 n+1+2k
s

3. 9(:)ga(2) — (=)’ > [‘D(

D(s,2) (n—l— 1

4. g(z) —gu(2) < . 5 + m) (1—06)""
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So for a suitable ¢ we obtain

- 2 m (n+1)2  X_1(wn)
5 \n+1/) n+5+2 A ()

A

e

®5.9) [002) =0 g0 g gy

S z

5,20 (s, 2yt

o\@

2 m m+1)%  M_1(wn)
n+1l) n+5+2k A ()
2 ®(s,0)

1
(1 . q))m—(n—‘rl) X q)(n—i-l)—l .= ddds - (1 . 6)”-‘1-2‘
S

Since

1

/ 1_ m (n+1) | (I)n+1 1dq)
n+1
P(s,9)

<m (1= (s [ a0 e,
0

we have for given € > 0, ¢ small enough and m big enough

bo 2 (m ) k) M),
— V5 \n+1) n+5+2 A\(2)

1

2
1

./(1—c1>)m<"+1> D=1 /—ds (1—e).
S

0

Now, we use the known equations, which can be read in the appendix of [4],

>\n71 (wn)
An(82n)

1
9. m . /(1 . (I))mf(n+l) q)(nJrl dq) _ 1
n+1 n+1
0

as well as the already known calculation

1. =n,

2

/2 é ds — [ln(s)] — In(m) + In(2) = In(m).

m

3=
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So finally we obtain

2 n(n+1)
L = ] A S et
JA_\/E n(m) n+5+2k

and the claim is obvious. O

(14 ex(m,n))

Using this result we can formulate our lower bound for the whole expectation value.

Theorem 2.22. For n > 3 there is a function €,(m,n), which depends on the distri-
bution parameter k, with e,(m,n) — 0 for m — oo, n constant and

E[3] > = - In(m) n(n+1)

2
n(m) - D4 e (mun).
7 n T on (1+e.(m,n))

Comparing the asymptotic bounds we see that our upper bound has the form In(m) -n%,
while the lower bound has the form In(m) - n. So we only have a gap in the constant
factor of size v/n, but we can state that the order of growth of m is sharp.

3 Conclusion

As we successfully have performed the analysis of the expected number of shadow
vertices in the augmented rotation-symmetry-model, the main task of this paper, we
want to give the result for the augmented dimension-by-dimension-algorithm and briefly
discuss our issues.

3.1 The result for the whole algorithm

In the previous section we have analyzed the expected number of shadow vertices
in the augmented rotation-symmetry-model and have obtained an asymptotic upper
bound for the last stage of the augmented dimension-by-dimension-algorithm of the
form In(m) - ns. For the first n stages, for which we have entire rotation symmetry,
from Hofner 9] the asymptotic upper bound

C’o-mm-n2-(n+1+2/{)%
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is known where Cy is a constant not depending on m, n or k. Since our result for the
last stage offers a smaller asymptotic size of growth in m, we obtain the following result
for the complete algorithm.

Theorem 3.1. For n > 3 there is a function e.(m,n), which depends on the distribu-
tion parameter k, with e.(m,n) — 0 for m — oo, n constant and

E,nn[ "Number of steps of the augmented algorithm"| = E,, ,,[s¢]
< C - mariie ~n2~(n—|—1+2/<;)% (1 +ex(m,n))

where C' is a constant not depending on m, n or k.

This upper bound is sharp in the quantities m, n and s, as we have by Hofner 9] the
asymptotic lower bound for the first n stages

N

CU . mn+ll+2n . n2 . (n _|_ 1 + 2/4;)

where Cy is a constant not depending on m, n or k.

3.2 Summary

As we have seen, the additional stage of our augmented dimension-by-dimension-
algorithm, which was necessary to consider also problems with negative capacities (right
hand sides), is harmless compared to the whole effort of the previous stages solving the
problem in the asymptotic case, when n is constant and m tends to infinity. It would
be very interesting whether this result still holds for the moderate case, when n and m
are constant or of comparable size. Although this seems to be very obvious, a rigorous
mathematical proof seems to be extremely hard. The reason is that the methods used
in the rotational symmetric case cannot be directly transfered in that moderate case,
especially not to those positions of the hyperplane that lie nearly parallel to the cylinder
cover. So there must be found new methods for that case. Rather interesting are our
single asymptotic results for the different categories of hyperplanes. For the category
A we have an upper bound in the form In(m) - n%, while for the categories B and C we
have constant (in m) bounds. Since we consider the projection of the polyhedron onto
a two-dimensional shadow plane, it suggests itself to compare our results with some
basic results for the two-dimensional case from Renyi and Sulanke [11]. Doing so, we
see that both results agree in that sense that the cases in which one "vertex" is cut
(category A) are the relevant ones for the asymptotic order of growth In(m), while the
other cases only account for a constant (in m). Keep in mind that category B and C
are identical, if there are only two dimensions. So our results seem to be plausible, even
if they are based on a complete different stochastical model, of course.
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