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search processes of Catalan and of logarithmically growing trees do
however not fit the assumptions of our limit theorem and lead to the
so far unsolved problem of degenerate limits.

1 Introduction

In this paper we establish a limit theorem for recursively defined processes
in LP. The proof of this theorem is based on an extension of the contraction
method which has turned out to be an effective method to establish limit the-
orems in the area of recursive structures and algorithms (see [RR01, NRO4]).

One motivation for this paper comes from the fact that for several natural
classes of recursive processes one can not expect convergence to hold in the
space C' of continuous functions or in the Skorohod space D supplied with
uniform metric resp. with Skorohod topology. This has been observed for
example in connection with a process F}, describing the number of comparison
steps of the FIND algorithm by Griibel and Résler (1996). [GRI6] however



managed to introduce a ‘modification’ F) of F}, and to establish convergence
of F! to the ‘FIND process’ in DJ[0, 1].

For conditional Galton—Watson processes it has been shown in a series of
papers that scaled versions of the depth first search process (DFS) as well
as of the height process and of the width process converge to a Brownian
excursion process, while the scaled profile process converges to the local time
process of a Brownian excursion (see Aldous (1991, 1993), Gutjahr and Pflug
(1992), Drmota and Gittenberger (1997), Kersting (1998), Le Gall and Le Jan
(1998), Marckert and Mokkadem (2003) and further references therein); con-
vergence holds in C[0, 1] resp. D0, 1]. For random binary search trees (rBST)
however and more generally for random trees with logarithmic height corre-
sponding convergence results in D[0, 1] can not be expected. As indication
we give in Section 3 a formal proof that the DF'S processes of random BST's
are not tight in D[0, 1].

We propose in this paper to imbed D[0, 1] into an LP space (continuous
imbedding) and then to consider convergence of the recursive processes in the
weaker LP-topology. As consequence one gets weak convergence for a smaller
class of continuous real functions on LP compared to a convergence result
in DJ0, 1]. The main result of this paper gives a set of sufficient conditions
for a sequence of recursive processes to converge in LP. The conditions are
of similar nature as corresponding conditions for related limit theorems for
recursive random sequences in R or in R? (see [NR04]).

It has been taken care in this paper in particular to postulate only point-
wise convergence of the scaling operators describing the recursion, while to
restrict the application of (uniform) operator norm only to the formulation
of the contraction conditions for which pointwise conditions would not allow
to control the development of the recursive processes.

Our convergence result serves as a general frame for convergence of re-
cursive processes in the (weak) LP-convergence sense. As an application we
derive directly convergence of the FIND sequence F}, to the unmodified FIND
process F. Note that Griibel and Résler (1996) obtained the stronger D[0, 1]-
convergence result for the modified sequences F.. The DFS processes for con-
ditional Galton—-Watson trees and for random trees with logarithmic height
do however not fit the conditions of our limit theorem. They lead to degener-
ate limit equations. The problem of degenerate limit equations is also present
in the case of recursive sequences in RP. So far only for the case of normal
limit theorems a solution for this problem has been found (see [NR02]). This
is a problem of considerable further interest in R? as well as in L.

As further application we show that the existence and uniqueness results



on fractal processes in Hutchinson and Riischendorf (2000) are special cases
of the recursive frame and the limit theorem in this paper. In fact this paper
can be seen as an extension of [HR00]. We are convinced that as in the case
of the contraction method in R? the result in this paper for convergence in
L? is a first step of further developments and will be of interest for a series
of further applications.

Independently of this paper which has been circulated in April 2006 and
which is based on the diploma thesis of Eickmeyer (2005) a related con-
vergence result for recursive random sequences in Hilbert spaces has been
established recently in Drmota, Janson, and Neininger (2006, Theorem 6.1).
In their paper they apply the limit theorem to obtain a convergence result
for the profile process of some class of random search trees including binary
search trees. The proof is based on convergence of the profile polynomials
to some analytic processes using convergence in the Bergman—Hilbert space
which implies strong pointwise and uniform convergence. There are some
differences between our limit theorem to that in [DJNO6]. First we consider
more general recursive sequences (allowing homomorphisms in the Banach
spaces LP compared to [DJN0O6] who considered random affine transforma-
tions in the frame of Hilbert spaces). Our results are based on the minimal
Li-metrics on LP. We could extend this to £,-metrics but the conditions seem
to be easier to apply w.r.t. £1. [DJNO06] instead use in the Hilbert space case
the more flexible Zolotarev metric. In comparison to [DJN06] we avoid con-
vergence conditions on the coefficients in the (uniform) operator norm. But
their application to the profile process speaks for itself.

After introducing our frame of LP-convergence, the minimal ¢,-metrics on
LP together with scaling operators and some connection to D-convergence in
Section 2 we formulate the recursive sequences considered in this paper in
Section 3 and establish a general convergence theorem for them. In Section 4.2
we give an application to the FIND convergence result of Griibel and Rosler
(1996) and formally prove that the DFS processes of random trees with loga-
rithmic height are not tight in the Skorohod topology on D[0, 1]. It turns out
however that DFS processes lead for the interesting cases of trees with loga-
rithmic height as well as for conditional Galton-Watson trees to degenerate
limit equations, so that our theorem is not applicable to them. Still we are
convinced that the convergence result in this paper is of interst in itself and
will be useful for further development and examples. In fact in the case of ran-
dom fractal measures a similar frame has been developed in Hutchinson and
Riischendorf (2000) for random measures and the corresponding convergence
result for random measures gives as consequence existence and uniqueness



of random fractal measures (see [HR00, Theorems 3 and 4]). Also in The-
orem 6 of that paper a similar existence and uniqueness result for fractal
processes is proved based on f,-contraction arguments as in this paper. In
particular Brownian bridges are characterized by fractal scaling properties
in that paper. The results in this paper can be seen as an extension of that
paper to general recursive sequences of processes including the case of fractal
processes as particular case.

2 Weak convergence, scalings and LP-spaces

In this section we introduce the LP-spaces together with the minimal /.-
metrics on them and the induced convergence notion. We also introduce the
basic homomorphisms on L” which are used for formulating the recursive
equations in this paper. A case of particular interst are scaling operators
which allow to scale in space and in time. In the first part of this section
we consider some properties of weak convergence in the Skorohod topology
on D = DJ[0,1] and discuss a continuous imbedding of D into the LP =
LP[0, 1] space supplied with the usual LP-topology. This is of interest when
convergence of processes on D cannot be expected as in the case of DFS
processes for trees with logarithmic height (see Section 3).

The space D of cadlag functions supplied with the Skorohod topology is
studied in detail in Billingsley (1968). A subset K C D is relatively compact
iff K is uniformly bounded, i.e.

sup sup |f(t)| < o0 (2.1)
feK te]0,1]

and
lim sup w’(6) =0 2.2
inysups 9 (2.2

where W’ (0) = infy, ¢, ,>s maxi<i<, wr([tio1,:)), the inf over all decomposi-
tions (¢;) of [0,1], and where w¢(A) is the continuity modulus of f on A.

A consequence of this criterion is the following necessary condition for
tightness.

Lemma 2.1 If K C D is relatively compact, then for any e > 0, there exists
somen. = n. g € N such that for all f € K and any0 <t <--- <t, 41 <1
holds miny<ij<p_ | f(t;)— f(tit1)] < €, d.e. any f € K crosses intervals of length
€ at most n. times.



For functions f defined on an interval I we introduce the scaling operator
gmb, a>0,b¢€ R! by
Tapf(t) = flalt = b)), (2.3)
where f(a(t—0)) is defined to be zero if f is not defined there. This definition
extends similarly to functions on more general domains. In particular %,
describes a scaling of time from domain I = [0, £] to [0, 1].
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Figure 2.1 The operator %, 4.

Scaling operators are a basic class for formulating recursive sequences. In
particular they are used to introduce fractal random measures and fractal
processes which are particular instances of random recursive processes (see
[HROO]).

In order to obtain weak convergence results for processes in C' or in D we
have sometimes to consider a weakening of the Skorohod topology on C', D
by embedding these spaces in the Banach space L = LP[0, 1] supplied with

1/
the usual LP-norm || f]|, = <f01 |f|pd:p> p, 1 <p < oo Tyyp is well defined
on LP and

1\ 1/p
IZassllo < () 11 (2.4)
with equality holding for a € (0,1) and b = 0.
Let for a continuous endomorphism 2 on L”

[[Alop = sup [R:A1 (2.5)

I fllp=

denote the operator norm. Then using (2.4) and approximation by continuous
functions one sees

Lemma 2.2 The mapping T : R x R x LP — LP,  (a,b, f) — Topf is
continuous.

Since elements f € D are bounded, one can embed D C LP. With respect
to the LP-topology D is not complete. In the converse direction one obtains

(for details see [Eic05]).



Lemma 2.3 The imbedding D — LP is continuous, where D is supplied with
the Skorohod topology, i.e., convergence w.r.t. the Skorohod topology implies
convergence in LP.

To describe weak convergence of stochastic processes in the Banach space
(LP, || ||p) we define for 1 < r < oo the minimal L,-metric ¢, on the set M, . of
all probability measures 1 on L? with finite -th moments [ || f[|7du(f) < oo
by

0(v) = mE{(EX = Y5} X~ pY ~vh (2.6)
Here X ~ p means that the stochastic process X has distribution p. It is

well known that (M,,,¢,) is a complete metric space and for p,, u € M,,,
convergence £,.(p,, 1) — 0 is equivalent to

i Zege and [l = [ 171 (2.7
or to
[ oy, — / o) dp (2.8)
for all continuous ¢ : LP — R with |¢(f ||f|| ).

For X ~ p, Y ~ v we use the notatlon E (X,Y) = {,(u,v). For continuous
endomorphisms 2 : LP — L? holds the estimate

(X AY) < 2] opl, (X, Y) (2.9)

while for the particular scalings 2, f = af equality holds. We shall use con-
tinuous endomorphisms to formulate the recursive sequences in Section 3.
This gives additional degrees of freedom compared to using random affine
transformations only as is quite typical in recursive algorithms. One may
e.g. include kernel transforms [ K(t,s)X,ds of a process X in this frame-
work. In the following we concentrate on the case r = 1 and define M; :=
M, = M;(LP) the class of all distributions of L? processes Z with finite
norm FE||Z]|, < co.

Lemma 2.4 (Random scaling) Let A, B, C be real random variables,
A > 0 and for X ~ p € M,, X independent of (A, B,C) consider the
random scaled process Y 1= C% 4 pX. Then

: ]
EllY|, < cE|X|, with c:= Em. (2.10)

Proof: Using the estimate (2.4) and the independence assumption we obtain

C
E|lY]l, = ElCTa Xy < E(IC] 1%4,5llopl| X1lp) < E’m E[[ Xy u




3 A limit theorem for recursively defined pro-
cesses

In this section we introduce a class (Z,,) of recursive processes in L = L?[0, 1]
and establish sufficient conditions for a limit theorem for (Z,). In more de-
tail we consider a sequence (Z,) of LP[0,1]-valued processes satisfying the
following recursive structure

4

K
Zy 26 4" AMZ0 > g (3.1)

r=1

with LP-valued processes b™ and random continuous endomorphisms A" of
e (ZM), ..., (285 are independent copies of (Z,) which are also indepen-
dent of (i), @™, ... 24™) 5™). Further the ‘subgroup sizes’ (I{™) are
assumed to be distributed on {0,...,n}.

Thus the process at ‘time’ n is formed by applying some continuous ho-
momorphisms as e.g. scaling transforms or kernel integral transforms A" to
some independent random copies of the processes at random previous ‘time
points’ it adding them up and adding an LP-process b™. In random tree
examples the it typically are subgroup sizes of the subtrees below the root.
Conditioned on the numbers [ ,E") these subtrees are independent and are trees
of the same type. This is a quite common structure in algorithms (see [NR04]
for examples).

Our main result is the following limit theorem. We denote by Z € M; =
M, (LP) that E||Z||, < occ.

Theorem 3.1 Let (Z,) be a recursively defined sequence of stochastic pro-
cesses in LP = LP[0,1] as in (3.1). Further we assume the following conditions
forany f € LP, £ >1 and 1 <r < K holding for some b* € LP and random
endomorphisms A on LP:

Let Zy, ..., Zny—1 € My, b™ b* € M, for n € N such that

(1) E[p™ — ][, — 0 (2) B f — A fl, — 0
K % n
(3) EXI, [1%llop < 1 (4) B(10cpone 12 lop) = 0

(5) T E 352 127 lop < 1
(6) ||Ax]|op < M and HQl?(nn)HOp <M for1<r<K,neN and some M > 0.

Then 01(Zy, Z.) — 0, where Z, is the unique solution (in distribution) of the

7



recursive equation

K
AR A (3.2)
r=1

in LP with E||Z]|, < oo.

Proof: For the proof we define the linear operator 7' : My — M; by TZ 2
S AZ0 4 Let XU XE L X and YO, Y LY be pair-
wise optimal couplings, i.e. 1(X,Y) = E||X® —Y®| ;1 <r < K and
let (XM, YWy (XE) YE) (A ... A%, b*) be independent. Then we
obtain by Minkowski’s inequality and using (2.9)

p

K K
0(TX,TY) < EH(ZQ(:X(’") b — (Zm:ym +b*)
=1 r=1

p

K
= EH Zm:(x(r) — Yy
r=1

< E(i 12l ) £2(X. V). (33)

By assumption (3) ¢ := E Y% |%*|lop < 1 and thus T is a contractive
operator on the complete metric space (M, £1). By Banach’s fixpoint theorem
there exists a unique fixpoint Z, of T in My, i.e. a unique solution of the
recursive stochastic equation (3.2).

To prove convergence of Z,, to Z, we introduce

K
Qu =Y AMZO +5, 0>y, (34)

r=1

where Z") are independent copies of Z,. By the triangle inequality we obtain
gl(Zna Z*) S £1<Zn7 Qn) + gl(Qnu Z*) = ap + bn (35)

From the fixpoint equation (3.2) we obtain

K K
by = 01(Q, 2) < E|| (DA 2z +507) - (;%’;Z@ +°)

r=

p

K
< D BN = A Zlp + Bl — 7], (3.6)

r=1



The second term converges by assumption (1) to zero. Using the indepen-
dence assumptions and a conditioning argument we obtain

B 221, = [ B[ - 2], | 2. = 7aP>(£)
~ [ Bl - w)sl,ap% ()

By assumption (6) the integrand is bounded above by 2M || f||,. Since Z, €
M; we conclude by the dominated convergence theorem that

b, — 0. (3.7)

To estimate the first term a, = ¢1(Z,, Q,) we assume that (27, Z{")
are independent optimal couplings of (Z,, Z,). By assumption (4) p, :=
E 27{{:1(1{15"):”}”91£n)||0p) — 0. This implies that

K K

— (2, Q,) < E (b(”) +y 91§”>ZI<;3>) - (W +3 Zy))
r=1 r=1

K

= B|| a0 - Z0)

r=1

() (7() _
< B|| D e X7 (20 = Zy
r=1

p

p

p

B 1 ( Zum )62, 2.)]

< pub(Zn, 2.) + B Z 1y o 20(20) — 28))
r=1

(3.8)

p

From the triangle inequality in (3.5) we thus obtain

[(EXK:H%"’H@) sup  £1(Z; *)+£1(Qn,zn)}

0<j<n—1

1
gl(va Z*) S 1

S [(EZ 120o) sup 61(Z;.Z) +0(1)]. (39)
<j<n—1
Using assumption (5) we obtain that the sequence ¢,(Z,,, Z,) is bounded, i.e.
n:=supl(Z;,Z,) < 0. (3.10)
J=0



Thus 1 := lim¢,(Z;, Z,) <7 < oo and for all > 0 holds ¢,(Z,, Z,) < n+¢
for n > ng. This implies for n > n, using (3.6)

0:(Zy, 2.)

_pn

< 7 Pl (12 ) 420, 2] + o0
(Z 0<1(”><n0}||91 ||Op>

r=1

- E(E_j 124 op ) + 0(1)

K
n n+e
< (B 12l ) 17— + o(1).
r=1

Pn

r (r)
Eumm} @ - 2g))], ko
K

IA
NT

]-_pn

As consequence this implies

K
n < TmB( 3 14 oy ) (0 + ) (3.1)

r=1
holding for all € > 0. Thus assumption (5) implies that n = 0. O

Remark 3.2 o) We remark that pointwise convergence of the operators
W f = A*f in LP does in general not imply that |AT — Wop — O.
In applications the postulate of convergence of Al 2% in operator norm
would be too strong. As consequence we have to add to condition (3) which is
quite common in the application of the contraction method (see e.g. [RRO1,
Rés04, NRO4]) the asymptotic condition (5) on the Al

b) As consequence of Theorem 3.1 we obtain that

(Z) 2 #(2.) (3.12)

for any continuous real function ¢ : LP — R. Thus in particular for contin-
uous linear functionals A on LP of the form

Af = / f(2)g(x)da (3.13)



for some g € L9, 110 + % =1 convergence t1(Z,, Z.) — 0 implies

AZ, B AZ, (3.14)

as well as
E|Z|lp — Bl Zl; (3.15)

Further for linear functionals A as in (3.13) and A, B real rv’s with A > a >
0, EA o Ty p defines a linear functional on LP and

_ / F()has(y)dy (3.16)

with hap(h) == ELg(% + B) € L.

4 Some applications and remarks

4.1 FIND process

The FIND process has been introduced in Griiebel and Rosler (1996) when
studying the FIND-algorithm. The FIND-algorithm determines in a list L
with n linearly ordered elements the k-th order statistic in the following
recursive way. An element p € L is randomly chosen (p = pivot) and the list
L is subdivided into 3 sublists L. the list of elements smaller then p, L~ the
list of elements larger than p, and L_ = {p}. If |L.| = k — 1, then p is the
searched k-th order statistic, if not, the algorithm continues to search in L_
orin L.

Let X ,gn) denote the number of comparisons of FIND needed to find the
k-th order statistic and define the step function F), in D [0, c0)

F(t) i {Xf;j)ﬂ if t <n, (1)
0 else,
then the stochastic process F), satisfies the recursive equation
RLR Lo
Fo 2 (n— 1+ F10FL, +Fis,,, Fr, (4.2)

11



where L, = |L.| is uniformly distributed on {0,...,n — 1}, R, = |L~| =
n—1—1L,, F, 4 F,, and (F,), (F,) are independent of each other and of
(Ly) resp. (Ry).

Griibel and Rosler (1996) have shown that the FIND algorithm process
(F},) does not converge in Skorohod topology. [GR96] introduced a modifica-
tion F of the FIND-algorithm process, where the list L is splitted into two
lists L« = L. U L_ and L, i.e. if the random pivot p is identical to the
searched order statistic it is put into the list L< and the search continues.
They proved that this modification converges after normalization in D[0, 1]
to some limit F' which is called FIND process.

1
~T,0F 2 F. (4.3)
n

Let G, := %Tn,an denote the scaled version of the unmodified FIND algo-
rithm process F),, then for n > 1

n—1 L, R, —
G, 4 1[071) + _SLL:OGLN 4+ —% 0 Lt GRn- (4.4)
n n n n Rpn> n

Thus (G,,) fits the recursive scheme in (3.1) with K = 2, (Il(”),lén)) =
(Lo, Ry), 0™ = 22700y A = Lo% o o and ALY = Ba%, 1,10, We have

n Ln> Rpn’ n

convergence +(Ly, Ry) 2, (U,1 — U) where U is uniformly distributed on
(0,1) and by Lemma 2.2.

AN F 5 Alf = UT, of and
AL F 5 Apf = (1= V)T 1 yf, forall f € LV (4.5)

Using couplings of (L,,) as e.g. L, = |nU] we obtain a.s. convergence of
(Ly, R,) and thus for any f € L?

AN f — A f|l, — 0 as., r=1,2 (4.6)
As
b\
12 1l < 1 opll o = (=) 1l < 11l
n
and

pt1
12 1 < (22) 7 15l < 161

12



and similarly for 7, 205, we conclude by dominated convergence

B2 f =2 fll, =0, r=1,2. (4.7)
Further
n—1 . ptl 1
1 T\ P ptl P 1
E|2AM™ || = = - / v dr = < =
124 nz(n) [ <]
and thus

B (12 oy + 1257 o) = B (125l + [2l1p) = 525 < 1. (48)

Finally for all 1 <r < K and ¢ > 1 holds

E 1oy 167 low < P ({1 < £} AT = n}) — 0 2 0 — oc.

(4.9)
Thus all conditions of Theorem 3.1 are satisfied and we obtain as corollary.

Proposition 4.1 The normalized FIND algorithm process (G,,) converges
weakly in LP to the FIND process F', and moreover {1(G,, F) — 0. F is the
unique solution in My = My (LP) of the recursive equation

Z 5y +UT) o Z+(1-U)T 1 7. (4.10)

Here Z is an independent copy of Z, U ~ Ul0,1] and Z, Z, U are in-
dependent. Applying Remark 3.2b) to the functional Af = fol f(x)dx we
obtain

AG,, 2 AF, (4.11)

where F' is the FIND process as in (4.10). Using the case p = 1 we obtain
further

E / Gt — B / R, (4.12)

AG,, is the scaled version of the average search time of the FIND algorithm
over all order statistics. From (4.10) we obtain

AF £ Al + UMT, oF) + (1 - U)A (‘zﬁﬂf) . (4.13)

13



Thus Ay = 1, UNT, oF) = U [ F(2)dz = U? [}/ F(y)dy = U*AF.
Similarly, (1-U )A(Qﬁ’UF) = (1—U)?AF and thus we obtain the recursive
equation

AF £1 4+ UAF + (1 — U)’AF, (4.14)

which characterizes uniquely the distribution of AF. In particular (4.14) im-
plies that the expectation FAF = 3 and thus

EAG, — 3. (4.15)

4.2 Depth first search processes

Depth first search processes have been a topic of intensive study in the last 15
years. For Galton—-Watson trees conditioned on their total progeny it has been
proved that the normalized depth first search process (DFS) and the height
process converge in C|0, 1] to a Brownian excursion process while the profile
process converges in D[0, 1] to the local time process of a Brownian excursion
process. Convergence is w.r.t. the Skorohod topology on C' resp. D. This
implies in particular convergence results for simple or simply generated trees.
For references to these kind of results we refer to Aldous (1991, 1993), Gutjahr
and Pflug (1992), Drmota and Gittenberger (1997), Kersting (1998), Le Gall
and Le Jan (1998), Marckert and Mokkadem (2003), and many references
therein.

For several further classes of random trees like random binary search
trees (rBST), tries, digital search trees and others one cannot expect similar
convergence results in D]0, 1] in the Skorohod topology. We demonstrate this
claim in the following for the depth first search process (DFS) also called
depth first walk (DFW) of an rBST.

Let T}, be a random binary search tree with n internal and n + 1 external
nodes. Let L,,, R, denote the number of nodes in the left resp. right subtree of
the root, then R, + L, = n—1. R, is uniformly distributed on {0,...,n—1}
and conditional on (L, R,,) the left subtree 77, and the right subtree Tg, are
independent and both are rBSTs. Let V,, denote the depth first search process
of T,, (DFS) including the external nodes.The walk follows the contour of the
tree from left to the right (see Figure 4.1).

There are 2(2n + 1 — 1) = 4n steps in the definition of the DSF. Thus
by linear interpolation V,, is defined in C[0, c0) with support in [0,4n]. The
local maxima of V,, correspond to the external nodes. V,(2(2L, + 1)) =
Vi(4L,,+2) = 0 since the left subtree contains 2L,, + 1 nodes and the contour
returns to the root after 2(2L,, + 1) steps.

14
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Figure 4.1 A binary search tree and its DFS-process (n =4, L,, = 2, and R,, = 1).

The recursive structure of 7T, is reflected by the following recursive struc-

ture of V,,:
Vo =0
"4 m _ (4.16)
V=0, +%11Ve, + T1a0,43VR,

where (L,, R,), (V,,), and V,) are independent, V, 2 Vi, Lpn+ R, =n—1,
and L, < unif{0,...,n — 1}. Further b(Lz) € C[0,00) is one on [1,4L,, + 1] U
[4L,+3,4n—1] and zero on {0,4L,+2}U[4n, c0) and is linearly interpolated
else. We denote by X, the rescaled DFS-process

Xy = 7(n)ZunoVas (4.17)

where y(n) is a scaling function. The operator %4, scales V;, to the unit
interval [0, 1].

In this section we give a formal proof showing that the rescaled DFS-
process of an rBST does not converge to some nontrivial limit when consid-

ering weak convergence — on C [0, 1] resp. on D[0, 1] in the Skorohod topol-
ogy. We show in the following that a nontrivial convergence result cannot be
expected for any scaling sequence v(n).

Proposition 4.2 a) If y(n) = 0(@), then
X, = v(n)TanoVi 2 0. (4.18)

b) If v(n) = w(i~), i.e. — = o(y(n)), then (X,) is not convergent in

logn logn

D|0, 1] w.r.t. the Skorohod topology.

Proof: a) For binary search trees T,, the height h(T,,) is of logarithmic order

— ¢, (4.19)



where - is convergence in probability and ¢ ~ 4.31107... is the unique

solution of the equation ylog(%) = 1 bigger than 2 (see Devroye (1986)).
Therefore,

[ Xnllo = 7(0)[Tan0Valloo = v(n)A(T0) = (7(n)logn)

This implies (4.18).
b) Assume that X, 2 X for some process X in D[0,1]. Then || X,|le =
y(n)h(T,) 2 | X ||oo, Where 2, here denotes weak convergence in R'. But

since y(n)logn — oo we obtain by (4.19) a contradiction to tightness of
(h(Tn)>' U

logn

Thus essentially it remains to check normalizing sequences of the order
of magnitude y(n) ~ @, since the arguments in Proposition 4.2 also can
be applied to subsequences and thus imply that a necessary condition for a

nontrivial convergence result for X, is
0 < limy(n)logn < limy(n)logn < oco. (4.20)

In the following theorem we prove that also a logarithmic normalization
as in (4.20) does not allow to establish a nontrivial convergence result for
X,. The argument holds true for the more general class of random trees with
logarithmic height.

Proposition 4.3 Let (T,,) be a sequence of random binary trees with n in-
ternal nodes, assume that T,, has logarithmic height, i.e.

Eh(T,) _

0 < lim
logn

< 00, (4.21)

and let v(n) be a logarithmic normalization sequence satisfying (4.20). Then
the normalized DFS-process (X,,) = (7(n)%anoVn) is not convergent in D0, 1]
w.r.t. the Skorohod-topology.

Proof: By Markov’s inequality we obtain P(h(T},) > 2(a+ 1) logn) < 1 for
n > ng. Thus P(A,) > 3 with A, = {h(T,) < a*logn}, a* := 2(a + 1). For
w € A, there exists a level k = k(T,,) in the tree with at least #Ogn nodes
(see Figure 4.2).
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Figure 4.2 A tree with n nodes and height < a* logn.

At the level k :=k — |5 logn], therefore, we find at least

1/2

2

—m, (4.22)

n 1\ L3 logn] n
(5) = -
a*logn

a*logn

nodes which have at least one successor in level k. In particular we have
m, — oo and k = k, > 1. Thus we may choose nodes uy, ..., Uy, in level
k and for any of these nodes a successor uy, ..., Uy, in level k. We list the
nodes in the order in which they are visited by the DFS-process and thus get
time points 0 < t; < t; < --- < b, < fmn < 1, where at time t; the node u;
and at time ¢; the node 1, is visited, 1 < i < m,,.

By the choice of u;, @; we obtain for n > ng

Xalls) = Xa(t:) = y(n) logn | Va(Es) = Va(t)|
1 1
> Ey(n) logn > ay - 5=

where oy = limy(n)logn and vV, = ﬁT%OVn is the logarithmically nor-
malized DFS-process. Thus the scaled DFS-process X, crosses at least m,,
times an interval of height %al > 0. By Lemma 2.1 however for any K C D
compact there exists some n. such that any f € K crosses at most n. times

intervals of length . Therefore we conclude

P(X, € K) < P(h(T,) > a*logn) <

DN | —

for n > ng and thus the process (X,,) is not tight. O

Remark 4.4 Condition (4.21) on the logarithmic height of T, applies in
particular to rBST, to tries, to digital search trees, Patricia tries and others.
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The proof can easily also be extended to trees where the number of successors
of any node is bounded above by some fized number m like e.q. for m-ary
search trees.

Depth first search processes converge for conditional Galton—Watson trees
to a Brownian excursion process in D|0, 1], while — as shown in Proposi-
tion 4.3 — they do not converge for rBST in DJ0, 1]. It now turns out however
that our limit theorem in LP does not apply to give convergence of the DFS-
process for Catalan trees or for trees of logarithmic Catalan height. Both
cases lead to degenerate limit equations. It is an important open problem
to establish some extension of the convergence result to the degenerate case.
We give a short sketch of the arguments showing this degenerate behaviour
in the following remark which might be of use as an extension of the limit
theorem to this degenerate case will include some copying of the recursive
structure by a limiting process (as in the R? case in [NR02]).

Remark 4.5 o) Catalan trees
The DFS-process V,, of a Catalan tree satisfies the recursive equation

V b + 51 1VL + Tl QLHJ,_gVRn, (423)

where L, is Catalan-distributed i.e. P(L, = k) = % with Catalan

numbers C,, = nil (2") and b ) defined as in Proposition 4.2. Further, the
normalized DFS process Y, : n§4n70V converges to the Brownian excur-

ston process E, i.e.
1
Y, 25 ZF in[0,1] (4.24)
o
w.r.t. sup-metric (here n denotes the number of internal nodes, thus we nor-

malize by 4n considering also external nodes). (Y,,) satisfies the recursive
equation

i_s4nob”) ,/ T 2V, + ,/ T Vi, (4.25)

The first summand converges to zero. Further, +(L,, R,) 2, (I,1—1) with
I~ %(5{0} +eqy) and for all f € LP,

fznlf%fxlof 2, f and

Ln’dn

\/?Sn 4Ln+3f—>\/1— ‘3: f ngf

)

(4.26)
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The contraction condition (3) for the limiting equation (3.2) is not satisfied
1 1
E(ll %1 flop + 122 [lop) = 5(1 +0) + 5(0+1) = 1.
The fizpoint equation (3.2) degenerates to

YLy +(1-1Y. (4.27)

which does not have a unique solution, but any process Y € M;(L,) solves
(4.27). Thus Theorem 3.1 does not apply to this case.

b) Trees with logarithmic height
Let V,, be the DFS process of a family of trees T,, with logarithmic height i.e.
Eh(T,

(T) _

0 < lim
logn

(4.28)

To obtain convergence we have to use a logam'thmic scalmg (see Section 2.).
In the case of an rBST the scaled DFS-process Y, := ——%4,0Vy satisfies the

recursive equation (see (4.16)).

log n

Zo
Zn

0

IEIES

T by logann;Z +1°anzn intnis Zp, . (4.29)

log n logn logn Rp' an

We have %‘Lm ob(n) — 0 as b(n) < 1. For any sequence (k,) C R with

sup’jf < 00 holds 1?5;; = s logtiogn 1. With a.s. convergent versions
(Lo, Bo) — (U,1 = U) we thus obtain for all f € L?
eI o f = Ty of (4.30)
With A n)f = l?fgL;‘ILn a1 f holds |2 n)Hop li)fga” (7")1/]3 and thus
log k Y 1 Zlogk k
B2, > = n
12 op = Zlogn( ) _n;lognn

For e > 0 holds % >1—ciff k >n'"° and thus

n—1 n—1
1 logk £ _ 1—¢ 1—¢1 1—¢
— - > k ~ — —1)(1—n"° )
nZilognn = n? ’HZI_E] gt =11 =) = —



As a result we obtain TmE(|A™ [lop+125])) > 1 and thus the contraction
condition (3) for the limiting equation in (3.1) is not satisfied. The limiting
equation degenerates to

d —
7 = 5570}/ + S:ﬁ,UZ (4.31)

which again has any Z € M,(LP) as solution. Thus also in this case Theorem
3.1 is not applicable.

c) Convergent DFS-processes

The DFS processes of Catalan trees and of rBST’s do not fit the conditions of
Theorem 3.1. The reason however seems to be not the frame of convergence
in LP.

Our limit theorem applies to give convergence of the DFS-process in a
scenario of random tree models T,, with height of order \/n (as in the case
of Catalan trees) and with DFS-process (V,,) satisfying the recursive equation
(4.10). If (L, R,) — (I,1 = 1) for some v I on (0,1) and (4.26) holds,
then with A7 f = ﬁf%yof we have by (2.10)

. ]1/2
ElAfop < c1:= EW — IV (4.32)

Thus the essential contraction condition (4) of Theorem 3.1 is fulfilled if
e+ ey = E(IV*YP 4 (1 — DYy <1 (4.33)

For1 < p < 2 holds r := %—i—:—) > 1 and thus c; + co < 2(%)T < 1 and
the contraction condition is fulfilled. Thus our limit theorem applies to these
kind of examples and yields convergence of the DF'S processes. It is however
not obvious whether there are some natural examples of random trees of this

type.

4.3 Random fractal processes

The limit theorem proved in this paper generalizes some existence and unique-
ness results in [HR00] on random fractal processes. To show this connection
we remind on some of the basic constructions there. Let I be a closed bounded
interval in R! and let f : I — R"™ be a function. Let I = I, U---U Iy be a
partition of I into disjoint subintervals. Further let ¢; : I — I; be increasing
Lipschitz maps with p; = Lip ¢; and define for g; : I; — R™ the composition

L], gi: I — R"by ||, 9:(z) = g;(z) for z € ;.

20



A scaling law S on R" is an N-tuple (S,...,Sy) of Lipschitz maps S; :
R™ — R™ with Lipschitz constants r;. A function f is called selfsimilar w.r.t.
the scaling law S if

Sf=f (4.34)
where Sf = | |, S; ofop;t = Zi]\;%lif, where ;f = S;o fo¢; " on I; and

zero else.

Thus selfsimilarity in this deterministic case is described via continuous
homomorphisms 2; on L?. Our limit theorem in Section 3 of this paper then
implies convergence of the iterative sequence S™ f to some selfsimilar function
f* under the conditions of Theorem 5 in [HR00]. Note that for this result we
do not need the subgroup sizes 1™ of our general recursion.

Random fractal (selfsimilar) processes are defined via random scaling laws
S = (S4,...,Sn) which are random variables with values in the class of scal-
ing laws. A random process f = f(t,w) is called fractal process or selfsimilar
process w.r.t. a random scaling law S if

FESf=|]SiofDoe, (4.35)

where (f®);<;<y are iid copies of f. Similarly as in (4.34) we can imbed the
operator Sf in (4.35) as a particular case of our general recursive sequence in
(3.1) and obtain as application of our limit theorem the existence of random
fractal processes under the conditions of Theorem 6 in [HROO].

It is of interest that in [HRO00] also Brownian bridges are constructed and
characterized by fractal properties, where however an additional parameter
standing for the volatility has to be introduced. A related characterization of
the Brownian excursion process seems to be possible and should be of interest
in connection with the limiting results for the DFS-process of the conditional
Galton—Watson process based on the recursive structure as in Section 4.2.
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