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Introduction

Mathematical Analysis of Algorithms is the field where characteristic parame-
ters of algorithms are studied under a suitable probabilistic model. Most signifi-
cant parameters of an algorithm are its running time and the amount of storage
needed. The stochastic component arises by modeling the (unknown) input by
some probability distribution. This distribution is usually chosen uniformly on
the set of possible inputs. Also the algorithm itself may be random. One motiva-
tion to consider such random algorithms is that their performance then often is
independent of a special fixed input. The parameters indicating the performance
of the algorithm in a probabilistic model become random variables.

The most fundamental algorithms deal with problems arising in sorting,
searching, selection, arithmetic operations, random number generation, and the
organization of storage. An encyclopedic treatise are the three volumes of D.E.
Knuth (1997a, 1997b, 1998). Such basic algorithms are formulated independently
of a specific programming language, so that an analysis does not depend on a
particular implementation. One of the most famous algorithms is the Quicksort
algorithm created by C.A.R. Hoare in 1961 for sorting a file of items. Quicksort is
of great practical interest. A median-of-three variant has become the basis for the
Unix “sort” feature. Quicksort for decades has served as a model for the analysis
of algorithms in general, since it embodies two key paradigms of the design of
algorithms, namely the concept of divide and conquer and randomization.

The mean running time of Quicksort to sort a file of n items, which are per-
muted uniformly at random, is of the order ©(nlogn). However, it is also known
that in the worst case the algorithm needs O(n?) steps. There exist sorting al-
gorithms which also in the worst case only need ©(nlogn) steps. Nevertheless
these algorithms are in practice usually beaten by Quicksort. Thus one needs a
finer stochastic analysis to gain a more detailed understanding of this behavior.
Therefore, in addition to the average case behavior of an algorithm also distri-
butional properties are of interest. This leads to the analysis of higher order
moments, exponential moments, concentration around the mean, large devia-
tions, limit laws, and the study of the tails of the distributions. Investigations of
this type are the subject of the present work.

The first chapter is devoted to searching. An analysis of the cost of a partial
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match query in comparison based structures is given. Partial match query is
a fundamental search routine in the use of data bases. The structures under
consideration are the classical K-d tree, the locally balanced K-d-t tree, the
random relaxed K-d tree, and the quadtree. For all these structures first order
asymptotics are known for the mean of the cost of a partial match query in the
uniform probabilistic model. The variances were derived for the two-dimensional
quadtree and the random relaxed K-d tree. In the first chapter the missing
variances are derived and limit laws of the scaled costs are given. Furthermore,
results on the existence and convergence of the moments and on concentration
around the mean are given.

Generalizations of the sorting algorithm Quicksort are discussed in the second
chapter. By a well-known equivalence the running time of Quicksort is distrib-
uted as the internal path length of the random binary search tree. Parameters
of trees like the depth of a node, the height and the internal path length corre-
spond to the costs of insertion operations in a tree. These parameters have been
analyzed for various special trees. L. Devroye (1998) introduced a general tree
model which includes many common trees and studied the depth of insertion and
the height of his random split tree resulting in a uniform validity. In the second
chapter an analysis for the internal path length of the random split tree is pre-
sented. Under proper assumptions the first order asymptotic of the variance, the
limit theorem, and results on exponential moments and large deviations of the
internal path length are given. This particularly applies to the random quadtree
and the m-ary search tree, for which the limit theorems have been unknown so
far.

The third chapter is concerned with the subject of selection. A limit law
for the running time of the median-of-three version of the algorithm multiple
Quickselect is given. Multiple Quickselect is a generalization of C.A.R. Hoare’s
Find algorithm. More explicit results for the median-of-three version of Find are
stated including the asymptotics of all moments, Laplace and Fourier transforms
and large deviations.

The investigations of the first three chapters are based on the contraction
method. This method was introduced by U. Rosler (1991) for the derivation of
the limit theorem for the running time of Quicksort. The contraction method was
further developed independently in Rosler (1992) and Rachev and Riischendorf
(1995). A survey was given in Rosler and Rischendorf (1999). Applying this
method one starts with a distributional recursive equation satisfied by the cost
(respectively running time) under consideration. The scaling of the cost leads to
a modified recursion for the normalized cost. This modified recursion should con-
verge to a limiting form in a certain way. Then this limiting equation gives rise
to a corresponding operator on the space of probability measures being endowed
with a metric which is complete on an appropriate subspace. Showing contrac-
tivity of the operator and using Banach’s fixed point theorem we are led to a
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fixed point, which is the candidate for the weak limit of the scaled cost. Deriving
convergence is the last and technically most intricate step of the method.

The last two chapters are devoted to the analysis of related random recursive
structures. In the fourth chapter the point to which an interval splitting scheme
shrinks is under consideration. A new type of convergence rate for such splitting
schemes is introduced. A relation to products of two-dimensional random sto-
chastic matrices also leads to an approach to the convergence of these products
in terms of probability metrics.

In the last chapter a random affine recursion of a branching type is discussed.
Limit laws and formulae for the derivation of the first and second moment nec-
essary for the normalization are given. One approach is based on contraction
arguments involving Le-assumptions. In the last section another approach is
discussed, which makes use of representations involving products of independent
matrices in connection with the concept of Lyapunov exponents.
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Notation

The following notation is used throughout this work. M!(R? B?) stands for
the space of probability measures on R?. By E u the expectation of a random
variable (r.v.) with distribution 4 € M*(R?, B%) is denoted. For d = 1 we use
also Var p for the corresponding variance. Define

Ml = (n € MRLEY  Bp=y, [ ol dute) < o0} 1)

for v € R? and p > 1. In particular M&Q are the centered probability measures on
R? with existing second moment. In dimension d = 1 we abriviate M, , := le,p'
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Convergence in probability is denoted by ﬂ, furthermore 2 and ~ mean
equality in distribution either for two random variables or a random variable
and a probability measure. The distribution of an r.v. X is denoted by P¥ and
L£(X). We write PX1Y for the conditional distribution for X given Y.

B(n,p) and M (n,u) are the binomial respectively multinomial distributions
with parameters n € N, p € [0,1] and u € R? with S"u; = 1. If U = (Uy, ..., U,)
is a random vector with Y_U; = 1 then X ~ M(n,U) states that PXIU=v =
M (n,u) for PV—almost all u. The density of the beta distribution beta(a, b) with
parameters a,b > 0 is

I'(a+0b)

— =) for oz .
NORO (1 ) f eR (2)

f(z) =1py(x)

For u,v € MY(R? B%) the convolution is denoted by u x v, the product
measure by p ® v. If T is an appropriate measurable map then T'(u) stands for
the image measure of  under 7'. By Z—‘If the Radon-Nikodym derivative of p with
respect to v is denoted, A? is the d-dimensional Lebesgue measure.

The minimal ¢,-metric

() = inf{(E[|X =Y [)P 0 X 2,V 20} (3)

is defined for all p > 1 and p,v € MYRY BY) with existing pth moment.
(Mgp, ¢,) is a complete metric space and convergence in the ¢,-metric is equiv-
alent to weak convergence plus convergence of the pth moments (cf. Rachev

(1991)). For r.v. X,Y also the notation £,(X,Y) := £,(PX,PY) is used.

By (-, -) the standard inner product on R? is denoted, || - || stands for the
euclidian norm either on R? or on some set of real matrices, || - ||,, denotes the
operator norm of a matrix.



Chapter 1

Partial match query

Databases for multidimensional data are of special interest for many applications
in computer science, e.g. for geographical information systems, computer graph-
ics and computational geometry. Data structures for multiattribute keys should
support the usual dictionary operations as well as some associative queries. FEx-
amples for such associative queries are nearest neighbor queries, partial match
queries and convex or orthogonal range queries. For each of these queries a cer-
tain condition is given and all keys of the file have to be retrieved, which satisfy
this condition, for example report all data in the file lying in a certain range of
the data space. Data structures which maintain multidimensional data are con-
sidered in the books of Knuth (1998) and Samet (1990). These structures can
be divided into comparison based algorithms and methods based on digital tech-
niques. The digital techniques use binary representations of the keys. Examples
are tries, digital search trees, and Patricia tries. Examples for comparison based
structures are quadtrees and multidimensional binary search trees (K-d trees).
These algorithms work with comparisons of the whole keys instead of binary
representations. For a stochastic analysis of the performance of basic parameters
for these structures see Mahmoud (1992).

In this chapter an asymptotic distributional analysis for the cost of partial
match queries in comparison based structures is presented.

We assume the data to belong to some d-dimensional domain D = Dy X ... X
Dy, which using binary encodings we can assimilate to the unit cube [0, 1]¢. For
a partial match query a query ¢ = (q1,. .., qq) is given where ¢; € [0,1] U {x} for
1 <1 < d. Here * denotes that this component is left unspecified. Then all data
in the file have to be retrieved, which match the query ¢. This means to report
all keys which are identical to ¢ in all the components where ¢ is specified, i.e.
the components with ¢; # *. The specification pattern u € {S,*}X of a query ¢
is the vector whose entries are S in the components where the query is specified
and * otherwise.

For the probabilistic analysis of partial match retrieval we assume the uniform
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probabilistic model following Flajolet and Puech (1986). The uniform probabilis-
tic model assumes all components in the data and the specified components in
the query to be independent and uniformly distributed on [0, 1]. For comparison
based algorithms this is equivalent to the more general model where the compo-
nents are assumed to be drawn independently from any continuous distribution
over any interval. Quadtrees and K-d trees built up by independent and uni-
formly distributed data are called random quadtrees respectively random K-d
trees.

The quadtree structure is due to Finkel and Bentley (1974). It extends the
classical idea of binary search trees to multidimensional data. For the construc-
tion of the quadtree we refer to Mahmoud (1992). Essentially a data point
partitions the search space by the hyperplanes perpendicular to the axes. Used
recursively this principle leads to a decomposition of the search space into quad-
rants. The quadtree corresponds to this partitioning.

The K-dimensional binary search tree, or K-d tree, was introduced by Bentley
in 1975. It is a binary tree in which each node contains a K-dimensional key.
Here a data point partitions the search space by a hyperplane perpendicular to
one of the axes into two halfspaces. The precise way this is done depends on
the special kind of K-d tree under consideration. Note that for quadtrees the
dimension of the search space is denoted by d whereas for the K-d trees the
dimension is denoted by K.

In this chapter the cost of a partial match query in multidimensional
quadtrees, K-d trees and two variants of K-d trees, the locally balanced K-
d-t tree of Cunto, Lau and Flajolet (1989) and the random relaxed K-d tree of
Duch, Estivill-Castro and Martinez (1998) is investigated. Many further variants
of Bentley’s original K-d tree have been introduced and analyzed e.g. optimized
K-d trees, dynamically balanced K-d trees, divided K-d trees and squarish K-
d trees. For references to these trees see the preprints of Duch et al. (1998),
Martinez et al. (1998) and Devroye et al. (1999). A limit theorem for the cost
of a partial match query in the 2-dimensional trie is given in the preprint of
Schachinger (1999).

For a partial match query in all the trees under consideration we have to start
at the root of the tree. According to the comparisons of the specified components
of the query with the corresponding components of the root some of the subtrees
of the root have to be considered recursively for the further search. The cost of
a partial match query is measured by the number of nodes traversed during the
search. We denote this cost in a tree containing n nodes by C,,.

For the trees treated here the mean of the cost (in the uniform probabilistic
model) is known to be

EC, ~yn*? (1.1)

with some constant v > 0 and « in the exponent given by some algebraic equa-
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tion. These parameters depend on the specification pattern of the query and of
course on the special tree. The average performance of quadtrees and K-d trees
does not attain the optimal order of magnitude of a fully balanced binary tree

~ const n' /K (1.2)

for a query with 1 < s < K — 1 components of a K-dimensional space specified.
This was observed first by Flajolet and Puech (1986) for the case of the K-d tree
disproving an older conjecture that random K-d trees behave in the average as
fully balanced binary trees. Also K-d-t trees and random relaxed K-d trees do
not attain the optimal exponent. Recently Devroye, Jabbour, and Zamora-Cura
(1999) obtained the optimal time bound introducing the squarish K-d tree, which
reaches the average time performance for partial match query of ©(n!=5/¥).

The standard deviation in the case of quadtrees and K-d trees is of the same
order of magnitude as the mean. The main results in this chapter are limit laws
for the normalized cost

_C,—EC,

Xoi=—"

(1.3)
In each tree X, converges weakly to a random variables which is characterized
as the fixed point of a random affine operator. Explicit first order asymptotics
of the variance of C), are also derived, known so far only for the random relaxed
K-d tree and the 2-dimensional quadtree (see Martinez et al. (1998)). At the
end of this chapter results on the Laplace transform of X,, are discussed.

For the proofs we use the contraction method. From the point of view of the
contraction method the problem of partial match query has some similarity to
the running time of the Find-algorithm in the model of Mahmoud, Modarres,
and Smythe (1995); see chapter 3 of the present work. The fact that mean and
standard deviation are of the same order of magnitude simplifies the analysis for
these problems compared to the analysis of Quicksort and the related problems of
internal path lengths in random trees treated in chapter 2. For the partial match
query problem a first order asymptotic of the mean is sufficient in order to define
the corresponding limiting operators. Nevertheless these limiting operators are
more involved than the corresponding operators for the Find-algorithm, which is
caused by the purely one-sided character of the Find problem.

1.1 Bentley’s K-d tree

The K-d tree is generated by inserting the first key into the root of the initially
empty tree. Then the first component of the root serves as a discriminator
for the further insertions process. The first components of the following keys
are compared with the first component of the root. If they are smaller then
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they are recursively inserted into the left subtree of the root, otherwise they are
inserted recursively into the right subtree. Then on the second level of the tree
the second components of the keys are used for the splitting process. On the
following levels the components 1, ..., K are drawn cyclically as discriminators.
A detailed description is given in Mahmoud (1992).

A partial match query in a K-d tree starts at the root. At each node the search
has to inspect one or both of the subtrees according whether the corresponding
component is specified or not. Let u € {S,*} be a specification pattern and
denote by U, Y the first component of the root respectively the first component of
the query if this component is specified. Then in the uniform probabilistic model
U,Y are independent and uniformly distributed on [0, 1]. The subtrees of a K-d
tree are given their cardinality again shaped like binary search trees and mutually
independent. This implies that after inspecting the root the search algorithm
calls recursively partial match queries in the subtrees in the same probabilistic
model. Of course the specification pattern for the subsequent queries has to be
shifted left cyclically. Denote the cost of a partial match query with specification
pattern u in a K-d tree with n keys inserted by C. Then with v € {8, -1
in distribution the following recursive equations are valid

. D v —(vS
CE 2 1y anCy? + 1y Ol + 1, (1.4)

Here (UEUS)) ~ (C-(US)) and (U(M)) ~ (C'-(U*)). Z is the cardinality of the left

i 7 i

subtree of the root, i.e.

PZIU=r = B(n — 1,p) for pe€[0,1], (1.6)
(w8)y ~(S) . (vx)y A(v*) .
and Y, (U, Z),(C;™),C; ) respectively Y, (U, Z),(C;™),(C, ) are indepen-
dent.

We want to show weak convergence for scaled versions of C. In order to
apply the contraction method the equations (1.4) and (1.5) have to be scaled.
The distributions (even the expectations) of the C’,(lu) depend on the particular
specification pattern u. For this reason it is not suitable to scale directly the
equations (1.4), (1.5). Let the query inspect the levels 0,..., K — 1 explicitly.
Then 257 of the 2 subtrees on level K have to be inspected recursively with
the original specification pattern. 1 < s < K —1 denotes the number of specified
components in the specification pattern v and 1 < ry <ry < ... <ry < K the
coordinates of the specified components. Assume the specification pattern to be
fixed. The dependence on u is suppressed in the notation. Denote

D, :={0,1}" for neN,
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Dy := {0}, and D) .= U D,,. (1.7)

n=0

For 0 € D,,,0 = (01,...,0,) and 1 < j < n let o|j := (01,...,0;) € D; and
o|0 := 0, |o| denotes the length of a 0 € DY), The nodes of the levels 0, ..., K —1
are numbered by the elements of DY) The nodes on level 0 < ] < K—-1
are counted by the elements of D; from the left to right in increasing order
interpreting the elements of D; as dual representations of integers. The subtrees
on the level K are numbered by the elements of Dy analogously. Assume for a
moment that all nodes of the levels 0,..., K — 1 are internal nodes of the K-d
tree. Denote by u, € R the component of the key stored in node o € D®),
which is used as the discriminator for the splitting process (this is the |o| 4+ 1st
component of the key) and by yi,...,ys € R the specified components of the
query. Then for the recursion step exactly those subtrees 0 € Dy on level K
have to be inspected for the subsequent search, which satisfy

Yj < Uy it 0, =0
Y; > ug‘(r_l) if Urj =1. (18)

forall 1 <5 <s.

For the stochastic analysis in the uniform probabilistic model denote by
U,,0 € DY) analogously to u, the (random) component of the key in node
0 € Dy, which is used as discriminator. It has to be distinguished whether the
levels 0..., K — 1 are totally full with keys or not. The probability

€ [0,1] (1.9)

for the event that the levels 0,..., K — 1 are full after inserting n keys into
the empty tree satisfies p, — 1 for n — oco. For deeper results concerning the
saturation level see Devroye (1986). In the case of full levels denote by

Ui = {U, : 0 € D'} (1.10)

this family of discriminators. Uy is a family of independent, uniformly on [0, 1]
distributed r.v. The independence follows from the fact that for the insertion of a
key stored in node o € D®) only the components less that the active component
are used. Let Y = (Y;,...,Y) be the vector of the specified components of the
query. Corresponding to (1.8) define for o € D)

YUK = H 1{Y <Uo’\('r 71)} H 1{Y >Uo’\ } (111)
1<j5<s 1<j5<s
177“]—0 m,»]-:l

This indicator is one if and only if the subtree ¢ € Dy has to be inspected for
the subsequent search given the query Y and the discriminators Ux. Denote
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by (L(Tn))ae Dy the cardinalities of the subtrees on level K if n keys are in the
tree. If the levels 0,..., K — 1 are not full we arrange 18 = 0 for the mot
existing’ subtrees 0 € Dg. Conditionally given full levels and discriminators Uy
the vector (]é"))ae Dy 1s multinomial distributed. The parameters are given as
the probabilities to follow the paths to a certain subtree :

= II Uog-n ] O =Usy-r), o€ Dx. (1.12)

1<j<K 1<j<K

3—0 j—l

This implies
PI = p, M(n — 25 + 1, U)) + (1 — po)pin (1.13)

with an additional probability measure p, on R. A weak law of large numbers
follows:

™ g

— — (Ux) = (Ux)o)oeDy- (1.14)

n
The cost of a partial match query satisfies the distributional recursive equation

Co 2 D 1,(Y,Uk)C! (n)+N (1.15)

o€DK
Here Yi,...,Ys, Ug, I™), (C’l-(g))ieN,a € Dk are independent, Y;, U, uniformly
distributed on [0,1] (1 < j < s,0 € D)), (C’l-(a)) ~ (C;) for 0 € Dg, I'™ as in
(1.13), and N, is the number of nodes traversed during the query on the levels
0,...,K —1, in particular 0 < N,, < 2%, Define C := 0. The mean of the cost
C,, has been studied in Flajolet and Puech (1986):

EC, ~ v,n* !, (1.16)
with « being the unique solution in (1, 2) of the indicial equation
(a+ 1)l = 2K (1.17)

and a constant 7, > 0 depending on the specification pattern u. -y, can be
approximated numerically (see Flajolet and Puech (1986)). The variance of C,,
has been investigated in a more general situation (see next section) in Cunto,
Lau, and Flajolet (1989). For the scaling assume

Var(C,,) ~ B,n (1.18)

with a constant (3, > 0. This asymptotic is proved in Corollary 1.1.3 with an
explicit formula for 3, in terms of a and ~,. Therefore we introduce
C,— EC,



1.1. BENTLEY’S K-D TREE 7

A straightforward calculation using (1.15) yields to the distributional recursion
for X,,:

D [O' o
X, 23T 1,(vUy) <—> (Xl((n)) + %) — ~u+ o(1). (1.20)

n
c€DK

In (1.20) the (in-)dependencies and distributions are analogously to (1.15). The
o(1) depends on randomness but the convergence is uniform. This modified
recursion and the convergence of the occurring prefactors (cf. (1.14)) suggest
that a limit X of X, is a solution of the limiting equation

X2 1,(VU) U)o (XD + 7)) — (1.21)

c€Dk

Here Y and Uy are as in (1.15) and {X(®) o € Dg} is a family of independent
r.v. identically distributed as X and independent of Y, Uy . The limiting equation
(1.21) allows to define the limiting operator acting on probability measures. This
operator has a unique fixed point in a suitably chosen domain. Then convergence
of X,, to this fixed point can be established. Let

T,: M'(R', B") — M'(R', B")

Tu(p) 2 > L,V U) U (29 + ) — 7 (1.22)

O'GDK

In (1.22) Y, Ug and Z(©) are independent, Z(®) ~ p for 0 € Dy and Y, Ug are
as in (1.21) .

Lemma 1.1.1 T, : Moy — Moo, with T, given in (1.22) is a contraction w.r.1.

EQ N
EZ(TU(M% TU(V>> < gu 62(:“7 V) fOT’ all JRZAS M0,27 (123)
¢ = (o (a—1/2)5) " < 1, (1.24)
Proof: This is the special case t = 0 of Lemma 1.2.1 in the next section. |

By Banach’s fixed point theorem T, has a unique fixed point p in Mo and

6T (1), p) — 0 (1.25)

exponentially fast for any p € My,. A random variable X with distribution p is
also called a fixed point of T' (compare equation (1.21)).

The proof of the following limit theorem is a typical application of the con-
traction method. It is given here in detail and referred to it in the next sections
for limit laws for variants of the K-d tree. For a unifying setting of related divide
and conquer algorithms see section 3 in Rosler (1999).
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Theorem 1.1.2 (Limit Theorem for Partial Match Query in random K-d trees)
The normalized number of nodes X,, traversed during a partial match query with
specification pattern u € {S,x}% in a random K-d tree converges w.r.t. ls to the
unique fized point X in Moo of the limiting operator T, i.e.

05( X, X) — 0. (1.26)

Proof: Let X\ ~ X,,X© ~ X for ¢ € Dy such that (X, X©)
are optimal couplings of X,, X, ie. (X, X) = E(XY) — X@)2 Let
Ui = {U, : 0 € DI} Y = (Y1,...,Y,) be a family respectively vector of
independent r.v. uniformly distributed on [0, 1]. Furthermore let (™ be distrib-
uted as in (1.13), in particular 1™ /n — (Uk) in probability as given in (1.14).
Finally assume that (I Ux),Y, ((X\)), X)) (o € Dg) are independent. In
order to derive a reduction inequality for ¢5(X,,, X) we use the Lo-distances of
the special representations of X,, and X given by (1.20) resp. (1.21). Then using

the independence properties and E X(7) = E X\ = 0 we obtain

i\
G3(X,, X) < (Z 1, (Y, Ux) (( ) (ij&ﬂu)

oc€DK

— Uiy (X ) ) + 0(1)) 2

)\ 7!
- E Y 1L(Vi) ((ﬁ) (X + )

c€Dg

— (Ug)e (X(") + Yu) )2 + o(1). (1.27)

The mixed terms are o(1) by independence and E [(1™ /n)*~! — (U )21 = o(1)

g

for 0 € Dg. The summands in (1.27) are identically distributed. With a fixed
o € Dk this yields

(X, X)

<

)
=
=
| — |
~
Ny
B
N
VR
~
3 ‘Qg
N——
Q
L
/N
el
33
+
2
N—



1.1. BENTLEY’S K-D TREE 9

(n)\ “7¢ 2
+ (I) — (Ug)* (X<U>+%))]+o(1>

n

= QKE[la(Y,uK) . (XI(;;))—X(U)) }
n o

2

Lg") o B 2
+2KE[1J<Y,MK> ( . ) S U] (X)) }

a—1
Y ,
+2K2F [10(Y,uK) ( ) (X;(g) - X(a))
n

o

n

[(n) a—1
X (" ) — (U)o ™! (X(”>+7u)]+o(1).(1.28)

With (1.14) it follows

2

a—1
e
E (—) — (U)> '] — 0 for n— oc. (1.29)

n

Therefore the second summand in (1.28) converges to 0. With the Cauchy-
Schwarz inequality and (1.29) the third term in its absolute value is estimated
from above by

2 1/2

7 a—l ) 571/2
228 ([ (2] -z ) (x| B [(x - xY]

n o

271/2 2
— o(1)E {(ng) . X(”)) ] < o(1)E (ng - X<°'>> +o(1). (1.30)

The last inequality holds since both sides are o(1) if the expectation is less than
1. Therefore from (1.28) we derive with a,, := (3(X,,, X) and fixed ¢ € D

20—2
e 2
a, < 28E || 1,(Y. Ux) <7> +0o(1) (X(‘(’n)>—X(")> +0o(1)
n—1 i 200—2 ©) 9
= XSTE (1,0 1, (Vi) (£ 1 (X." —X(")> 1
> (WM} i) (5) ol >) Z +o(1)
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n—1

= QKZE

=0

-\ 2a—2
7
1{[5,"):1‘}10(}/’ UK) (ﬁ) + 0(1) a; + 0(1). (1.31)

By (1.14) and an explicit calculation (cf. (1.70), (1.71) for ¢t = 0 below) it follows

Lyn 200—2 52
E | 1,(Y,Uxk) (—) — E [1,(Y,Ux) Ur)2* 2] = 2—;; (1.32)

n

with &, given in (1.24). This implies

n—1 .
1
a, < QKZ E
=0

200—2
1{15;”):1.}10(}/, Uk) (ﬁ) +o(1)| sup a;+o(1)

1<i<n-—1
= 2ME [1,(Y,Ux)Ux)2* ] sup a;+o(1)
1<i<n—1
= (&€ +0(1) sup a;+o(1). (1.33)
1<i<n—1
Thus (a,)nen is bounded. Denote a := limsup,_,. a,. Now we can conclude

as in Rosler (1991). For a given € > 0 there exists a ng € N and £t < 1 with
a, <a+eand &+ o0(1) <& < 1 for all n > ng. Then from (1.31) it follows

no—1

.\ 2a—2
a, < QKZ E 1{I<n):i}1g(Y,L{K) (i) +o(1)] a
=0 L

n—1 200—2
+ 2SR (100, 1o Us) (5) +o()| (ate) +o1)

1=ng L _
< f(a+e)+o(1). (1.34)
Now n — oo yields a < £*(a + ¢), which implies a = 0. |

Convergence in ¢y implies convergence of the second moments. Thus a first
order asymptotic for the variance of C), follows.

Corollary 1.1.3 The variance of the limiting distribution for the normalized
number of nodes traversed during a partial match query with specification pattern
u € {S,*}X in a random K-d tree is given by

4w [ _(2a=1Bla,a) 3 (2(2a — 1))“ - 1] 2 (135)

s _ K—s __ 2
a’(a—1/2) 1 & a
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with

(1.36)

a(8a? —2a — 2 — a(a+1)B(a,a))
Na = i .

2(a+1)(2a—1)(2a+ 1)
In (1.85) UC {1,...,K} denotes the set of unspecified components of u and s,
the number of specified components less than | €U. « and v, are given by (1.16),

(1.17), B(-, -) denotes the Eulerian beta integral. The variance of the (unscaled)
cost C,, satisfies

Var(C,) ~ B,n** 2. (1.37)

Proof: The translation X := X + 7, of the fixed point X of T, is determined
as the unique solution in M., 5 of the distributional equation

X2 > L (Y U Uk)e X (1.38)

UEDK

where the independencies and distributions are as in (1.21) and X ~ X for
o€ Dg. It is

Var(X) = Var(X) = E X% — 52 (1.39)

and

EX? = E| > L(Y.U)L(Y.Ux) U)o U)o XX >]

_O',TEDK

= E ZlU(Y,UK)«/{[diai?XQ

+E 21 (Y, U)LY, Ui ) Ui )™ <uK>?‘15(<">5(<T>]. (1.40)
LoF#T

Since the summands with o = 7 are identically distributed and with a calculation
as in (1.32) the first summand in (1.40) is equal to

e 11/2)K5 EX?. (1.41)

The second summand is (cf. (1.11), (1.12))

2K2—K
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Z E{ H 1{Yj<Ua|(rj—1)} H 1{YjZUg\(rj—1)}

o, 7€DK 1<5<s 1<j5<s
oHET arj:() a,«jzl
H 1{Yj<Ur\(rj—1)} H 1{YjZUT\(rj—1)}
1<j<s 1<j<s
Tr . =0 Tr, =1
J J
a—1 a—1
II vsoty 11 = Usmn)
1<j<K 1<j<K
oj:() Uj:l
a—1 a—1
IT vagty I = Ungov) } (1.42)
1<j<K 1<j<K
7;=0 T,=1

= =

For 0,7 € D with ¢ # 7 denote by
lopr = max{1<j<K:o|(j—1)=7|(j—-1)}
= min{l <j < K:0;#7} (1.43)

the first component where the vectors o, 7 differ. If [, - is a specified component
then the expectation in (1.42) for these o, 7 is zero by disjoint indicator sets.
Further denote

spr=card{l <j<s:r; <l} (1.44)

the number of specified components less than l and U := {1,..., K}\{ry,...,rs}
the set of unspecified components. The distribution of the summand in (1.42)
depends only on [, . and the number of specified components greater than [, , in
which ¢ and 7 differ. For this number we write

hor = card{s, +1<j<s:0. #7,}. (1.45)
For given l € {1,...,K} and h € {0 ...,s — s;} there exist

2K (S ;LSl) 2K717(sfsl) (146)

pairs (o,7) € Dg x Dk with o # 7,l,, = [ and h,, = h. For these pairs the
summands in (1.42) are identically distributed. With Y, U,V independent and
uniformly distributed on [0, 1] these expectations are given by

E [1{Y<U}U2a—2}8z E [U2a—2}l_1_sl E [Ua—l(l . U)a—l]

} K—l—(s—s;)

% E [an—lva—l E |:1{Y<U}Ua_11{Y2V}(1 . V)a—l}h

a— a—115—s1—h
x B [1y<nlyanUttvert] o, (1.47)
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Explicit calculations yield
E [1y<nU* %] =1/(20), E [U*7?] =1/(2a - 1),
E [U*'(1-U)""] =B(w,a), E [U*'V*] =1/(a?),

_a—1+aB(a,a+2)
B a?(a+1)

E 1y<oyliyan UtV =2/((a+ 1)(2a + 1)). (1.48)

E [1{y<U}Ua_11{y2V}(1 — V)a_l}

)

Altogether for the second summand in (1.40) we derive

oK1 : 1 K—l—(s—s;) 1 I—1-s
(s — 1.4
ZQ B(a, ) (a2> (204—1) (1.49)
I€U
Xi 5 — 8§ a—1+aB(a,a+2) h 2 S_S’_h.
c~\ h ala+1) (a+1)2a+1)

Using the binomial formula, B(a, a+2) = (a+1)/(2(2a+ 1)) B(«, o) and some
simplifications this is

- 1 2(K—1)+s; 1 I—1-g
2°%77°B —
e () (@)

leu

<8a2 —2a—2—a(a+1)B(a, 0‘))88[ (1.50)

20a+1)2a—1)2a+1)

With (1.39)-(1.41) this leads to the stated variance (3,. By convergence of the
second moments of X,, we conclude

Var(C,) = Var(n®'X,) = Var(X,)n**? = (Var(X) + o(1))n**"?
~ B2, (1.51)
u

1.2 The locally balanced K-d-t tree

The K-d-t trees introduced in Cunto, Lau and Flajolet (1989) are intermediate
structures between the original K-d tree investigated in the previous section and
fully balanced K-d trees generated by a total reorganization of the tree (see
Bentley (1975)). Such fully balanced K-d trees achive an optimal exponent for
the expected cost of a partial match query:

E C, ~ const n'~/K (1.52)
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where again 1 < s < K —1 is the number of specified components of an arbitrary
specification pattern. For the classical K-d tree the asymptotic of Flajolet and
Puech (1986) for the average cost (cf. (1.16)) can be written in the form

ECn ~ /yunlfs/KJrG(s/K) (153>

with a strictly positive function 6(z) for 0 < < 1 with maximum value < 0.07.
The K-d-t trees have been introduced to improve this performance through a
local online reorganization method, which only adds a constant extra effort to
updating operations. A K-d-t tree is a K-d tree wherein each subtree of size
greater than 2t has at least ¢t nodes on each side. In particular, if a subtree has
2t + 1 nodes then the key with the median of the components which are used as
discriminator at this level is stored in its root. For ¢ = 0 the K-d-t tree coincides
with the K-d tree. For details of an implementation of such a structure we refer
to Cunto, Lau, and Flajolet (1989). As a main result Cunto et al. derive

ECY ~ yy nt =5/ K0/ K 1) (1.54)

where C denotes the cost of a partial match query (depending on the specifica-
tion pattern u) in a K-d-t tree with n nodes inserted. 7, is a positive constant
and 6(z,t) a positive function for z € (0,1),¢ € N with

O(z,t) -0 for t— oo. (1.55)

From this point of view the K-d-t trees improve the K-d tree up to the behavior
of a fully balanced K-d tree for ¢t — oco.

The analysis of a partial match query in random K-d trees given in the
previous section can be generalized to random K-d-t trees. Again inspect the
levels 0,..., K — 1 for a search followed by a recursive search in some of the
subtrees on level K, where the original specification pattern can be used. Assume
a fixed specification pattern u € {5, *} and suppress the dependency on u in the
notation. The nodes and subtrees are numbered as in (1.7). Analogously to (1.9)
let p,(f ) denote the probability that in a random K-d-t tree with n keys inserted
all subtrees on level K — 1 have more than 2t nodes. By the local reorganization
this means that all subtrees on level K have at least ¢ nodes. Then p,(f) — 1
for n — oo. In this case the discriminators on the levels 0,..., K — 1 occur as
the median of 2¢ + 1 independent uniformly on [0, 1] distributed r.v. Therefore
they are beta(t + 1,¢ + 1) distributed and independent for the same reason as in
the case t = 0 in the previous section. Thus denote by Uy = {U, : 0 € D)}
a family of independent, beta(t + 1,¢ + 1) distributed r.v. which serves as the
discriminators on the levels 0, ..., K — 1. Then the cardinalities of the subtrees
(I(S”’)Je py on level K| n keys being inserted in the tree, satisfy

P! = pOM(n — 25 + 1, (Ux)) + (1 — p)pn (1.56)

n
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with a probability measure i ). With the notation (1.12) it follows

I g
—— — (Ur) = (Uk)o)oeny- (1.57)
Denote the specified components in the query by Y = (Yi,...,Y;). Then

Yi,...,Y; are independent and uniformly distributed on [0,1]. The cost c¥
of a partial match query then satisfies using notation (1.11)

e 2% 1,(Y, Ui )C\7) + NI, (1.58)

O'EDK 7

Here Y, (Ug, I™), (Cft’a))ieN, o € Dk are independent, (C’i(t’a)) ~ (CY) for o €
Dy, 1™ is as in (1.56) and N is the number of nodes traversed during the
query on the levels 0,..., K — 1, in particular 0 < N < 2K The asymptotic
for the mean of CY) (cf. (1.54)) given in Cunto et al. (1989) is

ECY ~ y n! (1.59)

where y;,, > 0 and a; € (1,2) is determined by the indicial equation

(a0 + ")

Here x! denotes the upper factorial power, i.e. 2! :== z(x +1)-... - (x+t—1) for
r € R and t € N. Observe that we write ay — 1 for the exponent in (1.59) instead
of o as in Cunto et al. As an asymptotic of the variance Cunto et al. derived

Var(CT(f)) = CQ’tnzat_Z + CLtnC”_l(l +0(1)) (1.61)

K—s

((at bt 1)m>s - <(t + 2)”1)[(. (1.60)

with Cy; > 0 and Cy; — 0 for ¢ — oco. The normalized cost (assume a fixed t)

) E (®)
X, = Ca O (1.62)

nat—l

satisfies the distributional recursive equation

at—l
Y )
XoZ D 16(Y.lx) ( ) (X( )+ %,u) —%u+o(l).  (1.63)

n "
oc€Dg

with (in-)dependencies and distributions as in (1.58). By the convergence of
I™ /n in (1.57) we are led to the limiting operator

Ty : MY (R', B') — MY (R, B)
Tu(u) 2 Z 10(}/7 UK)<UK>§t_1 (Z(U) + '7t,u) - lyt,u- (164)
ceDk

Here Y1, ...,Y,,U,(0c € DY), Z°) (5 € Dg) are independent, Y; uniformly dis-
tributed on [0, 1], U, ~ beta(t + 1, + 1) and Z@) ~ .
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Lemma 1.2.1 T}, : Mys — My2 is a contraction w.r.t. {y:

gQ(E,U(M)aﬂ,U(V» < gt,u 62(/1’7 V) fOT all JURZAS M0,27 (165>

1/2

((t + Q)M)K

St = —— ——— <1 (1.66)
(200 +6)51)" (204 + ¢ — 1)H7)

Proof: First we proof that T, : Mys — Mpq is well defined. Obviously Var
T(p) < co. The summands in (1.64) are identically distributed. This implies

ET () = 28K [1,(Y,U)U)e ™ Yew = Y- (1.67)
It is
E [1,(Y.U)U)2Y] = E Lpicog U E [0 (1.68)

Explicit calculations yield

Bla;+t+1,t+1)
B(t+1,t+1)

E [1{Y1<U0}U(Z?t_1]

_ ((at 4 1)m) Ty,

Blay +t,t+1)
B(t+1,t+1)

E [U2] = = (™) T (169)

Therefore

2K E [1,(Y, Uk ) U )2

g

= 2" <(t + 1)“1>K ((at +t+ 1)tT1) B ((at n t)tfl) (K=
— (e 2) " (@t e+ ) (G + o)
= (1.70)

where the indicial equation (1.60) has been used. This implies E T ,(x) = 0, so
Tha 2 Moo — Mpo is well defined.

In order to prove contractivity let u,v € My, and let (W), Z) YV Uy
be independent, (W), Z()) be optimal f5-couplings of (i,v), i.e. W) ~ p,
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7@ ~ v and G(u,v) = E(WO@ — Z)2 for 0 € D, Y and Uy as in (1.64).
Then using the independence properties and EW() = E Z(?) = 0 we conclude

O (T(p), T (v))

- E Z oY, Ui ) U2 2 (W) — Z(0))2

c€Dk

— 2KE [y, cpg U2 2" E (U227 B, v)

e )TN )T o y
=2 ((2at+t)t+1> ((2at—|—t—1)t+1> bl v)

_\K
((t+2)7) 2
= —— ——— L(p, V). (1.71)
(200 + £)7F1)" (20, +t — 1)FT) < 7
This yields assertion (1.65). oy > 1 implies 2c; +t > oy +t+ 1 and 20y +t —1 >
a; + t. Together with the indicial equation (1.60) we deduce

e = <(t " Q)M)K <(2O‘t - WTl) B ((2&,5 +t- 1)tT1> —(K=s)
< ((t+2)t+1)K <(at+t+1)m>75 (( t+t)t+1> )
o (1.72)

By Banach’s fixed point theorem there exists a unique fixed point X of Tj,.
Similarly to the proof of Theorem 1.1.2 convergence of (X, )nen to X in the
f5-metric can be established.

Theorem 1.2.2 (Limit Theorem for Partial Match Query in random K-d-t
trees) The normalized number of nodes X,, traversed during a partial match query
with specification pattern u € {S,x}X in a random K-d-t tree converges w.r.t. ly
to the unique fized point X in Myo of the limiting operator T, i.e.

lo(X,, X) — 0. (1.73)
In particular this implies that the constants Cs; in (1.61) are strictly positive:

Corollary 1.2.3 The variance of the cost o of a partial match query with
specification pattern u € {S,*}X in a random K-d-t tree satisfies

Var(CV) ~ Byun (1.74)

with a constant (3, > 0.
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Proof: The constant 3, is derived to be the variance of the fixed point X of
the operator T3, similarly to (1.51). X is nondegenerated, thus 3;, > 0. [ |

In principle it is possible (but very tiresome) to calculate f;, in terms of v, «
and t following the proof of Corollary 1.1.3.

1.3 The random relaxed K-d tree

Updating operations in classical K-d trees are very laborious. Especially deleting
near to the root causes tedious reorganization operations in the whole tree. Fur-
thermore the distribution of the random tree may be changed executing updating
operations. This means that the analysis of certain parameters of the original
tree built up by the data does not hold true after an alternation of deletions and
new insertions. To overcome these problems Duch, Estivill-Castro, and Martinez
(1998) recently introduced the random relaxed K-d tree. As for the classical K-d
tree at each node a certain attribute of the keys is used as the discriminator for
the insertion process and queries. Instead of rotating cyclically the components
as for the K-d tree for the relaxed K-d tree (r-K-d tree) a relaxation is intro-
duced. At each node additionally to the key a discriminant j € {1,..., K} is
stored. This discriminant indicates which component of the keys is drawn for
the splitting process at this node. In the random r-K-d tree these discriminants
are taken uniformly at random in {1, ..., K'} and independent at each node. For
details and (randomized) procedures for building up and updating the random
r-K-d tree without changing its distribution see Duch et al. (1998).

The performance of some associated queries in random r-/-d trees has al-
ready been investigated in Duch et al. (1998) and Martinez, Panholzer and
Prodinger (1998). A partial match query does not depend on the particular
specification pattern. It only depends on s/K where 1 < s < K — 1 is the
number of components specified in the query. Let o := s/K. For the cost C,, of
a partial match query in a random r-K-d tree with n nodes inserted Duch et al.
(1998) and Martinez et al. (1998) derive

EC, = B +O(1) (1.75)
where
11
=+ -\/9— 1.
a=5+5v9-80 (1.76)

is a solution of the indicial equation

o’ —a—2(1—-9p)=0 (1.77)
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and
~ I'2a—1)
=T gars(a) (178)
Furthermore
Var(C,,) ~ vn?*2 (1.79)

and v has an elaborated representation in terms of « (see Theorem 3 in Martinez
et al. (1998)). In order to deduce a distributional recursive equation for the cost
C,, observe that the random discriminant J at the root of the tree indicates a
specified component of the query with probability s/K. In this case the subse-
quent search considers only one of the subtrees depending on the key comparison
at the root. Otherwise the query has to follow both subtrees. Denote by U the
Jth component of the key stored in the root and by Y the Jth component of the
query if this component is specified. Y, U are independent and uniformly distrib-
uted on [0,1]. The subtrees of the random r-K-d tree are given their cardinality
again random r-K-d trees. Denote by B a Bernoulli r.v. with success probability
s/K, B ~ B(1,s/K). Then the following recursion is valid:

|iS]

(1) (2) (1) (2)
C,=B (1{Y<U}CI£") + 1{Y>U}Clé”>) + (1 - B) (len) + Clén)) + 1. (180)

Here B,Y, (U, 1), (C 1)), (C’i@)) are independent, (C'i(l)), (C’Z-(Q)) ~ (C;) and the

(
cardinalities 1™ = (I, I{™) of the subtrees of the root satisfy

PrIU=E = M(n—1,u, (1 — u)). (1.81)

For the normalized cost

¢, - EC,

na—l

X, : (1.82)

it follows

(n)\ “t )\ 7}
D I I
X, = B (1{y<U} (#) <X§{1,)Z) + 5) + 1y>my (27) <X§?L) + ﬁ)))
N\ 1\ e
+ (I_B)< o <X1£n)+ﬂ)+ o (Xlém"'ﬁ))

— B+ o(1). (1.83)
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The (in-)dependencies and distributions are analogously to (1.80). The o(1)
depends on randomness but the convergence is uniformly. By (1.81) for the
scaled subtree sizes I /n a weak law of large numbers holds:

7™
L (U1-U). (1.84)

n

Therefore the limiting operator is given by

T:M'RY,BY) - MY (R, BY)
T(M) 2 B(]-{Y<U}U'O[1 (Z(l) + ﬁ) -+ 1{YZU}(1 — U)afl (Z(Z) + 5)) >

+(1-B) (U“‘l (ZW+8)+ (1 —-U) (2% +p) )

— 8. (1.85)

Here B,Y,U, ZW, Z? are independent, B ~ B(1,s/K),Y,U are uniformly dis-
tributed on [0,1] and ZM, Z®) ~ 4.

Lemma 1.3.1 T': Mys — Mo is a contraction w.r.t. {y:

T (), T(W) < € b, v) for all v € My, (1.86)
(, 1—o+V9—8p\"
§_<29—80+M) <L (1.87)
Proof: T : Mys — My is well defined: Var(T'(p1)) < oo is obvious. It is
ET(n) = 02E[1y U6+ (1—02E[U]5 -1
[ 20 | 2(1-0)
B [a +1 - a ]6 —h
200 +2(1— o)(a+1)
B a? + o =0
. 2a+ 2(1—p) B
= et g (1.88)

For the last equality the indicial equation (1.77) has been used. Therefore,
T : Mys — My is well defined. To prove contractivity let p,v € My, and let
(WO, ZzWO) (W@ Z®2) Y, U be independent, Y, U uniformly distributed on
[0,1]. Let (W®, Z®) be optimal £5-couplings of (u,v), i.e. WO ~ p, 20 ~ v,
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and 2(p,v) = E(W® — Z0)2 for i = 1,2. Then using the independence prop-
erties and EW® = EZ0) =0

G(T (), T(v))

< E (B (1{Y<U}Ua_1(W(1) — ZW) + 1yoiy (1 = U)W — Z(Q)))
2
+(1 - B) (UH(W“) —ZW)+ 1 -U) Tt (w® — Z<2>)))
= E {31{Y<U}U2M(W<1) — ZWY? 4 Blyspy(1 = U)* (W@ — Z()2

+ (1 o B)UQa—2<W(1) o Z(l))Q + (1 _ B)(l o U)Qa—Q(W(Q) o Z(2))2:|

= 2(E[BlyayU* )+ E[(1 - B)U* %)) B(.v). (1.89)
It is

1 —
E[Bly U % = %7 E[(1 - B)U*™? = 20(__@1‘ (1.90)

This implies

a 20a-—1

A(T(w), T()) < (3 p1-e ) ) (1.91)

The representation (1.76) of « leads to the stated prefactor £ in (1.87). An
explicit calculation shows ¢ < 1. |

By Banach’s fixed point theorem 7" has a unique fixed point g in Myo. The
representation of the limiting operator can be simplified. We have

T(u) 2 BUT (2 + ) (1.92)

+ (1= B) (U (204 8) + (1= U)* (22 + ) ) - B.
with B, U, Z, Z?) being independent, B ~ B(1,s/K), U uniformly distributed
n [0,1] and ZM, Z® ~ u. The proof follows from an elementary calculation
observing that the sets of the indicator functions in (1.85) are disjoint and /U

has the density 2z for 0 <z < 1. By an additional translation it follows that X
is a fixed point of T in M if and only if X := X 4 [ is a fixed point of

T(u) 2 BU* 20 4+ (1 - B) (Ua—lz“) +(1- U)a—lz@)) (1.93)
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in Mﬂ’g.

The convergence in ¢, of X,, can be established following the scheme of the
proof of Theorem 1.1.2. The corresponding quantities can easily be identified
(cf. section 3 in Rosler (1999)).

Theorem 1.3.2 (Limit Theorem for Partial Match Query in random relaxed
K-d trees) The normalized number X,, of nodes traversed during a partial match
query in a random r-K-d tree with 1 < s < K —1 components specified converges
w.r.t. o to the unique fived point X in Myo of the limiting operator T', i.e.

0o(X,, X) — 0. (1.94)

The translated limiting distribution X=X+ B s the unique solution in Mgz
of the limiting equation

z2 BUs 70 4+ (1- B) <U°“1Z(1) r(1- U)“‘lZ(2)> (1.95)
with B,U,ZW, Z?) independent, B ~ B(1,s/K), U uniformly distributed on
0,1], and ZMW, Z® ~ Z.

Since the parameters o and (3 have explicit representations in terms of s/K
it is possible to sample the limit distributions approximately for special values
of s/K iterating the limiting equation.

0.5

0.4

s/K=0.25

0.3

0.2

0.1

0.0
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The approximations of the densities of the limiting equations for the parame-
ters o = s/K = 0.1,0.25,0.5,0.75,0.9 were produced by iterating 10 times the
translated limiting operator T starting with dg, the Dirac measure in 5. 10 000
samples of T 19(55) were produced and a standard smoothing-routine of S-Plus

on the histogram of the data was applied. The densities have been scaled to have
variance 1, i.e. the plotted densities correspond to the limits of C,,/+/Var(C,,).

1.4 The multidimensional Quadtree

Consider a partial match query for a d-dimensional random quadtree with 1 <
s < d — 1 components specified. By symmetry we can assume w.l.g. these are
the first s coordinates. Then after a comparison of the search pattern with an
internal node of the quadtree we have to inspect 297% subtrees at this node for
the subsequent search. A node u € [0,1]¢ partitions the quadrant it belongs to
into 2¢ subquadrants. Let the number of a subquadrant be given by

d
Z 2 sy, u = (w;), s = (s) (1.96)
i=1

if s is a point in this subquadrant. A key p is inserted in the kth subtree if it
belongs to the kth subquadrant. For the binary representation of 0 < k < 2% —1

k=Y a2 a;=ak) € {0,1} (1.97)

let
E(k) :={ie{l... d}|a(k) =1}, (1.98)
N(k):={ie{1...,d}]a;k) =0} (1.99)

Then equivalently, p is inserted in the kth subtree of a node w if p; > w; for all
i € E(k) and p; < w; for all i € N (k).

For the root u € [0,1]% of the tree the volumina of the generated quadrants are
given by

o= ] w J] @ —w). (1.100)
ieN(k) icE(k)

(u) == ((u)o,...,(u)sa_) denotes the vector of the generated volumes. The
vector I of the cardinalities of the subtrees of a random d-dimensional quadtree
with n nodes is conditionally given the root U multinomial distributed:

PrIU=E = M(n — 1, (u), (1.101)
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where U, the first key to be inserted, is uniformly distributed on [0, 1]¢. The weak
law of large numbers for 1™ /n follows:

(n)

% o U) = (U U y). (1.102)
We denote the s specified components of the search pattern by Y = (Y3,...,Y5).
The Y; are independent, uniformly distributed on [0, 1] and independent of the
random quadtree. In order to give a concise form of the recursive distributional
equation for the number C), of nodes traversed during a partial match query in
a random d-dimensional quadtree with n nodes and 1 < s < d — 1 components
specified we define for ji,...,j, € {0,1}

1., js<UvY) = H livi<un H lyvi>vy- (1.103)

1<i<s 1<i<s
7;=0 ji=1

Then the cost ), satisfies

> :
G2 1, Y)Y O+ (1.104)
J1serfs=0,1 Fst1senja=0,1 7
Here (j1,...,jq) is the binary representation of j, i.e.

d
j=> 2" (1.105)
=1

In (1.104) Y = (Y4,...,Y,),U = (Uy,...,Uy), (C’Z-(O)), ce (C’fd_l) are indepen-
dent, Y and U are uniformly distributed on [0,1]* and [0,1]¢ respectively,
CZ-(k) 2 ¢, and I™ is conditionally given U = u multinomial M (n — 1, (u))
distributed.

For d-dimensional quadtrees a first order asymptotic is known only for the
mean of C,. In Flajolet, Gonnet, Puech, and Robson (1993) the asymptotic

expansion
EC, ~ ysqn® " (1.106)

is proved. Here vy, 4 is a positive constant which in principle can be approximated
numerically and « € (1,2) is the unique solution of the indicial equation

a5 a +1)F =24, (1.107)

An asymptotic for the variance of C,, has not been known so far. We will prove
later that

Var(C,) ~ Bsqn** 2, (1.108)
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where 3, 4 has an explicit representation in terms of av and ;4.
The normalized number of traversed nodes

C,—EC,

with « given by (1.107) satisfies the modified recursion

D
XTL = Z ]‘]1 77777 js(U7 Y)

a—1
7 )
x>y (%) (X)) + Ys) = Yaa +0(1). (1.110)

We define
Ujl ,,,,, Ja T H Ui (1 - Uz) (1.111)
1<i<d 1<i<d
J;=0 Ji=1

for ji,...,j4a € {0,1}. By the convergence of the coefficients in (1.102) it seems
reasonable that a distributional limit X of (X,,) is a solution of the limiting
equation

D . ;
X = Z Ly g (UYUSTE (XY 4 900) = Yoae (1.112)

Therefore, we define the limiting operator

T: MR, B') - MY (R', BY)

T() = Y Lyea VOUR (29 4 700) =700 (L113)

1111

where Y, U, Z© ..., Z2"=D are independent, Y and U are uniformly distributed
on [0,1]* and [0, 1]¢ respectively, ZU) 2 iforj=0,...,2"—1.

Lemma 1.4.1 The limiting operator T' : My o — My o is a contraction w.r.t. lo:

(T (), T(v)) <& Lla(p,v) forall p,ve Mo, (1.114)

_ 1
Vas(a —1/2)ds

3 < 1. (1.115)
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Proof: Obviously Var(T'(u)) < oco. Since the summands in (1.113) are identi-
cally distributed we derive

ET(N) = 2d E Vs, d — Vs,d

s d
1oy [JU
=1 =1

= 2dE [1{y1<U1}U1a_1]8 E [Ula_l}d_s Vs, d — Vs,d

= Zd(a + 1)_804_(d_5)’75,d — Vs,d

= 297y —7a =0, (1.116)

where the indicial equation (1.107) has been used. So T': Mys — My is well
defined.

To prove contractivity let p,v € Myo and let (W® | Z®) Y be independent,
Y, U uniformly distributed on [0,1]* and [0, 1] respectively. Let (W®) Z(*)
be optimal fy—couplings of (u,v), i.e. W® ~ p Z® ~ v and (p,v) =
EW® — Z®E)2 for k = 0,...,2¢ — 1. Then using the independence properties
and EW® = E Z®) = 0 we conclude

G(T (), T(v))

< E| Y 1,00 Y URE (29w

-----

s d
~ 28 |[[rpeui? [T 07| 80s0)
i=1 i=s5+1
— 29(20) (20 — 1), )
1

= s 1/2)d_sgg<u, v). (1.117)

This implies assertion (1.114). Since a € (1,2) we have 2a > a+1 and 2a—1 > «
which together with (1.107) yields

. 1/2
£ = (as(a — 1/2>d78)_ / - ((2@)5(2(21 - 1)d_8)

2d

—_— =1. 1.118
(o + 1)3ad—s ( )
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The representation of the limiting operator 7' can be simplified. Denote

Ujora =] U [ 0—00). (1.119)

s+1<i<d s+1<i<d
7;=0 ji=1

for jsi1,...,74 € {0,1}. Then

-----

uted on [0, 1]? and X Us+1:Ja) 2 w for all joiq,...,7¢ = 0,1. The proof follows
from an elementary calculation observing that some sets of the indicator functions
in (1.112) resp. (1.103) are disjoint and v/U has the density 2 for 0 < z < 1.
With an additional translation this can be written more concisely. X is a fixed
point of T"in My 5 if and only if X := X + 7,4 is a fixed point of the operator 7'
on M, , given by

-----

T(p) ::HUﬂ Z Ui XUt (1.121)

Theorem 1.4.2 (Limit Theorem for Partial Match Query in Quadtrees) The
normalized number X, of nodes traversed during a partial match query in a
random d-dimensional quadtree with 1 < s < d—1 components specified converges

w.r.t. Ly to the unique fized point X in Myo of the limiting operator T given in
(1.113), i.e.

03( X, X) = 0. (1.122)

The translated limiting distribution X =X+ Vs, @S the unique fized point in
M, ,2 of the operator

~ D s (XT—I —a—1 ~ . L
T(u) =[] Yoo T, XU (1.123)
=1

,,,,,
Js+15e-,Ja=0,1

given in (1.121).
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Proof: Using (1.102), (1.110), and (1.114) the proof of Theorem 1.1.2 can be

adapted to this situation. With a,, := £3(X,, X) analogously to (1.27)—(1.31) the
recursion

n—1
a, < 2¢ Z E
=0

can be derived. Then as in (1.33)

a;i+o(1)  (1.124)

11 1{Y¢<UZ-}1{I§H)ZJ}(j/n)Qa_z +o(1)
i—1

d

a, < 29| E 1oy oy U2 U2 4+ o(1 sup a; +o(1
5 ( ) ST | K ) It
= (& +40(1)) sup a;+o(1) (1.125)

1<i<n—1

with £ given in (1.115). This implies that (a,)nen is bounded. The convergence
then follows as in (1.34). |

Convergence in the /5-metric implies convergence of the second moments. There-
fore a first order asymptotic of the variance of the number of traversed nodes
(), can be derived in dimension d with 1 < s < d — 1 components in the search
pattern specified. We use the simplified form of the fixed point equation (1.121).

Corollary 1.4.3 (Variance of Partial Match Query in Quadtrees) The variance
of the limiting distribution for the normalized number of traversed nodes during
a partial match query in a random d-dimensional quadtree with 1 < s < d — 1
components specified is given by

((2a — 1)B(a,a) + 1)47% — 1

= 1| 1.126
Bs.a oo —1/28 —1 Vs,d ( )

The variance of the number of traversed nodes C,, satisfies
Var(C,) ~ By qn* 2. (1.127)

The constants a and 754 are given by (1.106)-(1.107) and B(-, -) denotes the
Eulerian beta integral.

Proof: Observe that
Var(X) = Var(X) = EX? — 2, (1.128)
where X is the fixed point of the operator in (1.121). From (1.121) we obtain

S
=~ _ —a—1 —a—1 S VS
EX2 = E | | U 1 § U 'Uks+1 kdX(]s+1 ,,,,, ja) X (Fst1,-ka)
=1 Js+41s3g=0,1
kz+1 ,,,,, kg=0,1
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Vi ji=k;
—a—1 a—1 i
+ Y BT D] (BXP] (1.129)
3t jiths
The expectations of the occurring Us can be calculated explicitly:
—2a—2 o —(d—s
EU; 5, =Qa—1)" (1.130)
and for (jsi1,-.-,7a), (kst1,-..,kq) and
h:=card{s+1<i<d:j #ki},
—a-—1 —a-—1 a—2\d—s—h a—1\h
E |05l = (BUR T (B - 0))
= (2a— 1) (B(a,a))". (1.131)

With (1.131) in (1.129) we derive

EX? = a—S{Qd—S(za—1)—<d—S>E)~<2

+ hz_:l s (d h S) (20 = 1) (B(ay a))hﬁd]' R

Using the binomial formula it follows

d—s
EX2|(1—a® 2
200 — 1

(B(a,a) + 2a1— 1)d_8 — <2a1_ 1>d_1 V2g (1133

A simplification leads to

—_ Oéfs2dfs

(2a —1)B(a,a) + 1) =1 ,

EX?= o 1o T (1.134)
Together with (1.128) this implies the first assertion.
By convergence of the second moments of X,, we finally conclude
Var(C,) = Var(n®'X,)= Var(X,)n** %= (Var(X) + o(1))n**"?
~ Bean® 2. (1.135)
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The standard quadtree in dimension d = 2:

For the 2-dimensional quadtree the constants ;2 and « in (1.106) are explicitly
known: Flajolet, Gonnet, Puech, and Robson (1993) derive

EC, ~yn** (1.136)
with
V1T -1 ['(2c)
« 3 and v () (1.137)

Therefore we can state our results in dimension 2 more explicitly. The contraction
factor ¢ in (1.115) is given by

2
f=—2 = 0.776... (1.138)

V19 — 3V17

The simplified limiting operator reads

T(p) 2U T {Vo(ZW 4 )+ (1= V) (ZP 1 9)) =y (1.139)

with U, V, Z1), Z(2) being independent, U,V uniformly distributed on [0, 1], and
7M. 7@ 2, By the additional translation it follows that X is the weak limit
of the normalized cost X,, of a partial match query in a random 2-dimensional
quadtree if and only if X := X + ~ is the fixed point of

T(p) - 2U s (ve'ZW + (1 - V)1 Z?) (1.140)

in M., 5.
V7,2
Since the constants a,v have explicit representations we can simulate an
approximation of the limiting distribution iterating the limiting operator 7.

estimated density of the translated limiting distribution

0.2 0.3 0.4 0.5 0.6

0.1

0.0
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The plot was produced by iterating the translated limiting operator T 10 times
starting with ., the Dirac measure in y. We produced 15 000 samples of T%°(4.,)
and applied a standard smoothing-routine of S-Plus on the histogram of the data.

1.5 Moments, tail, and large deviation

The techniques developed by Rosler (1991, 1992) to obtain results on the exis-
tence and convergence of Laplace transforms for the scaled running time of the
quicksort algorithm can be applied to the recursions of the partial match query
type studied in the previous sections.

Theorem 1.5.1 (Laplace transforms) The limit X of the normalized number
of nodes traversed during a partial match query in a random K-d tree, random
K-d-t tree or random relaxed K-d tree with 1 < s < K — 1 components specified
or in a random quadtree with 1 < s < d — 1 components specified has a finite
Laplace transform in some neighborhood of 0,

E exp(AX) < oo forall Xe& (=X, o). (1.141)
Assume
s _In(4/3)
0<—=< = 0.563... the K-d t 1.142
<% =S In(5/3) for the ree, ( )
In (&x2t)T
0< = < (3+2t)7 for the K-d-t tree, (1.143)
K In (M>t+l
3+2t
0< % < 0.625 for the random relaxed K-d tree, (1.144)
In(4/3
0< 2 < 1EE5;3; =0.563... for the quadtree. (1.145)

Then existence and convergence of the Laplace transform hold on the whole real
line:

E exp(AX,) — E exp(AX) forall XeR. (1.146)

Proof: The proof is given here for the quadtree. The other cases can be
deduced analogously. Observe that the recursions for X,, and X given in (1.110)
and (1.112) can be written in the form

a—1
7™ .
D n
X, = > 1, 0Y) (J?) X9+ Co(U, Y, 1M) (1.147)
J15da=0,1 !
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and

X2 Y 1, 0yt X9+ eU,Y) (1.148)
J15--,Ja=0,1
with
I(n) a—1
Co(UY, Iy = " 1; ;. (UY) J—) Yad = Yo +0(1) (1.149)
J1yJa=0,1

and

C(U7Y): Z ]'jl ----- js(U7Y)UjC1:.1.7jd75,d_75,51' (1150)
J1sJa=0,1

The distributions and (in-)dependencies are as in (1.110) and (1.112). The re-
cursion (1.148) satsfies the conditions of Theorem 6 in Résler (1992) with

a—1
e
et son(2) o

n

This implies the existence of a neighborhood (—Ag, A\g) where X has finite Laplace
transform.
For the second assertion note that

EC,(UY,I™)=0 forall neN (1.152)

since the X,, and X;{,)l) in (1.147) are centered. Define
i

(n) 2a0—2
I
Vo= Y 1;,,(U0Y) <J—> —1. (1.153)

J1y,3a=0,1

It is 275" 1™ = n— 1. The condition (1.145) and the indicial equation (1.107)

J]=

imply o > 3/2. Thus
V,<0 forall neN. (1.154)

The convergence of the coefficients in (1.102) implies

EV, —E > 1, U2 —1=£-1<0 (1.155)

7777 1yeens]

with £ given in (1.115). This yields
sup EV,, < 0. (1.156)

neN



1.5. MOMENTS, TAIL, AND LARGE DEVIATION 33
From the representation (1.149) of C,,(U,Y, I™) it is obvious that

sup || || < 0. (1.157)
neN

The properties (1.152), (1.154), (1.156) and (1.157) are sufficient to obtain
E exp(AX,) — E exp(AX), A €R. (1.158)
as in Lemma 4.1 and Theorem 4.2 in Résler (1991). |

In particular Theorem 1.5.1 implies exponential tails and the existence of all
moments of the limiting distributions. Under condition (1.145) (resp. (1.142),
(1.143), (1.144)) additionally convergence of all moments follows and an estimate
for large deviations of the (unscaled) cost C,, can be established: For all A > 0

there exists a ¢y > 0 so that for any sequence (a,) of positive, real numbers
holds:

P(C, > an) < cxexp (—)\ an ) . (1.159)

na—l

The existence of densities of the limiting distributions with respect to the
Lebesgue measure can be deduced following the scheme of Theorem 2.1 in Tan
and Hadjicostas (1995) for the limiting distribution of the running time of the
Quicksort algorithm. The translated limit distributions (given by the operators
(1.38), (1.95), (1.121) and analoguosly for the K-d-t tree) are supported by
[0,00). The densities are positive almost everywhere on [0, c0) (cf. Theorem 2.4
in Tan and Hadjicostas (1995)).






Chapter 2

Internal path length

Trees are fundamental data structures for the purpose of sorting and searching
in a file. There are several characteristics for measuring the performance of a
certain tree. The depth of a node in a tree is the number of nodes from the root
down to this node. It indicates the effort to insert this node into the tree. The
height of a tree is the maximal depth of its nodes, which measures the worst case
performance for inserting a node into the tree. The internal path length is the
sum of all depths of the internal nodes in the tree. The internal path length,
therefore, is a indicator for the total cost for building up the tree from the data.

In this chapter the internal path length of several trees, which are based
on key comparisons is under consideration. The data are taken independently
and identically distributed from some distribution to build up the tree. We are
interested in limit laws for the normalized internal path length.

Some common trees are the random binary search tree, the random m-ary
search tree, the random quadtree and the random median-of-(2k + 1) tree. In
order to derive a uniform limit theorem for the internal path length of a more
general type of tree which includes in particular these trees we consider the
random split tree model introduced in Devroye (1998). The random split tree is
a general model of a tree which contains all the trees mentioned above as well as
many other variants of trees. A related model of a general class of random trees
is discussed in Aldous (1996).

In the first section of this chapter the notion of the random split tree is
recalled. Then the limit law for a large class of split trees is given. In the final
section this limit theorem is specialized to the random quadtree and the random
m-ary search tree, for which the limit law of the internal path length has been
unknown so far.

35
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2.1 The random split tree

We briefly recall how the split tree works: Given are a fixed branch factor b, the
vertex capacity s and for the definition of the distribution process two additional
integers sg and s; with

0<s, 0<sp<s, 0<bs;<s+1-—sg. (2.1)

Furthermore a random splitting vector V = (V4,...,V;) of (random) probabili-
ties, > Vi = 1,Vi > 0, is given. Now, the corresponding random split tree is
constructed in the following way. At each node of an empty skeleton tree with
branch factor b (this is an infinite rooted tree with b subtrees at each node) an
independent copy of V is attached. Each node holds at most s items. Initially,
there are no items in the tree. Items are added to the tree rooted at u as follows.
Let (V4,...,V,) be the splitting vector at node u. If u is not a leaf choose subtree
i at random according to the probabilities (V4,...,V;) and add this item to the
ith subtree. If u is a leaf with less than s (vertex capacity) items, only add this
additional item to the leaf. If u is a leaf already holding s items we have to
distribute the s + 1 items: Place sy randomly selected items at u, then send s;
randomly selected items to each of the subtrees. The remaining s + 1 — sg — bs;
items are sent down to the subtrees independently at random according to the
splitting probabilities (V1,...,V;). This process may have to be repeated several
times if sq = 0.

The random binary search tree built up from independent, uniformly on [0, 1]
distributed data for example corresponds to the random split tree with vertex
capacity s = 1, branch factor b = 2 and splitting vector V = (U, 1 —U), where U
is uniformly distributed on [0, 1]. Further so = 1 and s; = 0. The parameters for
fitting the other common trees into the model of a random split tree are given
in Devroye (1998).

Devroye gives a universal law of large numbers and a universal limit law for
the depth D,, of the nth inserted item as well as a general law of large numbers
for the height H,, of the split tree with n items. Without loss of generality it can
be assumed that the splitting vector V = (V4,...,V;) has identically distributed
components (see Devroye (1998)). Then ar.v. V with V' ~ V] is called a splitter.
The asymptotic behavior of the depth D,, only depends on

p:=>0E[VIn(1/V)] and (2.2)
o2 = bE[VIn* V] — 12 (2.3)

The asymptotic of the height is related additionally to the moments of the split-
ter. Observe that for the analysis of the depth and the law of large numbers of
the height there is no knowledge of the joint distribution of the splitting vector
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V = (Vi,...,V,) needed. Only the marginal distribution of the splitter is used
for these asymptotics. We will see, that the limit law for the internal path length
depends on the joint distribution of (Vi,...,V}).

2.2 Internal path length in split trees

For the distributional analysis of the internal path length in a random split tree
the method introduced by Résler (1991) for the analysis of the running time of
the quicksort algorithm is extended. As it is well known the running time of
quicksort is distributed as the internal path length of the random binary search
tree. It seems difficult to extend the martingal method, which was used in
Régnier (1989) for the analysis of quicksort.

In the following we assume that there are no empty internal nodes in the split
tree, i.e. so > 1. Furthermore assume that the splitting vector V = (Vi,...,V})
has identically distributed components which are continuous with respect to the
Lebesgue measure. Now the splitting vector at the root of the tree is denoted by
V = (Vi,...,Vs). Denote by I™ the vector of the cardinalities of the subtrees of
the root of the random split tree with n keys inserted. For n > s+ 1 according
to the distribution process of the items we have

P V=) — (05, ® ... ®0s,) * M(n — sg — bsy,v1,...,0). (2.4)
This means that given V the cardinalities are distributed as the fixed vector
(s1,...,81) plus a multinomial r.v. with the indicated parameters. In particular
this implies a weak law of large numbers for 1(™:
7
TLV:(VMWVL)' (2.5)

Let Y,, denote the internal path length of the random split tree with n items
inserted, i.e. Y, is the sum of the depths of the items in the tree. The depth of
the root is defined to be one; Yy := 0. Since the subtrees of the random split
tree are given their cardinalities again distributed as random split trees with the
same parameters and independent of each other the following recursion for the
internal path length holds in distribution

b
D (k)

Here (Y;*)) are independent copies of (V;) and {(Y;(k)) ck=1,...,b},I™ are
independent. For the scaling we assume that the mean of Y,, admits an expansion
of the form

EY, = p 'nlnn + dn + o(n) (2.7)
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with ¢ > 0 given in (2.2) and d € R. In the next section examples of trees of this
type and a general approach to a derivation of such an expansion are discussed.
It is proved later that for these split trees the variance of Y,, is asymptotically of
the form ~ vn?. Therefore the right normalization of Y,, is given by

Y, — EY,
X, =" (2.8)

n

A straightforward calculation using (2.6) leads to the modified recursion
+ C,(IM) (2.9)

where (Xi(k)) are independent copies of X;, further {(Xi(k)), kE=1,...,b} 1M
are independent and

Co(i) =14 = (}:Exk ) (2.10)

for i = (iy,...,4) with > iy = n — so. In order to obtain a limiting form of the
recursion (2.9) we introduce the simplex

zg::{xe 0,1)° }:xk_1} (2.11)

and the entropy functional

b
C:T,— R, Clx):= 1+M_1Zxklnxk (2.12)

k=1
where zIn z is defined to be 0 for x = 0. Let
b

Gn:{@M”JgeN%EZMZn—%} (2.13)

k=1

denote the domain of C,,, then as in Résler (1991) C' approximates C,, in the
following sense:

Lemma 2.2.1 Let (2) be a sequence, 2™ € G, such that 2™ /n — z € (0,1]°,

then
JE;CA%M):(X@. (2.14)
Furthermore
sup [|Cploc < 00. (2.15)

neN
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Proof: Let (2() be a sequence, (2™) € G,, such that 2 /n — 2 € (0, 1]°.
Using the expansion (2.7) of the expectation of Y,

EY,=pu 'nlnn+dn+ R, with R,/n=o0(1),
we obtain

b
1

n
k=1

b
_ 1 1)y (m) (0 ) .
= H_ﬁ(Z (/,L 2, Inz '+ dzy +RZ£") pw nlnn—dn —R, |

k=1

Since S0, z,(cn) =n — sy by definition of G,,,

)N~ ey A
;,u 2z Inz” —pnlnn = ; W zk In 2k T H s Inn. (2.17)
With (2.16) and (2.17) we derive
Co(z™) = 1+ 1 ( zb: <,u_1zl(€n) In ﬁ + Rz(n>) (2.18)
n\ & n K

— ;flso Inn — sod — Rn)

1 1
= C(E=M/n)+ - ; Rzén) - (u_lsg Inn — sod — Rn) )
Now observe that
200 = min, 2z >0 (2.19)

since z € (0, 1] This implies z,in) >anforl <k< b_and n sufficiently large. Let
R, = sup;s, |R;|. Then (R,),ey is decreasing and R, /n — 0. For n sufficiently
large it follows (denoting by |x| the integer part of x for z > 0)

1 o 1 ¢
- o< = R
S Rl < nZR
k=1 k=1
1 —
< - Y R
= 0 lan|
k=1
< ——Rjgn) — 0 for n — oo. (2.20)

L n|
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The third summand of (2.18) also tends to zero. So (2.18) implies
Co(2™) = C(2™ /n) + o(1).
Therefore, continuity of C' and the triangle inequality imply
C(z™) — C(2)| < |Cu(z™) = C (2™ /m)| +|C(z™ /n) — C(2)] — 0.
In order to get an estimate for C,,(2™) uniformly in 2™ € G,, let

L :=sup|R,/n| < .

neN
Then (2.18) implies
Ca(2"™)] < 1O )| +bL + o(1)
< |CO|loo + 0L 4 o(1). (2.21)
The second claim follows. |

Lemma 2.2.1 and the convergence of the coefficients in (2.5) suggest that a
limit X of (X,) is a solution of the limiting equation

b
X2 Xx® o) (2.22)

k=1

where X*) are i.i.d. copies of X further {X® k = 1,...b},V are independent
and V is a splitting vector. Define the random affine operator

S

T: MR\ B) — M' R, B, T() 2> Viz® +CW) (2.23)
k=1

where (Z®),V are independent, Z®*) ~ p and V is a splitting vector.
Lemma 2.2.2 T': Mys — My is a contraction w.r.t. {y:
(T(), TW)) < [Vl ol v)  for all p,v € My, (2.24)

with

S

1/2
V|2 = <Z v,f) <1. (2.25)

k=1
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Proof: Obviously Var (T'(u)) < oo and using (2.2)
ET(u)=ECYV)=1+pu 'bE[ViInVj] =0. (2.26)

so T is a well defined mapping 1" : My o — M.

To prove contractivity let pu,v € My, and let (W® Z®) V be indepen-
dent, V a splitting vector. Let (W®) Z(*)) be optimal f5—couplings of (u,v), i.e.
W® ~ oy, Z®) ~ v and Z(u,v) = E(W® - Z®)2 Then using the independence
properties and EW® = EZ(®) =

C(T(p), Tv)) = £ (Z Viw® L o(v), ) viz® + C(V))

A

=
]
=~
=

=

N

=

~_

= VIz & v). (2.27)

It is 22:1 Vi = 1 and P(V}, = 1) = 0 since we assumed the existence of a density
of Vi. This implies [V[|2=E S V2 < ES_ Vi=1 u

By Banach’s fixed point theorem 7" has a unique fixed point X in M, .
Theorem 2.2.3 (Limit theorem for the internal path length in random split
trees) Let Y, denote the internal path length of a random split tree with branch
factor b > 1, vertex capacity s > 1, splitting vector V = (V4,..., V) and dis-
tribution parameters so > 1 and s; > 0. Let V; be identically distributed and
continuous with respect to the Lebesgue measure. Assume

EY, = p 'nlnn +dn + o(n) (2.28)

with pn = bE [V} In(1/V1)] and define

(2.29)

Then the following holds:
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(a) lo(X,, X) —0, (2.30)
where X is the fized point of T given in (2.23) in My,
(b)  Var(Y,) ~ Var(X) n?, (2.31)
(c) exponential moments exist and converge:
E exp(AX,) — E exp(AX) X € R, (2.32)
(d) P(|Y, — EY,|>cEY,)=0(n"%) forallkeN. (2.33)

Proof: Ad (a): Let X\ ~ X,, X® ~ X 1 <k < b such that (X¥, x®)
are optimal couplings of X, X, i.e. 3(X,,X) = ]E(X,(lk) — X®)2 Further-
more let 1™ be as in (2.4) and V a splitting vector. Finally assume that
(X nent, XY, (X)) per, X®), (I /n, V) are independent. Then using
the independence properties and E X ®*) = EXT(Lk) = (0 we obtain

b (n) b
1
05(X,, X) = 05 (Z —’; ngg) +Cu(I™),> VX W 4 C(V))

k=1 k=1
b [ 2
[ b/ 2
- b x® _yx®) 4 (1) - o))
= E ; X — Vi + (C.(I™) = C(V))
b (n) ?
Iy (k) (k) (n) 2
= Y E X = XY +E (C,(I™) —C(W)).  (2.34)
k=1
By (2.5) respectively dominated convergence and Lemma 2.2.1 as n — oo
E(I"/n—V,)? =0 and (2.35)
E (C,(I™) = C(V))? — 0. (2.36)

For the first term of (2.34) consider

](n) 2
E | 22_x® _ V. X ®)

(n)
n Ik

™ 7™ ?
= FE [ 2 (X((,?) _ X(k)) S el S Vi x (k)
n I n
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](n) 2 I(n) 2
= 5 (1 (- x)) +E<<k__vk x9)
n I, n

[(") (k) ](n)
kT (XM — X<k>> Ly )XW (2.37)

n

+2FE

By independence and (2.35) the second term in (2.37) converges to zero. With
the Cauchy-Schwarz-inequality and (2.35) the third term in its absolute value is
estimated from above by

1/2

1\ [ ™ 2 2\ 1/2
2E (k—> (’f——%) (x®)? <]E <X<ﬁ2> —X(k)> )
n n I
2
< o(DE (Xjﬁiz)—X(’f)) + o(1). (2.38)
k

The last inequality holds since both sides are o(1) if the expectation on the right
hand side is less than 1. With (2.34)—(2.38) and denoting a,, := (3(X,,, X) we

derive
[(”) N 2
an < DE( [Z—+0o1) ] (X® —Xx®) ) 4+,
n e

n—so

- b Z P({(I{" /n) = (i/n)})

x ((i/n)? 4+ 0(1)) E(X® — X®M)2 45,  (2.39)

where b, — 0 for n — oo. With (2.35) we conclude

n—so

an < b3 P /m) = @/ (/) +0(1)) sup ai+by

0<i<n—sg

= (VI3 +o(1)) sup a;+b, (2.40)

0<i<n—sg

which implies using so > 1 that (a,) is bounded. This implies as in Résler (1991)
that for a given € > 0 there exists a ny such that for n > ng

a, <a-+¢e¢ with a:=limsupa, (2.41)

n—oo

and the prefactor in (2.40) is uniformly less than a v < 1. Therefore

0 < béjl@(% _ %) ((%)2 + 0(1)> o
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< yla+¢e)+o(1). (2.42)
Then 0 < a = limsupa, < y(a + ) which implies a = 0.
Ad (b): The ly-convergence in (a) implies convergence of the second moments.
This implies
Var(V,) = Var(nX,)= Var(X,)n*= (Var(X) + o(1)) n*
~ Var(X) n® (2.43)

Ad (c): Proceed as in Rosler (1991). Lemma 4.1 in Roésler (1991) for the special
case of the random binary search tree can be extended to the general split tree:

VL>03K,>0VneNVAE[-L,L]: Eexp(AX,) <exp(A*Ky). (2.44)
In place of the random variable U,, in Roslers proof use
W, = 1™ /n||* - 1. (2.45)
Then
(1) —1<W,<O0forallneN

(2) sup EW,, <0

neN

(3) sup||Chlls < 00 by Lemma 2.2.1.
neN

For the proof of (2) note that EW,, < 0 for all n € N and W, 2 V]2 —1
which implies by boundedness of W,,, EW,, — E(||V||* — 1) < 0. From (1)—(3)
one obtains (2.44) as in Résler (1991). The exponential bound in (2.44) implies
uniform integrability of exp(AX,,) which by part (a) yields (c).

Ad (d): Using the expansion (2.28) one deduces as in Corollary 4.3 in Rosler
(1991): Let k € N and € > 0 given. With A := ku/e in (c) we derive
P(|Y, — EY,| >cEY,) = P(exp(AX,|) > exp((eAEX,)/n))

E eXPO"XnD
exp(Ae(uInn +d + o(1)))

<

1

< (E exp(M\X| — Aed) 4 o(1)) n=rH"
= 0™, (2.46)

where Markov’s inequality has been used. |
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2.3 Applications to special trees

The internal path length of some special cases of the random split tree have
already been analyzed. For the random binary search tree the results of Theorem
2.2.3 have been given in the original paper of Rosler (1991). The random median—
of-(2k + 1) search tree has been treated in Rosler (1999). This tree corresponds
to the random split tree with branch factor b = 2, vertex capacity so = 1,
distribution parameters s; = k,s = 2k and splitting vector V = (V,1 — V),
where V' is the median of 2k + 1 independent, uniformly on [0, 1] distributed r.v.

Another example which fits not exactly in the model of a random split tree
but is of similar type is the random recursive tree. The recursion for the path
length X, of the random recursive tree is of the slightly modified form

D (1 2
X, 2xP 4+ x® 4K
(X(k)) areii.d. copiesof X;, (X-(l)), (Xz@)), K are independent and K is uniformly

distributed on {1,...,n — 1}. For this tree the limit law for X,, was proved by
a similar method in Dobrow and Fill (1999). In this paper the authors also
derive explicitly the higher moments of the limiting distribution in terms of the
(-function.

Also quadtrees (discussed for its own in Neininger and Riischendorf (1999))

and m-ary search trees are in the range of Theorem 2.2.3.

Quadtrees

The random d-dimensional quadtree (see section 1.4) is the random split tree
with branch factor b = 2¢, vertex capacity sy = 1, distribution parameters s =
1,51 = 0 and splitting vector V = (U). Here U is uniformly on [0, 1]¢ distributed
and (U) defined by (1.100). Therefore the splitter V' is a product of d independent
and uniformly on [0, 1] distributed r.v. This implies

d
w=>b0E[VIn(1/V)] = 7 (2.47)
The mean of the internal path length Y,, of a random d-dimensional quadtree

has been found in Flajolet, Labelle, Laforest, and Salvy (1995):
2
EY, = Enlnn—l—cdn—i—o(l). (2.48)

(The first order asymptotic has been given before independently by Flajolet,
Gonnet, Puech, and Robson (1993) and Devroye and Laforest (1990).) The con-
ditions of Theorem 2.2.3 are satisfied. The scaled internal path length converges
in /5 to the unique fixed point of

241

X2 (URX® +C(v)) (2.49)
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in M2 where X (k) U are independent, X ~ X, U uniformly distributed on
[0,1]¢ and the entropy functional given by

241

2
Clz)=1+ p ; zy In x. (2.50)

Part (b) of Theorem 2.2.3 gives the first order asymptotic of the variance of the
internal path length

Corollary 2.3.1 (Variance for the internal path length in quadtrees) The vari-
ance of the internal path length Y, in a random d-dimensional quadtree satisfies

Var(Yy,) ~ vgn? (2.51)
with
21—
- 9d(1—(2/3)%)

Proof: Let X denote the limit of the scaled path length. (2.49) and the
independence properties imply

EX2 = (1 - (g)d> ) EC2((U)). (2.53)

By calculation as in the proof of Lemma 2.2.2

Va (2.52)

EC?(U)) = —1+%E S (U (U (2.54)
= 1 Y B[OM0),mON )] (259

The distribution of the factors (U);(U); In(U); In(U); only depends on the num-
ber of digits in which the dual representations of i and j differ (see (1.96), (1.97)).
Therefore

291 2 d d
E | (Uln(U), | =) 2 (h) . (2.56)
k=0 h=0

I, can be calculated by first applying the functional equation of the logarithm.
This yields d? terms of the form

d—h d
/[O’Hdiquf [T (w1 —w)ndma dr(u) (2.57)

i=d—h+1
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with w, = uy, for kK < d— h and u, = 1 —uy, for £k > d — h. Then distinguish the
cases 1 < k,l<d—handd—-—h+1<kl<dfork=1andk # [ and finally
1 <k <d-—h<l<d The arising integrals can be calculated explicitly. This

implies the representation
4 (2\' & (d\ (1)
—1+—=|= = 2.
IO HIORI I

=(-0) 2603

d h\> d 5 2
— (== Y R 2.
Sh (3 2> +9+<4 6> (2.59)

Now a simplification with the help of Maple! leads to the stated variance. [

where

m-ary search trees

The random m-ary search tree (see Mahmoud (1992)) is the random split tree
with branch factor b = m, vertex capacity so = m — 1, distribution parameters
s =m — 1,5 = 0 and split vector V = (Vi,...,V,), where Vi,... V,, are the
spacings of m — 1 i.i.d. random variables uniformly distributed on [0,1]. For
Ui, ..., Up—y iid. and uniformly distributed on [0, 1] denote by Upy, . .., Uin-1)
the order statistics of Uy, ...,U,,_1. Then

VE WU, Us — Uy, U2y = U1, 1 = U1y (2.60)

The splitter V' is given as the minimum of m — 1 independent, uniformly on [0, 1]
distributed r.v. This implies

p=bE[VIn(1/V)] = Hy — 1, (2.61)

where H,, denotes the mth harmonic number, H,, = > 1/i. The mean of the
internal path length Y,, for the random m-ary search tree has been analyzed in
Mahmoud (1986):

1
EY, = 1Hn(n+ 1) + ¢pn + O(nP) (2.62)

with § < 1. Substituting H,, = Inn + v+ O(1/n) in (2.62) with v being Euler’s
constant EY,, is of the form (2.28) with leading constant p~!' = 1/(H,, — 1).

!This was done by P. Flajolet.
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Thus the conditions of Theorem 2.2.3 are satisfied. The normalized path length
converges in /5 to the unique fixed point of

X 23 Vx® o), (2.63)

k=1

where XV are independent, X*) ~ X and V = (Vi,...,V},) is the vector of
spacings of m — 1 independent, uniformly on [0, 1] distributed r.v. The entropy
functional is given here by

1 m
In principle higher moments can be calculated from the fixed point equation
(2.63). The first order asymptotic for the second order moment of the path
length of m-ary search trees has already been achieved by generating function
methods (cf. Mahmoud (1992, p. 142)).

Remarks: From the point of view of Theorem 2.2.3 it is a challenging task
to identify those splitting vectors V = (V4,...,V,,), which induce an expansion
(2.28) for the mean of the internal path length. For the case of the random
quadtree and the m-ary search tree these expansions were derived by generating
function analysis. A new and general approach to this problem was given in
Rosler (1999) (see also Bruhn (1996)) using arguments from renewal theory. In
particular Rosler derived the expansion for the median—of—(2k + 1) search tree
via this new method. These techniques might be appropriate to characterize the
splitting vectors satisfying the conditions of Theorem 2.2.3.

The analysis given in this chapter does not cover the cases of digital structures
as tries or digital search trees, since Theorem 2.2.3 is restricted to continuous
splitting vectors. In the case of digital structures this analysis leads to a degener-
ation of the limiting equation in the sense that the entropy functional C' cancels
out. Then the Dirac measure in 0 turns out to be the limit of the scaled path
length. This indicates that the scaling of the internal path length by n=! is of the
wrong order of magnitude. In fact for the case of the digital search tree in the
asymmetric Bernoulli model Jacquet and Szpankowski (1995) showed that the
variance of the internal path length is of the order nlnn and that the (correctly)
normalized path length tends to the standard normal distribution.

Finally we remark that the estimate for large deviations in part (d) of Theo-
rem 2.2.3 has been improved by McDiarmid and Hayward (1996) for the case of
the binary search tree and the median—of—(2k + 1) tree. A more general result
in this direction for the binary search tree was given in Knessl and Szpankowski
(1999).



Chapter 3

Multiple Quickselect

The Find algorithm (also called Quickselect or one-sided Quicksort) was intro-
duced in Hoare (1961, 1962) for finding order statistics in a given list. Find is
based on the same design principle as the related quicksort algorithm. The prob-
lem is to select the jth smallest element of an array containing n data. First,
choose by some (randomized) rule a certain element of the array, the pivot, and
bring it into its correct position. This means rearrange the array so that left of
the pivot being only smaller, right to it being only greater elements. Now, if the
position of the pivot is j we are done and return the pivot. If the pivot’s order
is greater than j, then the jth element must be in the part of the array with
the smaller elements, otherwise in the part with the greater elements. Apply
the procedure recursively to that segment which contains the desired statistic to
continue the selection procedure and abandon the other subarray.

Multiple Quickselect is a variant of Find modified to search for more than one
order statistic at a time. Multiple Quickselect works as Find bringing first the
pivot to its right position. Since two or more statistics are sought, one or both of
the generated subarrays might contain statistics to be reported. Thus multiple
Quickselect may be applied recursively to one or both subarrays to search for
the desired statistics smaller respectively greater than the pivot. For an exact
description of the algorithm see Lent and Mahmoud (1996).

The running time of multiple Quickselect is measured by the number of key
comparisons done during the execution of the algorithm. For the probabilistic
analysis of the running time assume the uniform model, i.e. assume all permuta-
tions of the ranks of the data to be equally likely. Denote by p > 1 the number
of order statistics sought. There are several reasonable models for these statis-
tics. So far the orders of the statistics searched for have been assumed to be
fixed, uniformly distributed over their range, increasing as a fixed fraction of the
number of keys n, and also the number p of statistics itself has been considered
to be increasing with n as a fixed fraction of n or to be of the form n — [ with
a fixed [ > 1. Let cim-=m2) denote the number of key comparisons of multiple

49
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Quickselect in the uniform model seeking for fixed order statistics my,...,m,.
Denote by C,(n) the number of key comparisons of multiple Quickselect in the
uniform model if the statistics are uniformly distributed over

{(my,...,mp) € {1,....n}P|my <mg <...<my}. (3.1)

In the case p = 1, which is Find, Mahmoud, Moddares, and Smythe (1995)
showed

EC(n) =3n —8H, + 13 — 8H,/n = 3n + o(n), (3.2)
Var(Cy(n)) ~n? for n — oo, (3.3)

and weak convergence for the normalized version of C';(n). For ther.v. cim
with fixed orders my,...,m, and p = 1 Knuth (1972) gave an exact formula
for IECQ(Lm), Kirschenhofer and Prodinger (1998) found an explicit formula for
Var C™. Weak convergence for the normalized versions of CI™ was proved in
Mahmoud et al. (1995). In the case p = 1 when m is a fixed fraction of n, i.e.
m ~ on for a 0 < o < 1 the formula

EC™ = e,n+ o(n) with e, =2 — 2(pln o + (1 — o) In(1 — o)) (3.4)

can be deduced directly from Knuth’s formula. Var CS™ in this case was de-
rived asymptotically in Paulsen (1997) and Kirschenhofer and Prodinger (1998).
Paulsen also considered higher moments. Weak convergence for the scaled ver-
sions follows from the work of Griibel and Résler (1996), where a limit law for
the whole Find process (C& ™) <1 in the space D([0,1]) of cadlag functions
on [0, 1] endowed with the Skorokhod topology is given (see also Griibel (1998)).

In the case p > 1 Lent and Mahmoud (1996) gave the asymptotic
EC,(n) = (2H, + 1)n — 8plnn + O(1). (3.5)

An explicit (non asymptotic) formula for E C,(n) was given in Prodinger (1995),

-----

for p > 2 was calculated exactly in Panholzer and Prodinger (1998). In this
work also cases where p is a fraction of n or p = n — [ for a fixed [ > 1 are
considered as well as median—of-three variants of multiple quickselect. For the
median—of-three variant the pivot is drawn as the median of three independent
samples uniformly distributed over the keys. In the case p = 1 of Find for the
median—of-three variant EC{™ and E C,(n) have been given asymptotically in
Kirschenhofer, Martinez, and Prodinger (1997), (see also Anderson and Brown
(1992)). The model where m ~ on is a fraction of n was treated for the median—
of—(2k + 1) version of Find in Griibel (1999). The problem of finding an optimal
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k for a median—of-(2k + 1) variant for Quicksort or Find has been investigated
in Martinez and Roura (1998).

Also the passes of multiple Quickselect have been analyzed. These are the
number of recursive calls of the algorithm during its execution. Denote by
™) and P,(n) the number of passes in the uniform model with fixed or-
der statistics m; ..., m, respectively uniformly distributed statistics. In the Find

case p=1, E P{™ has already been given exactly in Arora and Dent (1969). A

formula for Var P™ was derived in Kirschenhofer and Prodinger (1998). First
moments for the median—of-three variant were treated in Kirschenhofer et al.
(1997). For p > 1 Kirschenhofer and Prodinger (1998) calculated E pimeme)
and E P,(n). Second moments for P,(n) and models with p being a fraction of
n or of the form p = n — [ for fixed [ were treated in Panholzer and Prodinger
(1998).

In the first section of this chapter a limit law for C,(n) in the median—of-three
variant will be derived based on the contraction method. In the second section
this limit law is specialized to the case p = 1, which is the median—of-three
version of Find. Further results on the asymptotics of all moments, estimates
for large deviations and results concerning the Laplace and Fourier transform
are given for the median—of-three Find.

Remark: Originally I treated a limit law for C,(n) for the standard multiple
Quickselect without median—of-three selection of the pivot element by means of
the contraction method. This was found independently by the same approach
in Mahmoud and Smythe (1998). Since the same method also works for the
median—of-three selection this variant is treated here in order to keep originality.

3.1 Median—of—three multiple Quickselect

Denote by Up(n) the number of key comparisons of multiple Quickselect applied
to an array with n data. The orders of the data are assumed to be randomly
permuted and the statistics sought are assumed to be uniformly distributed over
the set in (3.1). The pivot is drawn as the median of three independent samples
uniformly distributed over the data. Assume that the uniformity assumptions
still hold in the subarrays after the pivot is inserted to its final position. This
can be achieved using an appropriate procedure for the rearrangement of the
array. Let Z, denote the position of the pivot after the first partitioning step.
Z, is distributed as the median of three independent and uniformly on {1,...,n}
distributed r.v. Let MP" = (M{",..., MP") denote the statistics sought, i.e.
MP™ is uniformly distributed over the set in (3.1). For the insertion of the
pivot element we need n — 1 key comparisons. In the case Z, = M" for some
i €{1,...,p} we have to select recursively (i — 1) statistics in Z,, — 1 keys and
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independently (p — 4) statistics in n — Z,, keys. In the case M" < Z, < M}
forai e {1,...,p— 1} we have to select i statistics in Z,, — 1 keys and (p — 1)
statistics in n — Z, keys. The cases Z, < M{"" and Z, > M}™ lead to only one
recursive call of the algorithm. This leads to the following recursive distributional
equation for C,(n):
Con) 2 1z Co(Z — 1) + Lz capp, C (0 — Z,)

p—1

+ Z 1{Mf””<Zn<Mfﬁ}<a:(Zn —-1)+ 6;:;(” — Zn))
=1

p
+ 3 Yzemnry (Cri(Zy = 1) + Cyli(n = Z))
=1

+n—1, (3.6)

with MP", Z,, Ci(j), C7°(j), 1 < i < p,1 <j<n—1 being independent,

C.(j) ~ C."(j) ~ Cy(4) and MP", Z, distributed as described before. We do
not count the comparisons for finding the median. The first moment of C)(n) is
given in Panholzer and Prodinger (1998) (see also Panholzer (1997)):

EC,(n) = c,n+ O(Inn) (3.7)
with
_ 12 r(p)
@ = 7Hp+49(p+1)(p+2)-._.-(p+7) (3:8)
and

r(p) = 37p" + 1036p° + 11914p° 4 72520p"
+ 250453p> + 485884p* + 483516p + 246960. (3.9)

For the scaling we assume
Var(C)p(n)) ~ wyn® (3.10)
with some constant w, > 0. This will be verified later. The normalized version

Up (n)— E 6}? (n)

y® .—
" n

(3.11)

by a straightforward calculation satisfies
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D Z, — 1
Yn(p) = 1{Zn>M]§’"} n (Yz(ill + Cp)

n—Zy (<)
+ 1z, <nrmy - (an—zn + Cp>

> Zn—1 ()
+ Y Larrez, sy ( - (Yzi—l + Ci)
=1
n— 2y, (—(p—i
P (e
p
Zn—1 7
+ Z 1{Zn:Mip’n} < " (YZ(nfll) —+ Ci,1>
=1

n— Ly (—(p—i
—+ 0 (Yflp—zl =+ Cpfi) )

n—1

—cp+ + RP), (3.12)

with independencies and distributions analogously to (3.6). The Rﬁf’ ) depend on
randomness and converge uniformly to zero. Since 7, is the median of three
independent, uniformly on {1,...,n} distributed r.v. and M?" is uniformly
distributed over the set in (3.1), independent of Z,, we derive for the scaled
versions

1 b
—(Zn, MP") — (T, Uqyy, -, Up) (3.13)
where T', Uy, . .., Uy are independent, Uy, ..., U, are uniformly on [0, 1] distrib-

uted and 7' is distributed as the median of three independent, uniformly on [0, 1]
distributed r.v., i.e. beta(2,2) distributed.

Lemma 3.1.1 Let T, Uy, ..., U, be independent, Uy, ..., U, uniformly on [0, 1]
distributed and T' ~ beta(2,2), then

. [ <1{T>U<p>}T + Lirevgy (1 - T)> Cp

p—1
+ Z 1{U(i)<T<U(Z'+1)} (TC”L + (1 - T)Cp—i):|

=1

— ¢, — L (3.14)



o4 CHAPTER 3. MULTIPLE QUICKSELECT

Proof: The r.v. Yf”,?;i) in the modified recursion (3.12) are centered and
independent of everything else. This implies

Zn — 1 n—Zn)
Cp

& { (1{Zn>M5’"} + iz, <mpmy

p—1
Z, —1 n—Zp
+ Z 1{Mf’"<Zn<ijr’{} ( Ci + Cpi)

- n n
=1

P
Zy — 1 n— 2z,
+ Z 1{Zn:Mf‘"}( o G-l + - Cp—i)

=1
-1
n
= 0. (3.15)

All the quantities are bounded. By (3.13) we can pass to the limit. This leads
to the assertion. |

Now assume that for indices ¢ < p convergence in distribution for Yn(i) toaY®
is already shown. Then (3.12) and the convergence in (3.13) suggest that a limit
Y ®) of Yn(p ) should satisfy the limiting equation

’D J—
Y = 1oy 3T (YP + ¢,) + Ly, (1-T) (Y(p) + Cp)

p—1

i (1)
) Ly <r<tisn) (T(Y( )+ ¢;)+(1-T) (Y T cp_i>>

i=1

—cp+1, (3.16)

where T, Uy, ..., U, Yy, 7(1), YD), y® are independent Uy, ..., U,
uniformly distributed on [0, 1], 7" ~ beta(2,2) and Y@, v
the weak limits of (Yn(i)) and YO ~ Y7

Now we define successively operators

are distributed as

Si,..., 8. : MYR,B) — M*'(R, B) (3.17)

which are contractions on (M9, ¢2) where the fixed points of S; in M, for j < r
are used for the definition of S,. For r = 1 define S; : MY(R, B) — M'(R, B) by

S1(p) 2 1ppatnT(Z + 1) + Lipery (1=T)(Z + ¢1) — 1 + 1, (3.18)
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with T, U, Z, Z being independent, U uniformly on [0, 1] distributed, T" ~
beta(2,2) and Z ~ Z ~ p. The contraction property of S; on (Mg, ¥{) can
be deduced as in Lemma 3.1.2 below. Now assume operators S; : M'(R,B) —
MY (R, B) with the contraction property on (Mg, ls) are already defined for

j <. Then define S, : M}(R,B) — M*(R, B) by

'D —_—
S,.(u) = 1{T>U(T>}T(Z -+ CT) + 1{T<U(1)}<1_T)(Z + CT)

r—1

+ Z 1{U<i><T<U<¢+1>} (T(Y(i) + Ci) +(1-T) (V(T_Z) + cp—z’) )

=1

—c +1 (3.19)

where T, Uy,....U,, Z, Z, Y, 7(1),...,Y("*1), ?(T_l) are inﬂependent,
Uy,...,U, are uniformly distributed on [0,1], T ~ beta(2,2), Z ~ Z ~ p and
Y(i),?(z) being versions of the fixed point of S; in My, for i =1,...,7 — 1.

Lemma 3.1.2 S, : Myo — Mo is a contraction w.r.t. {y:

08, (1), 5, () < /3/5 balju,v)  for all v € Moy, (3.20)

Proof: Obviously Var(S, (1)) < oo and E S, (1) = 0 from Lemma 3.1.1 for all

€ Mys. So S, @ Mys — Myso is well defined. Let p,v € My, and choose
independent T, Uy, ..., U,, (V,W), (V, W), Y(l),Y(l), . ,Y(T_l),Y(r_l), where

T,Uy, ..., U, are as before, Y("),V(l) fixed points of S; for ¢ = 1,...,7r — 1 and
Ve~Ve~p W~W ~ poptimal fo-couplings of u, v, then

Sr(1) = 1{T>U('r)}T<V + ) + ]-{T<U(1)}(1—T) (V+e)

r—1

i —(r—1)
+ Z 1{U(i)<T<U<¢+1)} (T(Y( ) Ci) +(1-T) (Y + cp—i) )

=1

—c¢ +1, (3.21)

Si(v) 2 Lirsv,y TW + ¢) + Lirep,y (=T (W + ¢,)

r—1

+ Z L, <r<vgi1} <T (Y(i) + Ci) +(1-T) (?(rﬂ) + Cpf’i) )
i=1

—+ 1 (3.22)
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With independence and the centered mean properties we derive

_ _\2
B8 (1), 5:) £ E (L) TV = W) + Lircyy 1=T)(V = W)
- E |:1{T>U<T)}T2<V - W)2 + 1{T<U(1)}(1_T)2(V - W)2:|

< E[T?+(1-T)"6(pv)

_ g 2l ). (3.23)

This Lipschitz constant can be improved considering also the indicators in
(3.23). [

Theorem 3.1.3 (Limit theorem for the running time of multiple Quickselect
with median—of-three partitioning) The normalized number of key comparisons
Vo of multiple Quickselect with uniformly distributed statistics sought and
median—of-three partitioning converges in the {5 metric to the unique fized point
Y®) in Myo of the limiting operator S, given in (3.19),

LYP Y®Y 50 for n— oo (3.24)

Proof: The theorem is proved by induction on the number p of statistics
sought. In the Find case p = 1 Mahmoud, Modarres and Smythe (1995) showed
&(Yn(l), YW) — 0 for the Find algorithm where the pivot is chosen uniformly
over the array of data. This proof directly extends to the case of median—of-three
partitioning. So the assertion is true for p = 1. For the induction step p—1 — p
assume

LYD YD) 50 for n—oo and i=1,...,p— 1. (3.25)

Write (3.12) as

p—1 P
P24, +B,+Y CP+> DY+ B, (3.26)
=1 =1
with
Z, — 1
A = Vg 2L (v 4 ). 57

n—Zn<

By =1z, <urmy ?fzp—Zn + Cp) ; (3.28)
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07(11) = 1{Mpn<Zn<M +1}( - (YZ(n)_l + Cz’)

— Zn i
+ S (Vg + i) ) (3.29)
Zo=1 (o
DY = 1{Zn:Mf”"}< (Yz( St 1)
T pi
+ S (Vg + o) > (3.30)
—1
E, =c,+ T + RW (3.31)

The independencies and distributions are as in (3.12). For the fixed point Y ®
of S, in My o we have the representation

p—1

YP2A4+B+Y O+ E (3.32)
i=1
with
A =1y ) T (YW +¢,), (3.33)
B =1, (1-T) (?(’” + c,,> , (3.34)
C® = Ly <t} (T(Y@ + o) +(1-T) (?(’”") + c,,_z-)), (3.35)
E i=—c,+1. (3.36)
where Y(l),?(l), o ,Y(p),?(p) are as in (3.16). Furthermore assume

(Y(i),Yn(i)), (7@,79) to be optimal />-couplings for all n € N and 1 < ¢ < p.
Then it follows

BV, y0)

p—1 P 1
=0 (A + B+ > C{+> DY +En,A+B+pZ:C’)+D>

=1 =1 =1

P 2

gE((An—A) (Bn—B)+ Y (C} ’>+ZD,§>+(En—E)>
=1

—E [(An — A2+ (B, - B+ Y (O — C@)?] +o(1). (3.37)
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The mixed terms are zero or o(1) by independence, the zero mean properties,
bounded norms resulting from the induction hypothesis and (3.13). Furthermore,

E[> (D)) and E(E, — E)? are converging to zero. It is
E (A, — A)?
Zn—1

2
=E (1{ZH>M£’"} (Yz(f)—1 + Cp) = Lirsy,y T (Y(p) + ) )

Zn — 1
=K (1{Zn>M5’n} (YZ(Z)A - Y(p)>

n

Z,—1

2
- 1{T>U(p>}T) (Y® +¢,) )

Zn —1\? 2
=E [I{Zn>M5’"} < - ) (Yz(i)_1 - Y(p)>

Z, —1

+ (1{Zn>Mf,""}

2
2
- 1{T>U<p)}T) (Y® +¢,)

(v, -ve))

Zp—1

+ (]—{Zn>M£’"}

n
Zy, —1

+ 2 (1{Zn>M;§’n}

X (1{Zn>M5’"} - 1{T>U(p)}T) (Y® +¢,) ] (3.38)
From (3.13) it follows

Zp—1

2
E (1{Zn>M}f’”} — 1{T>U(p)}T) —0 for n— oo. (3.39)
Therefore the second summand in (3.38) converges to zero. With the Cauchy-
Schwarz inequality and (3.39) the third summand in its absolute value is esti-
mated from above by

1/2
Zn—1

n

2E

2
2
- 1{T>U(p)}T> (Y(p) + CP)

571/2
x E {(YZ(Z)_I —Y<p>> 1

(1{Zn>M£’”}

1/2

—o(1)E [(Yz(f)l _ y<p>)2}

<o(1)E (YZ(:)_I - Y<P>)2 +o(1). (3.40)
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The last inequality holds since both sides are o(1) if the expectation is less than
1. This implies

E (A, — A)?
[ Z, —1\° 2
=E (1{ZH>M5’"} ( - ) +0(1)> <Yz(f)—1 _Y(p)> ] +o(1)
Ry i=1Y’ ) :
=E| > Lz-plysagn (( - ) +0(1)> (ijl - Y(p)> } +o(1)
_]:1
—1 SN\ 2
Z (Zy=j+1) ((%) —|—0(1)> B Y®) o) (3.41)
Analogously we derive
E (B, — B)?
n—1 )
< S P(Zi=j+1) (fl—g + 0(1)) AP Y®) o),  (342)
j=1

n—1 .9 4 '
< 2) P(Z,=j+1) (# + 0(1)> B YD) £o(1).  (3.43)
=1
Denote by
= 262 Y(Z ) fir j € N. (3.44)

By the induction hypothesis the sequence (s;) converges to zero. Altogether we
derive

n—1 )
Ayw yry < QZ]}D(ZTL =j+1) (j_ + 0(1)) @(Y}(p)’y(p))

+ QnE]P’(Zn =j+1) <7‘1—Z + 0(1)> s;+o(1). (3.45)

It is
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for n sufficiently large. This sum is converging so zero for n — oo: Let € > 0.
It exists a ng € N with s; < ¢/2 for all n > ny. Obviously P({Z, < no}) — 0
for n — oo. Choose n; € N with P({Z, < no}) < ¢/(2max{sy,...,sn,}) for all
n < ni. Then for n > max{ng,ns} it follows

n—1
> P(Z,=j+1)s
j=1
no—1 n—1
< Y P(Zi=j+1D)s;+ > P(Za=j+1)s;
Jj=1 J=no

< max{sy,..., 50} P(Zn < o) + % P(Z, > no+ 1)

< e (3.47)
This implies the recursion

BV, Y0)

Z (Zn=37+1) (i—i—l—o( )) B YP) po(1).  (3.48)

We can now conclude as in Theorem 1.1.2 or Theorem 2.2.3. This yields
AY® y®)y 50 for n— oco. (3.49)
|
In particular Theorem 3.1.3 leads to the first order asymptotic of the variance of
Cp(n):
Var(Cp(n)) ~ wyn? (3.50)

with some w, > 0. For the case of multiple Quickselect without median—of-
three partitioning the leading constant in the corresponding expansion has been
calculated explicitly in Mahmoud and Smythe (1998, Theorem 2), where also
further properties of the corresponding limit distribution are stated.

3.2 Median—of-three Find

Consider the special case p = 1 of Find with median-of-three partitioning. The
fixed point equation for the limit of the scaled version of C(n) is given by (3.18)

—(1
YO 21y T + 1) + 1y (ED(T + ) —er+ 10 (351)
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The constant ¢; = 5/2 given by (3.8) has been calculated first in Kirschenhofer,
Martinez, and Prodinger (1997). Equation (3.51) can be simplified to (cf. the
remarks after (1.120))

5 3
YOEXx (y®y2) -2 (3.52)
2 2
where X, Y are independent and X has the Lebesgue-density
dpX 9
5y (t) =12t(1 —t) for te]0,1]. (3.53)

Thus Y := Y 4+ 5/2 is the unique solution of

Y2 XY +1 (3.54)
in Ms/s 2, again X, Y being independent and X with density (3.53). In particular
61 (n)

LY for n— oo. (3.55)
n

The higher order moments of Y can be calculated directly using (3.54):

(e
EY jzo ; EX'EY’. (3.56)
It is

12
+3)0+4)

With my, := EY* for k > 0 it follows mg = 1,m; = 5/2 and using (3.56)

144 \ 22 7k m;
=12+ ) for k>2. 3.58
me= k2+7k);(j><y+3><j+4> or k= 3:5%)

Existence and convergence of the Laplace transform of C';(n)/n can be deduced
similarly to Theorem 1.5.1 based on Lemma 4.1 and Theorem 4.2 in Rosler
(1992). This implies convergence of all moments of C;(n)/n to the corresponding
moments of Y, especially

E X/ = for j>0. (3.57)

E(C1(n))* ~ mpn* for n — oo (3.59)

with (my) given by (3.58). Furthermore analogously to (1.159) an estimate for
large deviations can be established: For all A > 0 there exists a ¢y > 0 so that
for any sequence (a,) of positive, real numbers holds:

P(C, > a,) < cyexp (—A%) ) (3.60)
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The Fourier transform of Y is of the form
E exp(itY) = e ¢(t), (3.61)

where ¢ : R — C is smooth and given by the linear homogeneous differential
equation of second order

t2¢"(t) + 8t/ (t) — 12(e™ — 1)o(t) = 0 (3.62)

with the initial conditions ¢(0) = 1 and ¢'(0) = 3i/2. This can be computed
following the line of Lemma 2 in Mahmoud, Moddares, and Smythe (1995),
taking an additional second derivative.



Chapter 4

Interval splitting

Studies on the topic of interval splitting may be regarded as developing from a
problem suggested to Kakutani by the physicist Araki (Kakutani (1975)). Let
(X,,) denote a sequence of r.v. where X is uniformly distributed on [0, 1] and for
n > 2 the conditional distribution of X,, given Xi,..., X, is uniform on the
largest of the n subintervals into which [0, 1] is subdivided by X3, ..., X,,_1. This
model is called the Kakutani-model (or K-model) in comparison to the uniform
model (or U-model) where a sequence of independent, uniformly on [0, 1] distrib-
uted r.v. is considered. Kakutani (1975) proved that the empirical distribution
of a related, more deterministic, sequence tends to the uniform distribution on
[0, 1] and conjectured that this should also hold almost surely for the K-model.
For the early history of this problem and an alternative proof of Kakutani’s result
see Adler and Flatto (1977).

Kakutani’s conjecture that the Glivenko-Cantelli result also holds for the K-
model has been proved by van Zwet (1978) and independently by Slud (1978).
Slud’s method also extends to the generalization in which the dividing measure
of the longest interval is arbitrary and not necessarily uniform. In addition, rates
of convergence are considered by Slud.

Pyke (1980) based on the ideas of van Zwet investigated the convergence of
the normalized spacings in the K-model in comparison to earlier results for the
U-model.

In the uniform model let I(n) denote the kth largest of the n intervals gen-
erated by Xi,..., X,,_1 in [0, 1]. Bruss, Jammalamadaka, and Zhou (1990) first
examined the problem of which sequences (I, (n)) get covered infinitely often
in the sense that the event {X, € I, (n) infinitely often} has probability 1.
Alsmeyer (1991) proved a zero-one law for this event and gave a condition on
(k,) to distinguish between the two cases. Mountford and Port (1993) rederived
Alsmeyer’s condition, investigated conditions for weak and strong laws of large
numbers for the length of (I, (n)) and gave a central limit theorem for scaled
versions of N, := card{1 <i <mn:X; € I},(i)} in the case when N,, T cc.

63
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4.1 Random nested intervals

The investigation of interval splitting schemes of another type started with the
papers of Chen, Goodman, and Zame (1984) and Chen, Lin, and Zame (1981).
A uniformly on [0, 1] distributed r.v. Uy partitions [Ag, By] := [0,1] into two
subintervals. Choose with probability 0 < p < 1 the longer of these subintervals,
otherwise the shorter one and denote it by [A;, B;]. Then choose U; uniformly
on [Aj, By] and iterate the procedure to define [Ay, By]. Further iteration gives
a sequence of random nested intervals ([A,,, B,]) which shrinks to a limit point
Y, almost surely. Now the problem is to determine the distribution of Y,,. In the
papers mentioned it is proved that Y, has a beta(2,2) distribution if p = 1, i.e.
choosing always the longer of the two intervals. In the case p = 1/2 the distri-
bution of Y, is the arcsine distribution which is the beta(1/2,1/2) distribution.
Devroye, Letac, and Seshadri (1986) rediscovered these results and showed that
Y, has some beta distribution if and only if p € {1/2,1}.

Kennedy (1988) considered a related splitting scheme. Again start with the
interval [Ag, Bo| := [0, 1]. Let [A,, B,] be already defined. Then let C,,, D,, be the
minimum and maximum of &k independent, uniformly on [A,,, B,,| distributed r.v.
and choose [A,+1, Bny1] to be [C, By, [An, Dy] or [Cy, D,] with probabilities
P, q,r respectively, p + ¢ +r = 1. This interval splitting scheme was motivated
by the analysis of a randomized algorithm to locate local maxima of an arbitrary
function. Kennedy showed that his splitting scheme shrinks to a point with
beta(k(p + r), k(q + r)) distribution.

All these identifications of the limits of splitting schemes as well known dis-
tributions are based on certain invariance properties of the limits combined with
the study of the moments. A general moment method for the characterization
of distributions of a related type was discussed in Volodin, Kotz, and Johnson
(1993). Applications of this moment method to the interval splitting schemes
described above have been given in Johnson and Kotz (1990, 1995).

In the special case k = 2,7 = 1 of Kennedy’s scheme there is always the inter-
val between two samples on [A,,, B,| chosen to be [A, 11, Bny1]. A generalization
of this case has already been treated before by van Assche (1986). In this work
the two samples are drawn from some joint distribution, where no restrictions
on independence or uniformity of the samples are made. Van Assche states the
problem in terms of products of two-dimensional random stochastic matrices. A
stopping time which counts the number of steps until the length of the interval
is less that a t > 0 is introduced in order to give a rate of convergence. This
stopping time also measures the rate of convergence of the products of the related
random stochastic matrices.

Another generalization of the case k = 2
been treated recently by Letac and Scarsini (
Tp in R? which is given as the convex hull of (

r = 1 to higher dimensions has
998). In this work a tetrahedron
d + 1) affinely independent points

)



4.2. RATE OF CONVERGENCE 65

ai,...,ag11 € R?is considered. Then choose (d + 1) points independently and
uniformly in 7y. The convex hull of these points defines a new tetrahedron T3
contained in Tj. Iteration of this procedure gives a nested sequence of tetrahedra
(T},) which almost surely shrinks to a point Y. It is proved that the barycentric
coordinates of Y with respect to o, ..., agy1 are Dirichlet distributed with para-
meter (d+1,...,d+1). Also this theorem is an application of results on products
of random stochastic matrices given in Chamayou and Letac (1991, 1994). Letac
and Scarsini also consider a rate of convergence in terms of the speed of shrinking
of the tetrahedra.

Here, a new point of view of interval splitting schemes is presented. We
derive rates of convergence in terms of related distributions which approximate
the distribution of the point to which the splitting scheme shrinks.

4.2 Rate of convergence

We consider a splitting scheme which is a generalization of Kennedy’s case k =
2,7 = 1, and a special case of van Assche (1986). For a,b € R define the affine
map Aqp by

Ay R — R
r — a+(b—a). (4.1)

Let p € M'([0,1], B") be a probability measure on [0,1]. We say that an r.v. is
chosen on [a,b] according to y if its distribution is A,p(p). In this section [a, b]
denotes the line segment with the end points a and b; we do not require a < b
in this notations as for intervals. Let [Ag, By] := [0, 1]. Assume that [A,, B,] is
already defined. Then choose Wl("), W2n) independently on [4,,, B,] according to
pi. Define [Ani1, Bosa] = W™, W{™). If 4 is the uniform distribution on [0, 1]
this is Kennedy’s scheme. In the following we will only assume Ep = 1/2. For
the definition of the VVi(") we have used implicitly the Markov kernel

K:[0,1>x B — [0,1]
((a,b), B) +— Aap(p)(B). (4.2)

Obviously K((a,b), -) is a probability measure for fixed (a,b) € [0,1]%. That
K (-, B) is measurable for B € B! can be proved directly if B is an interval and
extended to B! using a Dynkin argument. In this notation the distribution of
the Wi(") used for the definition of [A,, 11, B,11] has the following mixed structure
(denoting with 7 the projection onto the second component):

To(K @ PAnBn)), (4.3)
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In the case where p is the uniform distribution on [0, 1] leads to random variables
“uniformly distributed between two random variables”, which were analyzed on
its own by van Assche (1987). We have the following distributional relation

PAnt1,Bnt1) | (An.Br)=(ab) — 4 b(1) @ Agp(pt). (4.4)

We can also give a pointwise recursion for (A,, B,). Let {U™ V™ . n € Ny}
denote an independent family of r.v. with distribution p. Then

Avpr \ _ (1-U™ U™ A,
Bniy ) 1—-vm yo) B,

_ Tn-...-T()((l)) (4.5)
with independent, random stochastic matrices
N ON0 |
T, = ( VO 76 for i >0. (4.6)

That the intervals ([A,, B,]) shrink to a point Y a.s. can be shown by stan-
dard arguments: It is

E |Bn+1 - An+1|

- //thw%mo®&Amw@w»W%ﬂ%amm
- //ﬁ%uw—Aw@nu@uumw»w%ﬂ%a%m>
:t//w—MW—MM®MW@w»W%£WW%@)

- Ewﬁ—my/u—mu®uw@w» (4.7)
= éE\Bn—Anl.

The integrand in (4.7) is < 1 and < 1 with probability at least 1/2. Thus £ < 1.
By induction we deduce

E|B, — An| =" (4.8)

Using Markov’s inequality it follows

> = E|B, — A,|
P(|B, — Ay >e) <Y —— M . (4.9)
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The Borel-Cantelli Lemma implies P(limsup,, . {|B, — An| > €}) = 0. This
holds for every € > 0. Thus |B,, — A,| — 0 almost surely. Since the segments
[A,,, B,] are nested it follows lim,, .., B,, = lim,, o, A, =: Y a.s.

Now, we investigate a rate of convergence for the splitting scheme of the
following type: Choose W™ on [A,,, B,] according to . Then

W 2 7y (K @ PAnEn)) (4.10)

and min{A,, B,} < W™ < max{A,,B,}. The almost sure convergence of
A,, B, implies W — Y a.s., in particular W™ — Y in distribution. Therefore
L(W™) which is the unconditioned distribution of the points chosen in the nth
step to define (A, 11, Byi1), stabilizes to the limit point of the interval splitting
scheme. This is also reasonable if we think of choosing the “next” points in the
infinityth step: We have to choose between lim,, .., A, =Y and lim,, .., B, =Y,
i.e. we choose Y. From this point of view it is natural to measure the rate of
convergence of the splitting scheme in terms of a distance between W and Y.

We start with a distributional recursion for W . Observe that the vectors
(A,, B,) satisfy a two-dimensional recursion. A priori it is not obvious that the
one-dimensional mixture W™ contains a sufficient amount of information about
the state of the splitting scheme so that a distributional relation only in terms
of W) can be established.

Lemma 4.2.1 (W™) given by (4.10) satisfies the recursion
WD 2o (v —yW®  forall n >0, (4.11)

where U, V, W™ are independent and U,V ~ p.
Proof: We expand the distributions of both sides of (4.11). Let B € B!.

Right side of (4.11): Itis

P(U + (V —U)W™ € B)

_ / / 15(u+ (v —w)w )Pw(n)(dw) POV (d(u, v))

- ///13 (u + (v — u)w> Aup(p)(dw)

P10 (d(a, b)) g @ p(d(u, v))

= [ [ [15(u+ @ 0@ ¢-aw) alaw)

BT ToON (d(a,b)) 0@ pld(u,v). (4.12)
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Left side of (4.11): It is

P(W® ) € B)

B / / 15 (1) Aq(p2) (dw) BT’ (d(a, b))

= [ [ [ 150) Auauatw) BT (0, 5) POV, 0)

Pl O (d(a, b)) 1 @ p(d(u,v)) (4.13)
with

AR - R?

(Z) — @-@(Z)+<z>. (4.14)
ﬂ,”-ﬂ(Z):(Z). (4.15)

Tpoooo AL = Al Ty ... Th. (4.16)

This implies

Together with (4.13) this yields

P(W "+ € B)

- st

AT IO d(a,0)) o @ pu(d(u, )

— ///1B(lU)AA;7v(a,b)(,U)<dw)

Phe-- O (d(a, b)) @@ p(d(u, v))

_ / / / 1) Ayt oo (1) (d0)

BT 10D (d(a, b)) 1 ® p(d(u, v)
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_ ///13<(v—u)a+u—(v—u)(b—a)w)u(dw)

PO (d(a, b)) p@ p(d(u, ) (4.17)
The integrands in (4.17) and (4.12) are identical and T}, -...- Ty ~ T,y - ... Tj.
This implies the assertion. |
Now, we use equation (4.11) to define the corresponding operator
S:MYRYBY — M(R,BY
v — LU+ (V-U)Z), (4.18)
where U, V, Z are independent, Z ~ v and U,V ~ pu.
Lemma 4.2.2 S : M5, — M, is a contraction w.r.t. £, for all p > 1:
C(S(N),S(v)) < U =V]plp(N\v)  forall Nve My, (4.19)
where U,V are independent with U,V ~ p.

Proof: Since U,V have pth moments and by independence E ||S(v)||P < oo for
v € My, and p > 1. Furthermore

ES(w)=EU-E(V-U)EZ=1/2, (4.20)

since EU = Ep = 1/2. So, S : Myjs, — Mijs, is well defined. Let \,v €
M 2, and Zy, Z, be optimal £,-couplings of A,v. Then with U,V ~ pu, so that
U,V,(Z1,Zy) are independent
G(S(A),S(w)) < E[(U—=V)(Z1— Z)"]
= [[U=VIPLAv). (4.21)

ItisU—-V <1and U—V < 1 with probability at least 1/2. This implies
-V, <1. |

By Banach’s fixed point theorem S has a unique fixed point in M; /s, and S™(v)
converges in £, to this fixed point for every v € M, 5,. Choose v := p € My .
It is W© ~ 1 and by iterated application of Lemma 4.2.1

W = 8"(p). (4.22)

Since W™ — Y in distribution, where Y is the point to which the interval
splitting scheme shrinks we deduce that Y is the fixed point of S,

SY) 2y, (4.23)



70 CHAPTER 4. INTERVAL SPLITTING

Then using (4.19)
LVMY) = 4,(SW),S(Y))
< U=Vl GV, Y)
< NU=VIG 6w, Y), (4.24)
which gives the convergence rate of the splitting scheme:

Theorem 4.2.3 Let ;i be a probability measure on [0,1] with Ey = 1/2, W™
defined by (4.10), and Y the fized point in M, of S given by (4.18). Then

W™ YY) < 4,(n,Y) [|[U=V|2 forall n>0,p>1, (4.25)
where U,V are independent with U,V ~ p.

For the special case of p = Ujg 1}, Ujp,1) denoting the uniform distribution on the
unit interval Y is known to be beta(2,2) distributed. Then (4.25) can be stated
more explicitly:

Corollary 4.2.4 For = Uy in Theorem 4.2.5 it holds

(W™, Y) < ep(U[m],beta(Q, 2)) (m)w (4.26)

for alln >0 and p > 1.

A result of van Assche (1986) on products of random stochastic matrices as
arising in (4.5) implies that in the case p = beta(a, ) for some a > 0 the limit
point Y of the splitting scheme is beta(2«, 2«) distributed.

Vice versa Theorem 4.2.3 applies to products of random stochastic matrices:
Consider the matrices

| o |

where (U®, V®) are independent with some common joint distribution v. Then
denote the product which again is a stochastic matrix by

1 —Anpr Anpa
=1,-...-Tj. 4.28
( 1= Bun Bun 0 (4.28)

It is well known that this product converges in distribution if and only if
LUD V@) is not concentrated on {(1,0),(0,1)}; see Rosenblatt (1964) and
Sun (1975). The weak limit is of the form

<1:§ g) (4.29)
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The distribution function G of Y is characterized as the unique solution of the
integral equation

Gt) = /MG (i:g) dv(z,y) + /Ky <1 —G (;:Z)) dv(z,y). (4.30)

Here G_ denotes the leftsided limit of G. Now, assume the special case
where U® V@ are independent, identically distributed with distribution p, and
Ep = 1/2. The A,y1, Byy1 in (4.28) coincide with the end points A,41, Byt
of the segments given by (4.5). Since A1, Bpy1 ~ W™ with W™ given by
(4.10) the rates of convergence of Theorem 4.2.3 can be applied to the products
T, -...-Ty. The characterisation of the limit Y as the fixed point of the operator
S given in (4.18) in M9, leads to the integral equation (4.30) for this case.

Corollary 4.2.5 Let (A, B,) be given by the product of the matrices T; as in
(4.27), (4.28) with LUD VD) = y@p and Epu = 1/2. Let Y be the fized point
of S given in (4.18) in Myjs,. Then

(A0, Y) = (Bo,Y) < by, Y) U = V! (131)

foralln >0, p>1, where U,V are independent with U,V ~ p.






Chapter 5

Affine recursions

All the limiting distributions of the problems discussed so far, i.e. the limit of
the normalized cost of a partial match query in quadtrees or K-d trees, the limit
of the scaled path length of a random split tree, the limits of the normalized
running time of multiple Quickselect or Find and the distribution of the point
to which an interval splitting scheme shrinks, occur as the distributional fixed
point of a random affine operator of the form

K
X 23 AX0 40, (5.1)
r=1

Here X ~ X forr =1,..., K and (Ay,..., Ag,b), XD, ..., X5 are indepen-
dent. In particular the A; are not necessarily independent and for the problems
treated in the previous chapters b can be written as a function of Ay,..., Ag
(cf. (1.148), (2.22), (3.19) and (4.18)). In this chapter sequences of distributions
which occur by an iteration of an analogous multidimensional operator applied
to some initial distribution are discussed.

Let L° denote an r.v. in R% Let AM ..., A®) be random d x d matrices
and b a random translation in R%. Then for n > 1 define recursively

K
L2 AL 4, (5.2)

r=1

where (AM, ... AU p), 2=t LUK are independent and LM~
L tforr=1,... K.

The special case K = 1 in (5.2) of an iteration of a random affine map has
been studied intensively in the literature with many respects. Key references
are Kesten (1973), Brand (1986), Bougerol and Picard (1992), and Burton and
Rosler (1995). The case K > 2 leads to branching type recursive sequences.
In the one dimensional case without the immigration term b and the A") being

73
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independent and nonnegative this recursion was studied by Mandelbrot (1974)
for the analysis of a model of turbulence of Yaglom and Kolmogorov. To this
case further contributions on nontrivial fixed points of a corresponding operator,
the existence of moments of these fixed points and convergence of (L,) to the
fixed points were made in Kahane and Peyriere (1976) and Guivarc’h (1990).
The case b = 0, A" > 0 for r = 1,... K with dependencies was considered in
Holley and Liggett (1981) and Durrett and Liggett (1983) for the purpose of an-
alyzing a problem in infinite particle systems. The case b = 0 with deterministic
coefficients (and K = oo) was discussed in Rosler (1998). See this paper also for
references and an overview on the one-dimensional fixed point equations without
immigration term. The general form of the recursion (5.2) in dimension one was
treated in Cramer and Riischendorf (1996). A two-dimensional version of (5.2)
with K = 2 and b = 0 has been considered in Cramer and Riischendorf (1998).
Most of the investigations mentioned for the one-dimensional case considered
problems of stabilization of the sequence (L,) itself. In this chapter we are
concerned with the convergence of scaled versions of (L,,). In the first two sections
we consider the Lo-case and use contraction techniques as in Burton and Rosler
(1995) and Cramer and Riischendorf (1998). In the last section we give an
approach for the case K = 1 based on the concept of Lyapunov exponents.

5.1 A limit theorem for the Ls-case

Consider the distributional recursion (5.2)

K
L2y A0 L0 g, (5.3)
r=1
where (AW, ... AT p), L=t LK) are independent, L is square inte-
grable, AM ... A are random matrices with E||AT|? < oo forr=1,..., K

and b is a random vector in R? with E||b[|? < co. Let

K
Ci=) A" (5.4)
r=1

Then the expectation vector of L™ is given by

EL" = ECEL" '+ Eb (5.5)
n—1
= (EC)"EL°+) (EC)"Eb.

k=0
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We may assume Var(L!') > 0 for all 1 <i < d and n € N. This condition is easy
to check and unsatisfied only in very special cases. For the normalization of the
process (L") define

V, .= diag(Var(L7)~"2 ... Var(L?)™"/?) for neN (5.6)

where diag denotes the diagonal matrix with the given numbers on the diagonal.
Consider the scaled quantities

Zn — Vn(Ln _ EL”) and (57)
ADAE =y ADY-L for > 1. (5.8)

So we normalize L™ by the components not changing its covariance structure:

-, Ly - EL |

Li = W for 1 S 7 S d, (59)
Var(Ly 1)\ '/?

AP (2 2 AW for 1<, j<d. 5.10

“ Var(L?) K or =hl= (5.10)

This leads to the following modified recursion for (L"):

Lemma 5.1.1 In the given notation the scaled sequence (L") satisfies the mod-
ified recursion

K
"2 AL LY (b — ED) 4+ V,(C — EC)EL™,  (5.11)
r=1
where Z”*L(l), e ,Z”*L(K) are independent copies of L1 and independent of

(A, A6 p).

Proof: Itis

K
S A o)
r=1

K
= Z VnA(T)Vn__llvn_l(L”_lv(T) _ ELn—l,(r)>

r=1

K K
=V, [ZA(”L"‘L(” - (Z A(”)) EL”‘l}
r=1 r=1

VolL" —b—CE L™ (5.12)

I
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= VL' —EL"+ EL"—b—CEL"]
= V,(I"-EL")+V,(ECEL" '+ Eb—b—-CEL™") (5.13)
= L"=V,(b— Eb)—V,(C—EC)EL"".

For (5.12) the original recursion (5.3) and for (5.13) the relation (5.5) have been
used. |

In order to define a limiting form of the modified recursion (5.11) assume the
existence of the following limits (here lim a,, = co denotes that the sequence (a,)
is definite divergence)

lim Var(L}) € (0, 00, (5.14)
LN 172
Var(L" 1)
li J = Cis 1
i () = o
EL!
lim . =: ;. (5.16)

e (Var(L)) 172

These assumptions enable us to define limiting objects corresponding to A"):{n}
and V,:

A = im V, AOV L = lim A p =1, K, (5.17)

K

C =) Al (5.18)
r=1

Voo := diag(dy,...,0q) == lim V. (5.19)

Now the limiting operator of the recursion (5.11) is given by

T: M' (R B — MY (R? BY) (5.20)

K
L (Z AWz Ly (b — Eb) 4 (C — EC‘”)y)

r=1

where (AW, ..., AT )z ZUE) are independent and Z) ~ pu for r =
1,..., K. Observe that the last summand in (5.11) is V,,(C — EC)EL"! =
Vo (C— EC)V, LV, E L. T satisfies the following Lipschitz condition:
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Lemma 5.1.2 T : (Mgy,0y) — (Mgy,02) with T given by (5.20) is a Lipschitz
map:
Uo(T(1), T(v)) < Ebo(p,v)  for all  p,v € Mg,

K 1/2

S E [( Aey! A(m,oo]

r=1

¢ = (5.21)

op

Proof: Obviously by the valid independencies and Ls-assumptions on the co-
efficients it holds E ||T'(u)]|* < oo. Tt is

K
> AMeZO LV (b— Eb)+ (C® = EC®)y

r=1

K
= Y EAD®EZO 4+ VL E(b— Eb)+ E(C® — EC™)y

r=1
=0 (5.22)

since the Z() are centered, so T : Mg, — Mg, is well defined. Let p,v € Mg,
and (U, V), (UD, VW) . (U VE)) be optimal £y-couplings of p, v so that
(AD A by (U, V), (UD, VW) (U VE) are independent. Then

(T (), T(V))

2

< U(T 7”))

= E ZHA O v

+Z ]E<A() (U@ — Y@, A0)ee() V(r))> (5.23)
o
K
— EZ<U(’”)—V ) (AM =)t Ao (g7 >_V<r>>>
r=1
K
= D E (UM - VO, E [(AD=) A0<] )~ vy (5.24)
r=1
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r K
< E||U-V]|- H (Z E [(A(’")’Oo)tA(’")’oo] )(U — V)H (5.25)
L r=1
— t
< E|YE [(A(”m) A(’")’OO] U — V|7 (5.26)
L' r=1 op
& ¢
= Z E [(A(T)’OO) A(T)’OO] 0, v).
r=1 op
The second summand in (5.23) is zero by independence and E (U — V(") = 0,
the additional expectation in (5.24) is justified by independence. H
Observe that the estimates (5.25) and (5.26) are sharp simultaneously:
=~ ¢
=Y E [(A0) a0] (5.27)

r=1

is a symmetric, nonnegative definite matrix. Therefore S is diagonalizable with
nonnegative eigenvalues. Let A > 0 denote the greatest of the eigenvalues of
S. Then ||S|l,, = A. Let u be a corresponding eigenvector and define ¢ :=
(1/2)07—uy 4+ (1/2)duy. Then equality in (5.25) and (5.26) holds for the measures
0,00y € M&Q: Let U be an r.v. with U ~ pand V = 0. Then U,V are optimal
{5-couplings of ¢ and 0oy since V' is deterministic. Furthermore

]E<U—V,S(U—V)> - E<U,SU>: IE<U,>\U> (5.28)
= AE|U|?=AE|U - V|?
= |ISllop £3(0, 60)-

(5.28) is valid since U is a.s. an eigenvector of S to the eigenvalue \. Therefore
(5.25) and (5.26) are sharp simultaneously.

Theorem 5.1.3 (Limit Theorem) Let (L") be the sequence defined by (5.3)
where the wnitial distribution, random matrices and the immigration term are
square integrable. Assume the conditions (5.14)-(5.16) and

1/2
<1. (5.29)

K

S E [( Ayt A(r»oo]

r=1

¢ =

op

Then the scaled version (Z”) given by (5.7) converges to the unique fized point
L in Mg, of the limiting operator T  given by (5.20):

(o(L", L) — 0. (5.30)
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Proof: First, we proof a reduction estimate of the form

G L) <G L) +b,, forall neN, (5.31)
with a sequence (b,) converging to zero. Let L") .  In=LE) he dis-
tributional copies of L™=, ZW . .. Z&) ~ 4 and (L™ Y, ZM) are op-
timal fy-couplings for r = 1,...,K. Furthermore let (AM, ... AU p),

(L2 ZzWy . (L"4EK) Z(K)) be independent. Denote the centered ver-
sions of b, C' and C°° by b¢:=b—Eb, C°:=C — EC and C® := C*® — EC*.
Using the modified recursion (5.11) and the fixed point relation we deduce

(L, L)

<

ZA(’” A =10 LV (b — Eb) 4 V,(C — EC)E L™

2

K
- (ZA(”"X’Z(T) + Voo(b— Eb) + (C*™ — EOOO)W)

r=1

K
),oO(zn—l,(r) _ Z(r)) + Z(A(T),{n} . A(r)po)zn,l,(r)

r=1

2

+ (Vo = Va)be + V,C R L") — 0oy

2 K 2
< ZA(T ,00 Ln 1,(r) _ Z(r)) +E Z(A(r),{n} _A(T’),oo)Zn—L(r)
r=1
+ E[[(V = V)bl + E[VL,CE L™ — %2
K K
n 2E<ZA<T),oo(zn—L<r) Z0), 3 (A0 (r>,oo)’L“n—1,(r>>
r=1 r=1
+2E <(Vn VLB, V,CCE L — CC7O‘W>. (5.32)
The other inner products vanish by independence and EL"L0) = EZ0 = 0.

For the last summand in (5.32) we use (a,b) < ||al[* + [[]|*. The first summand
in (5.32) is bounded from above by €2¢2(L"~! L), which can be obtained by a
calculation similar to the proof of Lemma 5.1.2. This yields



80 CHAPTER 5. AFFINE RECURSIONS

(L", L)
< (1" L)

K
Z(A(r)7{n} —_ A(’/‘),OO)Z?’L—L(T)

r=1
+3E ||(Vi — Vi) b2
+3E||V,C°E L™ — ¢

2
+ E

K

r=1

+2FE <ZA (LM — Z0), Y (A Aoy e 1<T>>. (5.36)

It remains to prove that the summands in (5.33)—(5.36) are converging to zero.

First observe that
E HA(TL{H} — A(")’OO||2

d
) Z(AZ(;%{”} —A@’OO)Q

tj
=1

by (5.15), in particular

E | AMARY — A0 2 — B AD|2 . 0(1) for r=1,..., K.

Summand (5.33):

K 2
E Z(A(T),{n} _ A(T)’OO)L”_I’(T)
r=1
K 2
- E Z (A(T),{n} _ A(TLOO)EWL(T)
r=1

E [HA(T),{n} . A(T),OOHQHZn—l,(r)H2:|

M=

r=1

=

= > E[AD - A0 2R || Lnt0)2

r=1

= ZEHA N20(1)d — 0 for n — oo,

(5.37)

(5.38)

(5.39)
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where E ||L"4M||2 = d has been used, which is caused by the scaling (5.9).
Summand (5.34):

1 2
cl|2 < Q. cl|2 ]
E[[(V = Voo )] %E?ifz{—(wfar(m))l/z 191} E[jp°]* —0  (5.40)

by (5.14) and (5.19).

Summand (5.35):
E|V,C°E L7 — 0oy
= EVLCV, Vo ELY — Oy
VAV — O EL 4 GV BL Y — )|

< 3<E 1(VoCoVt — 0oV B LY 2

FE ||+ Co(Va  EL" = 9)2)

S 3<]E [”Cc’{n} . CC’Oo”zHVn_lELn_l”Z}
+E [lC=[2Vaa EL™ = 1)) )
= 3(o(W) IC7RIVas EL 2 + B [IC= |2V, EL™ = 42)
— 0 for n — oo, (5.41)

since [|V,,_1 E L"1||? is bounded by (5.16) and ||V,,_y E L™ ' —~|| — 0 by (5.16).

Summand (5.36):
K K
E <Z A(r),oo(anl,(r) _ ’Z A(q An} _ :m)znl,(q)>

r=1 q=1

K

- 1E§:<Ama%ﬁhun_zmxﬂy An} _ 4@, ﬂyam»

q,r=1
K
= E Z <A(r),oo<Zn—L(r) _ Z(T)), (A(T)’{n} - A(r),oo)zn—17(r)>

r=1

IN

K
Z E [HA r),00 Ln—l,(r) _ Z(r))” . “(A(r),{n} o A(T)"X’)Z”—L(T)H]

r=1
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K
< D oDEA J4° M(END O + B[ 20 | ZO)))

— 0, (5.42)
since B ||L"4™||2 = d and using the Cauchy-Schwarz inequality
E(|ZNZ" 00 < E[1Z7)PP R0

< const Vd. (5.43)

Altogether this implies
G(L", L) < 3L ' L) 4 b, (5.44)

for n > 1. Iteration for this reduction inequality leads to
G(L" L) < &AL L +Z§2kbn - (5.45)
Since ¢ < 1 and b, — 0 we can directly deduce
if%bn_k — 0 for n—o0 (5.46)

(see Cramer (1995, Lemma 6.30)). This implies
A(L" L) — 0 for n— . (5.47)

5.2 Covariance structure

For the application of Theorem 5.1.3 it is necessary to check the conditions
(5.14)—(5.16). The asymptotic of the mean vector E L™ is given by (5.5)
n—1
EL"=(EC)"EL’+) (EC)"Eb. (5.48)
k=0
For the mean, therefore, the computational complexity reduces to the deriva-
tion of the powers of the matrix EC. For the asymptotics of the vari-
ances Var(L7}),...,Var(L") we have to investigate the whole covariance matrix
Cov(L™). We use the following notation: For an n x m matrix A = (a;;) de-
note by Ay := (as,...,asm)" the sth row vector of A for 1 < s < n. If X
is an r.v. in R? Cov(X) denotes the matrix (Cov(X;, X;))¢,_;. For two r.v.
X,Y in R% RY respectively, Cov(X,Y) denotes the d x d’ matrix (Cov(X;,Y;)),
1<i<d1<j<d.
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Lemma 5.2.1 Let (L") satisfy the recursion (5.3) and C = Y25 A®). Then
for1 <s,t<d

K

(Cov(L)y = Y E <Cov(L”’1)Ag’"),A§r)>

r=1

+(Cov(Cs, CHEL" " EL"")

+ <COV(CS, by) + Cov(C4, bs), EL"‘1>

+(Cov(b))s (5.49)

Proof: Using linearity we deduce

K K
(COVl(L”))St — Cov <Z <Ag7“)7 Ln—l,(?‘)> +b,, Z <A§Q)7 Ln—l,(q)> + bt>
q=1

r=1

= XK: Cov <<A§T)7L"—1v(7”)>7 <A£q)’ Ln—17(q)>) (5.50)

gr=1
K

+ 2 Cov ({AD, 10 4 1,) (5.51)

+ qf} Cov (bs, <A§q>, L”—1=<Q>>) (5.52)

+ Cov (by, by) . (5.53)

Let A, g, L, L be square integrable r.v. in R! so that (A, AV), (L, Z) are indepen-
dent. Then a direct calculation leads to the formula

Cov(AL, AL) = Cov(L,L)E AE A + Cov(A, A)E[LL]. (5.54)

With this identity we first expand the summand (5.50)

K
" Cov (AL, L7 H00) (A0, prt@)))

q,r=1

K d
_ E : § : Cov (A(t)Ln—L(T’) qu)L@—l,(Q)>
si i y L5 My

q,r=11,5=1
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Sy (Cov (1740, 171) & [ 4]

g,r=11,j=

=
=
—_

? J

+ Cov (AS’;),A ) E L5 EL’T“L@)

[M] =
M&

tj

(%Cov (L' L) E [Ag?A@.)]

I
—

1

ihj

_Q

T

st )

+ Cov (A7, A) EL;“EL;“)
d

Z Cov (L7, L;‘_l) Ag)Ag)

i,7=1

SE

r=1

K

d
+y ( > Cov (Ag;>,A q)) ) LR L
ij=1

q,r=1

ZK:IE [<Cov (L) A§>,A,§”>]

r=1

d
+ 3 Cov(Cy,Cyy) EL}'E LY

ij=1

ilﬁ: [<C0V (L1) AP, ALY >1

r=1

+ <C0V(CS, C)EL" '\ E L’H>. (5.55)

The summand (5.51) can be expanded to

Zcov(< L L) )

K d

= Z Z Cov <AEZ)L?_1’(T), bt>
r=1 i=1
K d

= ZZ ELZFL(T)COV (Agl ,bt)
r=1 i=1
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d K
= Z EL? Z Cov <Ag), bt)
=1 r=1

d
= ) EL'Cov(Cybi)

=1
- <cov(os, b), E L”‘1>. (5.56)

Summand (5.52) has the analogous representation. So, (5.51) and (5.52) together
make the contribution

<COV(C'S, be) + Cov(Ch, by), ]EL”*1> (5.57)

to the expansion of (Cov(L"))s. |

Our aim is to give a formula for Var(L}) only in terms of the given quantities
AW AT b L0, For an iteration of formula (5.49) we introduce the following
notation: For a given d x d matrix M = (m;;) denote by MV € R% the vector

M gy =me, forall 1<i,j<d. (5.58)

This means that we write the matrix M row by row into the vector M". We also
use the notation (Cov(-))V = Cov"(-). Define the d? x d* matrices P,Q and the
d* x d matrix R by

[M] ~

P 1)art(i—nyd+j = E [Ai?z‘lﬁﬂ ) (5.59)

1

ﬁ
Il

™)~

Q(s—l)d+t,(i—1)d+j = s 4ty

Cov (A““) AST)) , (5.60)

1

)

,T

Risoiyise; = zK: Cov (Ag?, bt) + Cov (Ag;>, bs> . (5.61)
r=1

for 1 <1i,7j,s,t < d. Furthermore denote by M,, the d x d matrix
M, :=EL"- (EL")". (5.62)

By (5.48) M,, is expressible only in terms of AM, ... A% p L In this notation
the recurrence (5.49) reads

CovV (L") = PCov” (L") + QMY , + REL"" + Cov" (b). (5.63)

Iteration of this formula leads to an explicit expansion of the covariance matrix

Cov(L™):
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Theorem 5.2.2 The covariance matriz Cov(L"™) of L™ satisfying the recursion
(5.8) in the notions (5.58)—(5.62) has the expansion

Cov" (L™
= PCov’ (L% + Y PH (QMnV,k +REL™* Covv(b)>. (5.64)
k=1

This means that the computational difficulty to determine the asymptotics of
E L™ and Var(L?}),...,Var(L}) reduces to calculate the powers of the matrices
EC and P given by

(EC); = ZK:]E 491, (5.65)

K
Pie-vasei-nar; = Y E [AZ)AZ)} (5.66)

for 1 < 4,7,s,t < d. A concrete example in the two-dimensional case for
the derivation of these asymptotics leading to the verification of the conditions
(5.14)—(5.16) was discussed in Cramer and Riischendorf (1998).

5.3 Lyapunov exponents

The classical approach to study recursion (5.2) in the affine case K =1 is based
on properties of Lyapunov exponents. For K = 1 the process (L") can be defined
pointwise by

L":=A,L" ' 4+b, foraln>1, (5.67)

where (A,,b,) is an i.i.d. sequence of random n x n matrices A, and random
translations b,. Furthermore an initial r.v. L° is given. Iterating (5.67) L™ has
the representation

L' =An- . ALY+ (Ane oAby + by, (5.68)
j=2

The distributional asymptotics of L™ are usually analyzed introducing a change
of time (see e.g. Verwaat (1979)): Let Y := 0 and

n—1

YY" = b1 + Z(Al e Aj)bj+1. (569)
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Then the distributional relation

LI"EZyny Ao AL (5.70)
holds. Assuming appropriate assumptions involving the notion of a Lyapunov
exponent A; -...- A, L" becomes asymptotically small and Y™ converges a.s. to

Y = b1 + Z(Al L Aj)bj+1. (571)
j=1

Following this line L™ — Y in distribution can be deduced.
The (top) Lyapunov exponent of a random n x n matrix A satisfying the
condition E In™ [|A]| < oo is defined by

V(A) = inf ZE[In 4 - ... Ad]], (5.72)

neN N

where (A;) are independent with A; ~ A. The analysis of Y is based on the
fact that

1
v(A) = lim —In||A;-...- A,|| as. (5.73)

n—oo M,

which was proved in Furstenberg and Kesten (1960) and is a consequence of the
subadditive ergodic theorem of Kingman (1973). If E In||b|| < oo and y(A) < 0
then convergence of L™ to Y was shown in Burton and Résler (1995).

For a scaled version of such a result consider

L":=V,L", forall n>1 (5.74)

with V,, given by (5.6). Define

1 1
[ := = min liminf —In <Var(L?)>. (5.75)

1<i<d n—oo N

Corresponding to Theorem 5.1.3 we derive a limit law for (Z”) based on Lyapunov
exponents in the case K = 1:

Theorem 5.3.1 Let (L") be given by (5.67) with E In™ ||b]] < oo, ||L°]] < oo
a.s., and y(A) < B, where 3 > 0 is given by (5.75). Then

n—1

j=1
exists almost surely and

"2 7 forn— . (5.77)
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Proof: By (5.69) and (5.70) it holds
L"2ZVy"+V,A ... A,L°. (5.78)

Since > 0 and y(A) < [ there exists 0 < { < (—7(A))/4 with _ :=[—-£ >0
and ayq = Y(A) + 26 # 0. Define ay := v(A) + & By (5.73) it exists a.s. a
no = no(w) € N with

| Ay ... - Ay < exp(nay) forall n > ny. (5.79)
Therefore a.s. a constant C; = C}(w) > 0 exists with
|A1-...- Ayl < Crexp(nay) forall neN. (5.80)
Analogously using (5.75) there exists a Cy > 0 with
Vol < Coexp(—nf_) for all neN. (5.81)
Furthermore it exists a C3 > 0 so that a.s.
|bn|| < Csexp(né/4) for all n e N. (5.82)

This can be seen by a standard argument:

S B(lball > exp(ng/4) = D B((#/€) bl > n)

n>1 n>1
4 +
< EE In™ [|b]| < oo. (5.83)
Then by the Borel-Cantelli Lemma
P (lim sup {||bn|| > exp(nf/él)}) = 0. (5.84)

This means that with probability one ||b,|| > exp(n&/4) occurs only finitely many
times. This implies (5.82).
Now we complete the proof showing

VoAy - ... - ALY — 0 for n— oo as., (5.85)
VpoY'" — Z for n— oo as. (5.86)
Ad (5.85): Almost surely holds
[Vidi o AL < [Vl s Adl 120
C1Cyexp(—nf-) exp(na )| L]
< O1Gy||L°|| exp(—2én) — 0 for n — oo, (5.87)
by (5.80), (5.81), and || L°|| < oo a.s.

IN
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Ad (5.86): Itis

n—1
VY, =V, (bl +Y A Ajbj+1> : (5.88)

Jj=1

For the convergence of V,,Y,, we show that (V,,Y,,) is a Cauchy sequence a.s. We
prove a.s.

lim  sup ||V,.Y, — V.Y =0. (5.89)

0% no<m<n

For ng < m < nitis

HVnYn - VmYmH
n—1 m—1
- ’VnZAl-...~Ajbj+1+(Vn—Vm)ZA1-...-Ajij
j=m 7=1
n—1
< VAl ST AL - A by
j=m
m—1
Vo= Vil D AL Al byl (5.90)
7j=1

The first summand in (5.90) denoting C' := C1CyC} is estimated a.s. by

n—1
IVall D A Ayl by
j=m

n—1

< Cexp(—nf-) Z exp(jorsy)

j=m

exp(ay )™ —exp(ay4)"
1 —exp(asy)

= Cexp(—np_)

C
= TIW [exp(ma++ —nf-) —exp(n(ai — ()
— 0 for ng— oo, (5.91)
since exp(ma,  —nf_) < exp(—neé) and exp(n(ay — ) < exp(—no). For
the second summand of (5.90) observe

||Vn - Vm” S 02 exp(_mﬁ—)a (592)
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since m < n and S_ > 0. This implies a.s.

m—1
IV = Vil D NAs - A [l
7j=1

m—1

< Cexp(-mp-) Z exp(josy)

j=1

1 —ex m
= Coxplomi)me

C
= m [exp(—mﬂ_) — exp(m(a++ _ 5_))
— 0 fOI' ng — 00, (593>
since eXp(—mﬁf) < eXP(—nof) and exp(n(%r+ _ 57)) < eXp(—nof)_ -

Even in the unscaled case with K = 1 there is not much known about the
connection of the conditions arising in the Lo-case formulated in expectations of
norms of certain matrices as in (5.29) with conditions on Lyapunov exponents.

For a discussion of this problem and a related conjecture see Burton and Rosler
(1995).



Bibliography

Adler, R. L. and L. Flatto (1977). Uniform distribution of Kakutani’s in-
terval splitting procedure. Zeitschrift fur Wahrscheinlichkeitstheorie und
verwandte Gebiete 38, 253-259.

Aldous, D. (1996). Probability distributions on cladograms. In D. Aldous and
R. Permantle (Eds.), Random Discrete Structures, Volume 76 of IMA Vol-
umes Math. Appl., pp. 1-18. Springer.

Alsmeyer, G. (1991). Complete answer to an interval splitting problem. Sta-
tistics € Probability Letters 12, 285-287.

Anderson, D. H. and R. Brown (1992). Combinatorial aspects of C.A.R.
Hoare’s FIND algorithm. Australasian Journal of Combinatorics 5, 109—
119.

Arora, S. and W. Dent (1969). Randomized binary search technique. Commu-
nications of the ACM 12, 77-80.

Assche, W. van (1986). Products of 2 x 2 stochastic matrices with random
entries. Journal of Applied Probability 23, 1019-1024.

Assche, W. van (1987). A random variable uniformly distributed between two
independent random variables. Sankhya: The Indian Journal of Statis-
tics 49, Series A, 207-211.

Bentley, J. L. (1975). Multidimensional binary search trees used for associative
searching. Communications of the ACM 18, 509-517.

Bougerol, P. and N. Picard (1992). Strict stationarity of generalized autore-
gressive processes. The Annals of Probability 20, 1714-1730.

Brandt, A. (1986). The stochastic equation Y,, ;1 = A,Y,, + B,, with stationary
coefficients. Advances in Applied Probability 18, 211-220.

Bruhn, V. (1996). Fine Methode zur asymptotischen Behandlung einer Klasse
von Rekursionen mit einer Anwendung in der stochastischen Analyse des
Quicksort-Algorithmus. Ph. D. thesis, Christian-Albrechts-Universitit zu
Kiel.

91



92 BIBLIOGRAPHY

Bruss, T., R. Jammalamadaka, and X. Zhou (1990). On an interval splitting
problem. Statistics €& Probability Letters 10, 321-324.

Burton, R. and U. Rosler (1995). An Ly convergence theorem for random affine
mappings. Journal of Applied Probability 32, 183-192.

Chamayou, J.-F. and G. Letac (1991). Explicit stationary distributions for
compositions of random functions and products of random matrices. Jour-
nal of Theoretical Probability 4, 3-36.

Chamayou, J.-F. and G. Letac (1994). A transient random walk on stochastic
matrices with Dirichlet distribution. The Annals of Probability 22, 424—
430.

Chen, R., R. Goodman, and A. Zame (1984). Limiting distributions of two
random sequences. Journal of Multivariate Analysis 14, 221-230.

Chen, R., E. Lin, and A. Zame (1981). Another acr sine law. Sankhya: The
Indian Journal of Statistics 43, Series A, 371-373.

Cramer, M. (1995). Stochastische Analyse rekursiver Algorithmen mit idealen
Metriken. Ph. D. thesis, Albert-Ludwigs-Universitat Freiburg.

Cramer, M. and L. Riischendorf (1996). Convergence of a branching type re-
cursion. Annales de 'Institut Henri Poincaré 32, 725-741.

Cramer, M. and L. Riischendorf (1998). Convergence of two-dimensional
branching recursions. Preprint.

Cunto, W., G. Lau, and P. Flajolet (1989). Analysis of kdt—trees: kd-trees
improved by local reorganisations. In F. Dehne, J.-R. Sack, and N. Santoro
(Eds.), Algorithms and Data Structures, Volume 382 of LNCS, pp. 24-38.

Devroye, L. (1986). A note on the expected height of binary search trees.
Journal of the ACM 33, 489-498.

Devroye, L. (1998). Universal limit laws for the depths in random trees. Journal
on Computing 28, 409-432.

Devroye, L., J. Jabbour, and C. Zamora-Cura (1999). Squarish k-d trees.
Preprint.

Devroye, L. and L. Laforest (1990). An analysis of random d-dimensional quad
trees. SIAM Journal on Computing 19, 821-832.

Devroye, L., G. Letac, and V. Seshadri (1986). The limit behavior of an interval
splitting scheme. Statistics € Probability Letters 4, 183—186.

Dobrow, R. P. and J. A. Fill (1999). Total path length for random recursive
trees. To appear in Combinatorics, Probability and Computing.

Duch, A., V. Estivill-Castro, and C. Martinez (1998). Randomized k-
dimensional binary search trees. Preprint.



BIBLIOGRAPHY 93

Durrett, R. and T. M. Liggett (1983). Fixed points of the smoothing trans-
formation. Zeitschrift fiir Wahrscheinlichkeitstheorie und verwandte Gebie-
te 64, 275-301.

Finkel, R. and J. Bentley (1974). Quad trees, a data structure for retrieval on
composite keys. Acta informatica 4, 1-9.

Flajolet, P., G. Gonnet, C. Puech, and J. Robson (1993). Analytic variations
on quadtrees. Algorithmica 10, 473-500.

Flajolet, P., G. Labelle, L. Laforest, and B. Salvy (1995). Hypergeometrics
and the cost structure of quadtrees. Random Structures and Algorithms 7,
117-144.

Flajolet, P. and C. Puech (1986). Partial match retrieval of multidimensional
data. Journal of the ACM 33, 371-407.

Furstenberg, H. and H. Kesten (1960). Products of random matrices. Annals
of Mathematical Statistics 31, 457—469.

Griibel, R. (1998). Hoare’s selection algorithm: A Markov chain approach.
Journal of Applied Probability 35, 36—45.

Griibel, R. (1999). On the median-of-k version of Hoare’s selection algorithm.
Theoretical Informatics and Applications 33, 177-192.

Griibel, R. and U. Résler (1996). Asymptotic distribution theory for Hoare’s
selection algorithm. Advances in Applied Probability 28, 252-269.

Guivarc’h, Y. (1990). Sur une extension de la notion de loi semi-stable. Annales
de I’Institut Henri Poincaré 26, 261-286.

Hoare, C. A. R. (1961). Algorithm 64, Quicksort; Algorithm 65, Find. Com-
munications of the ACM 4, 321-322.

Hoare, C. A. R. (1962). Quicksort. The Computer Journal 5, 10-15.

Holley, R. and T. M. Liggett (1981). Generalized potlatch and smoothing
processes. Zeitschrift fiir Wahrscheinlichkeitstheorie und verwandte Gebi-
ete 55, 165-195.

Jacquet, P. and W. Szpankowski (1995). Asymptotic behavior of the Lempel-
Ziv parsing scheme and digital search trees. Theoretical Computer Sci-
ence 144, 161-197.

Johnson, N. L. and S. Kotz (1990). Use of moments in deriving distributions
and some characterizations. Mathematical Scientist 15, 42-52.

Johnson, N. L. and S. Kotz (1995). Use of moments in studies of limit distri-
butions arising from iterated random subdivisions of an interval. Statistics
& Probability Letters 24, 111-119.



94 BIBLIOGRAPHY

Kahane, J.-P. and J. Peyriere (1976). Sur certaines martingales de Benoit
Mandelbrot. Advances in Mathematics 22, 131-145.

Kakutani, S. (1975). A problem of equidistribution on the unit interval [0, 1].
In Proceedings of the Oberwolfach Conference on Measure Theory, Volume
541 of LNM, pp. 369-375.

Kennedy, D. P. (1988). A note on stochastic search methods for global opti-
mization. Advances in Applied Probability 20, 476-478.

Kesten, H. (1973). Random difference equations and renewal theory for prod-
ucts of random matrices. Acta Mathematica 131, 207-248.

Kingman, J. F. C. (1973). Subadditive ergodic theory. Annals of Probability 1,
883-9009.

Kirschenhofer, P.; C. Martinez, and H. Prodinger (1997). Analysis of Hoare’s
Find algorithm with median-of-three partition. Random Structures and Al-
gorithms 10, 143-156.

Kirschenhofer, P. and H. Prodinger (1998). Comparisons in Hoare’s FIND
algorithm. Combinatorics, Probability and Computing 7, 111-120.

Knessl, C. and W. Szpankowski (1999). Quicksort algorithm again revisited.
Discrete Mathematics and Theoretical Computer Science 3, 43—64.

Knuth, D. E. (1972). Mathematical analysis of algorithms. In Information
processing 71, Volume 10, pp. 19-27. North Holland Publishing Company
1972. Proceedings of IFIP Congress Ljubljana, 1971.

Knuth, D. E. (1997a). The Art of Computer Programming: Fundamental Al-
gorithms (third ed.), Volume 1. Addison Wesley.

Knuth, D. E. (1997b). The Art of Computer Programming: Seminumerical
Algorithms (third ed.), Volume 2. Addison Wesley.

Knuth, D. E. (1998). The Art of Computer Programming: Sorting and Search-
ing (second ed.), Volume 3. Addison Wesley.

Lent, J. and H. Mahmoud (1996). Average-case analysis of multiple quick-
select: An algorithm for finding order statistics. Statistics € Probability
Letters 28, 299-310.

Letac, G. and M. Scarsini (1998). Random nested tetrahedra. Advances in
Applied Probability 30, 619-627.

Mahmoud, H. (1986). On the average internal path length of m-ary search
trees. Acta Informatica 23, 111-117.

Mahmoud, H. (1992). Evolution of Random Search Trees. John Wiley.



BIBLIOGRAPHY 95

Mahmoud, H., R. Modarres, and R. Smythe (1995). Analysis of quickselect:
An algorithm for order statistics. RAIRO, Theoretical Informatics and Ap-
plications 28, 299-310.

Mahmoud, H. and R. Smythe (1998). Probabilistic analysis of MULTIPLE
QUICKSELECT. Algorithmica 22, 569-584.

Mandelbrot, B. (1974). Multiplications aléatoires itérées et distributions in-
variantes par moyenne pondérée aléatoire. C.R. Acad. Sc. Paris 278, Série
A, 289-292.

Martinez, C., A. Panholzer, and H. Prodinger (1998). Partial match queries
in relaxed multidimensional search trees. Preprint.

Martinez, C. and S. Roura (1998). Optimal sampling strategies in Quicksort
and Quickselect. Preprint.

McDiarmid, C. J. H. and R. B. Hayward (1996). Large deviations for quicksort.
Journal of Algorithms 21, 476-507.

Mountford, S. T. and S. C. Port (1993). Random splittings of an interval.
Journal of Applied Probability 30, 131-152.

Neininger, R. and L. Riischendorf (1999). On the internal path length of d-
dimensional quad trees. Random Structures and Algorithms 15, 25—41.

Panholzer, A. (1997). Untersuchungen zur durchschnittlichen Gestalt gewisser
Baumfamilien. Mit besonderer Berticksichtigung von Anwendungen in der
Informatik. Ph. D. thesis, Technischen Universitat Wien.

Panholzer, A. and H. Prodinger (1998). A generating functions approach
for the analysis of grand averages for Multiple QUICKSELECT. Random
Structures and Algorithms 13, 189-2009.

Paulsen, V. (1997). The moments of Find. Journal of Applied Probability 34,
1079-1082.

Prodinger, H. (1995). Multiple quickselect — Hoare’s FIND algorithm for sev-
eral elements. Information Processing Letters 56, 123—129.

Pyke, R. (1980). The asymptotic behavior of spacings under Kakutani’s model
for interval subdivision. The Annals of Probability 8, 157-163.

Rachev, S. T. (1991). Probability Metrics and the Stability of Stochastic Models.
John Wiley.

Rachev, S. T. and L. Riischendorf (1995). Probability metrics and recursive
algorithms. Advances in Applied Probability 27, 770-799.

Régnier, M. (1989). A limiting distribution for quicksort. RAIRO, Theoretical
Informatics and Applications 23, 335-343.



BIBLIOGRAPHY

Rosenblatt, M. (1964). Equicontinuous Markov operators. Theory of Probabil-
ity and its Applications 9, 180-197.

Résler, U. (1991). A limit theorem for “quicksort”. RAIRO, Theoretical Infor-
matics and Applications 25, 85-100.

Résler, U. (1992). A fixed point theorem for distributions. Stochastic Processes
and Applications 42, 195-214.

Rosler, U. (1998). A fixed point equation for distributions. Preprint.

Résler, U. (1999). On the analysis of stochastic divide and conquer algorithms.
To appear in Algorithmica.

Résler, U. and L. Riischendorf (1999). The contraction method for recursive
algorithms. To appear in Algorithmica.

Samet, H. (1990). The Design and Analysis of Spatial Data Structures.
Addison-Wesley.

Schachinger, W. (1999). Limiting distributions for the costs of partial match
retrievals in multidimensional tries. Preprint.

Slud, E. (1978). Entropy and maximal spacings for random partitions.
Zeitschrift fiir Wahrscheinlichkeitstheorie und verwandte Gebiete 41, 341—
352.

Sun, T.-C. (1975). Limits of convolutions of probability measures on the set of
2 x 2 stochastic matrices. Bulletin of the Institute of Mathematics Academia
Sinica 3, 235-248.

Tan, K. H. and P. Hadjicostas (1995). Some properties of a limiting distribution
in quicksort. Statistics & Probability Letters 25, 87-94.

Verwaat, W. (1979). On a stochastic difference equation and a representation
of non-negative infinitly divisible random variables. Advances in Applied
Probability 11, 750-783.

Volodin, N. A.; S. Kotz, and N. L. Johnson (1993). Use of moments in dis-
tribution theory: A mutivariate case. Journal of Multivariate Analysis 46,
112-119.

Zwet, W. R. van (1978). A proof of Kakutani’s conjecture on random subdi-
vision of longest intervals. The Annals of Probability 6, 133-137.



