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Abstract

Limit theorems are established for some functionals of the distances between two nodes
in weighted random b-ary recursive trees. We consider the depth of the nth node and of
arandom node, the distance between two random nodes, the internal path length, and the
Wiener index. As an application, these limit results imply, by an imbedding argument,
corresponding limit theorems for further classes of random trees: plane-oriented recursive
trees and random linear recursive trees.
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1. Introduction

In this paper we establish limit theorems for several basic functionals of the distances between
nodes in weighted random b-ary recursive trees. We consider the depth of the nth node, the
depth of arandomly chosen node, the distance between two randomly chosen nodes, the internal
path length, i.e. the sum of all depths of nodes, and the Wiener index, i.e. the sum of all distances
of pairs of nodes in the tree. All these functionals are well motivated and of importance for
the structure of the tree and for the closely connected analysis of related algorithms (see, for
example, Devroye and Neininger (2004), Mahmoud (1992), Mahmoud and Neininger (2003),
and Su et al. (2006)). They have been studied in a wide variety of tree models.

In Szymariski (1987) a procedure is introduced to also obtain nonuniform distributions on
the set of recursive trees, i.e. trees which evolve through a step-by-step insertion of the nodes.
This procedure operates by defining a weight function for each node in terms of its degree and
attaching a new node randomly to a former node with a probability proportional to its weight.
In Quintas and Szymanski (1992) a weight function was used which yields trees with bounded
degrees, so-called recursive f-trees. A slight modification of this tree model coincides with
the b-ary increasing tree introduced in Bergeron ez al. (1992).

The weighted random b-ary recursive tree is a combination of the b-ary increasing tree and
the continuous-time model of b-ary trees introduced in Broutin and Devroye (2006). In the tree
model of Broutin and Devroye (2006), a copy of a nonnegative vector ((Z1, E1), ..., (Zp, Ep))
is attached independently to any node in an infinite b-ary tree. The components Z; are random
weights of the edges to the b children of a node, the entries E; describe the lifetimes of
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the children. At time ¢ the tree T; is given by the set of all those nodes for which the sum of the
lifetimes along the path to the root is smaller than ¢. By a proper choice of the lifetimes, this tree
model without edge weights is close to being a random split tree and, thus, includes important
families of trees, such as random m-ary search trees, quad-trees, and many others. Despite the
bounded branching factor of these trees, it is possible to transfer properties of these weighted
random b-ary trees to trees with unbounded branching factor, e.g. to random recursive trees,
plane-oriented recursive trees, and random linear recursive trees, as introduced in Pittel (1994).
If all lifetimes are independent and exponentially distributed and we consider the tree at the
random moment where it has n nodes, due to the lack-of-memory property of the exponential
distribution, the shape of the tree (i.e. the tree without the edge weights) coincides with the
b-ary increasing tree, in which every external node has the same probability of becoming the
next new internal node.

In Section 2 we introduce the weighted random b-ary trees together with some basic
properties. In Section 3 we derive limit theorems for the depths of the nth node as well as
for a randomly chosen node in the tree and for the distance between two randomly chosen
nodes. In Section 4 we establish a limit theorem for the internal path length and the Wiener
index based on a suitable two-dimensional recursion for their joint distribution by applying the
contraction method. The main problem for the application of the contraction method to this
problem is to derive a second-order expansion for the mean of the Wiener index. Finally, in
Section 5 we obtain as a consequence of the limit theorems for weighted random b-ary trees
corresponding limit results for plane-oriented recursive trees and linear recursive trees.

There are several related results in the literature for the depths and distances of random
recursive trees (see Smythe and Mahmoud (1995) for a survey of early results for recursive
trees). Limit theorems for the depth of the nth node are given in Devroye (1999) for random
split trees and in Mahmoud (1992) for plane-oriented recursive trees. For the depths of a
random node as well as for the distance between two random nodes, limit theorems are given in
Panholzer and Prodinger (2004a), (2004b), Morris et al. (2004), Panholzer (2004a), (2004b),
and Kuba and Panholzer (2010) for several random trees.

The internal path length of a tree has been studied for a large class of trees, including in
particular random recursive trees, random m-ary search trees, and split trees (see Dobrow and
Fill (1999), Rosler (1991), Neininger and Riischendorf (1999), (2004), and others). The Wiener
index has been investigated in Neininger (2002) for binary search trees and random recursive
trees and in Janson (2003) for simply generated trees.

For several details and extensions of results in this paper, we refer the reader to the dissertation
of Munsonius (2010) on which this paper is based.

We fix some notation for the rest of this paper. We use the notation f ~ g for two functions
fand gif f(x)/g(x) — 1forx — oo. For areal number x, the largest integer smaller than or
equal to x is denoted by | x]. For random variables or distributions, we write ‘2’ for equality
in distribution and £ (X) for the distribution of X. By N (0, 1) we denote the standard normal
distribution with expectation 0 and variance 1. The Wasserstein metric £ is defined on the set
of distributions on R¥ by

£2(p, v) i=inf{|| X — Y2: LX) = p, LY) = v},

where the Ly-norm | - |2 is given by || X|> = (E[|X|I*])!/2. We denote convergence in

distribution, convergence in probability, and convergence with respect to the L,-metric by

L . .
27,5 and ‘>, respectively. Let M% , be the set of centered probability measures on

3

R2 with finite second moments.
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2. Random weighted b-ary recursive trees

The random b-ary recursive tree is a rooted, ordered, labeled tree where the outdegree is
bounded by b and the labels along each path beginning at the root increase. We define this tree
model by the following recursive procedure. We consider the infinite complete b-ary rooted,
ordered tree and start with the root as the first internal node and its b children as external nodes.
Given the random b-ary recursive tree with n internal nodes, the (n 4+ 1)th internal node is
added in the following way. We choose a random node uniformly distributed on the set of all
current external nodes, change it to an internal node and add the b children of this new node to
the set of external nodes. Finally, the nodes are labeled in the order of their appearance.

Remark 2.1. Considering the above insertion rule, the parent u of the nth internal node is
chosen with probability proportional to b — deg(u), where deg(u) is the number of internal
children of node u in the tree with n — 1 nodes and each of the deg(u) + 1 possible positions for
the new node are equally likely. In Panholzer and Prodinger (2007) and Kuba and Panholzer
(2010) it was shown that this tree is the same as the b-ary increasing tree, which belongs to
the simple families of increasing trees introduced in Bergeron et al. (1992). In Drmota (2009,
Section 1.3.3) this tree is also called the b-ary recursive tree.

It is well known that, for b = 2, the b-ary recursive tree is isomorphic to the random binary
search tree.

The random b-ary recursive tree can also be defined as uniformly distributed on the set of
ordered, labeled, rooted b-ary trees where the labels increase along each path beginning at
the root. Note that in this class we have to distinguish trees where the nodes are in different
positions, i.e. a tree where a node is at the leftmost position is not identical to the tree where
this node is at the second position from the left also in the case that there are no other siblings
of this node. The equivalence of the distributions is already mentioned in Stanley (1997) for
the binary case (i.e. b = 2). For the general case, this can be seen by induction on the size of
the tree (see Munsonius (2010)).

Now, we introduce edge weights. Let Z := (Zy,...,Zp) € R’;O be a random vector with
nonnegative entries and attach to every node u of the complete infinite b-ary tree an independent
copy Z™ of Z. We consider the entries of Z® as weights of the edges from u to its b children.
If all the Z™ are independent of Tj,, we refer to T}, supplied with the family {Z )} as a random
b-ary recursive tree with edge weights Z.

While the entries of the vector Z may depend on each other, we assume throughout this
paper that they are identically distributed, i.e. for all i, j € {1, ..., b}, we have

Zi = 7.

This assumption is not restrictive for the intended limit theorems as can be seen by a permutation
argument (see Munsonius (2010, pp. 14-15)). Furthermore, we assume that u := E[Z;] and
0<o?:= var(Z1) < oo.

Given a random b-ary recursive tree with weighted edges, we denote by 7, 1, ..., T, 5 the
subtrees rooted at the children of the root from left to right. Let I, ; := |7, ;| be the number
of internal nodes in the subtree 7}, ;, and let I, := (1,1, ..., I ») be the vector of the subtree
sizes. For the edge weight of the edge between the root of 7, and the root of 7}, ;, we write Z;
instead of Zi(o). From the definition we see that, conditioned upon their sizes, the subtrees are
again independent, b-ary recursive trees. This property of 7, is fundamental when using the
contraction method.
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The subtree sizes I, = (.1, . .., In,p) of arandom b-ary recursive tree can be described by
a Polya urn with b colors, starting with one ball of each color, where each drawn ball is returned
to the urn with b — 1 additional balls of the same color. Then, the number of drawings of one
color corresponds to the number of internal nodes in the corresponding subtree. We summarize
some well-known results needed later (see, e.g. Johnson and Kotz (1977, Sections 4.5.1 and
6.3.3)). The explicit formula for the distribution of the subtree size is given by

I Tk+1/(b—-1)) 'h+1)
P(ly1,1 = k) = / . Q.1
b—1 F'tk+1) 'm+14+1/(b—-1))
The first and second moments are
Bllil=sn,  EI20= - n?4 2]
= —n, = n n,
= Y b2b—1)
n(n — 1) 2.2)
d ElL1lh2]l=—7—.
an [ n,1 n,2] b(2b — 1)
For the normalized subtree sizes, we have I,,/n — (Dy, ..., Dp) =: D almost surely, where D
is a Dirichlet B(1/4-1),...,1/(b—1)) distributed random vector, with parameters (1/(b — 1), ...,
1/(b — 1)) (see, e.g. Athreya (1969)).
Furthermore, we have the asymptotic expansions
Bl 1 log In.1] = ~n1 Lt o) 23)
o = —nlogn — .
n,110g Iy 1 b”l gn B2 n—+on
and
E[1? logl, 1] = ;nz logn — b;lnz + o(nz) 2.4)
n1 e 2b—1 (2b — 1)2 '

as n — oo. For details and proofs of (2.3) and (2.4), see Munsonius (2010).

3. Limit theorems for depths and distances

In this section we consider the depth of one (random) node and the distance between two
random nodes in a b-ary recursive tree with edge weights. The (weighted) depth of a node is
given by the sum of the edge weights along the unique path from the root to that node. The
(weighted) distance between two nodes is defined in the same way as the sum of the edge
weights along the unique path between these nodes.

With the aid of a central limit theorem given in Javanian and Vahidi-Asl (2006) (see also
Kuba and Panholzer (2010)) for the unweighted depth of the nth node, in Theorem 3.1 below we
obtain the central limit theorem for the weighted depth of the nth node. We then use this result
to derive the central limit theorem of a randomly chosen node Dy in Corollary 3.1 below. The
result of Javanian and Vahidi-Asl (2006) corresponds to the case of all edge weights being 1,
ie.u=1lando? =0.

Theorem 3.1. (Central limit theorem for D,,.) Let D,, be the weighted depth of the node with
label n in a random b-ary recursive tree with edge weights Z and 0 < o> = var(Z;) < 0.
Then we have, for n — oo,

b
logn and var(D,) ~ (Mz +02)

b
E[D,] ~
[Dy] L b1

logn. 3.1
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Furthermore, for n — oo, it holds that
D, —bulogn/(b—1)

% N, 1).
St Dblogn/b -1 O

Proof. Let D, be the depth of the node with label  in a random b-ary recursive tree with
constant edge weights (1, ..., 1). The weighted depth D,, is the sum of independent, identically
distributed random variables, as the path to the root never contains two nodes at the same level.
So, for independent copies Zk of Z1, we have

D, —1
D, 2 Z Zk.
k=0

Since ﬁn is independent of the summands, Wald’s~ equation yie}ds E[D,]1=nun E[ﬁn], and by
direct calculation we obtain var(D,) = u?var(D,) + c2E[D,]. Thus, the claims for the
expectation and variance in (3.1) follow from the results of Javanian and Vahidi-Asl (2006)
for D,,.

Now, let x, = blogn/(b — 1), f(x,y) = /x?/(x*> + y?), and Z] := (Zi — n)/o. Then
we obtain the representation
D, —bplogn/(b—1) o Yoy Zi —bulogn/(b — 1)
V(@2 +u?blogn/(b — 1) V(@2 +ublogn/(b — 1)

— x,] 1 LX%:_IZ*_F ( D, — x,
= flo. o Vg Z % fM,U)W

anl [xn]—1

1 7% 7%
+f(o,u)m<l§ Zi- Zk). (3.2)

k=0

In the proof of the central limit theorem of Doeblin—Anscombe in Chow and Teicher (1997,
Section 9.4), it was shown that, for n — 00, the last term of (3.2) converges to 0 in probability.
Since the first two terms on the right-hand side of (3.2) are independent and both converge
in distribution to normal distributions with variances f (i, o) and f (o, u)?, respectively, we
obtain, for independent standard normal distributed random variables N and N’,

V@2 +idblogn/(b—1) Y o?+u? 0% + 12 ’

Now we can transfer this result to the depth of a uniformly distributed node. For the
unweighted case, this result was proved in Panholzer and Prodinger (2004a) using generating
functions.

Corollary 3.1. (Central limit theorem for Dy;.) Let U, be uniformly distributed on {1, ..., n},
and let Dy, be the weighted depth of the node with label U, in a random b-ary recursive tree
with edge weights Z and 0 < o> < oo. Then we have, for n — o,

Dy, — bulogn/(b — 1)

% N, 1).
Vot blognio—n

https://doi.org/10.1239/jap/1324046019 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1324046019

Limit theorems in recursive trees 1065

Proof. Lete € (0, %) and I, := [en, n]. For k € I, we have |log(k/n)| < —loge and

L= lim loge +logn < lim log k

n— 00 logn ~ n—oologn

<1

Together with Theorem 3.1 this yields, for n — oo,

Dy —bulogn/(b—1)  [logk Dy —bplogk/(b—1)
V@ ¥ uidblogn/(b—1)  \logn /(o2 + uBblogk/(b — 1)
—1
bulog(k/n)/(b — 1)
V@2 + uHblogn/(b — 1)
—0

2 N, ). (3.3)

Since P(U, € I;) > 1 — ¢, the convergence in (3.3) yields

Dy, —bplogn/(b—1)
(\/(a +u2)blogn/(b — 1)
for a standard normal distributed random variable N. The claim follows with

Dy, —buplogn/(b —1)
(\/(02 + u2)blogn/(b — 1)

We now turn to the distance between two random nodes. In the unweighted case, the central
limit theorem is proved by using generating functions given in Panholzer and Prodinger (2004a).
We give a short self-contained proof of this result that is based on a simple stochastic argument
which traces the problem back to the depth of random nodes.

The distance is given by the sum of the edge weights along the unique path between these
nodes. This path can be found by starting at each node and going up in the tree until the two
paths coincide. The node at which the two paths meet is called the last common ancestor (LCA)
of the nodes.

The key idea is to express the distance as the sum of the respective depths of the two nodes
minus two times the depth of the LCA. We first show that the depth of the LCA is bounded
in probability. A similar idea was used in the recent thesis of Ryvkina (2008) in the case of
random split trees.

liminf lim P
e—>0 n—o00

<ux, Unel>—>P(N§x)

lim sup lim sup P
e—0 n—oo

, Uy ¢ 15) <limsupP(U, ¢ I;) = 0.

e—0

Lemma 3.1. (Depth of the LCA.) Let U, and V,, be two independent random variables uni-
formly distributed on {1, ..., n}. Denote by R(n) the (unweighted) depth of the LCA of the
nodes U, and V,, with labels U, and V,, respectively, in a random b-ary recursive tree of size n.
For any real sequence f, with f, — oo, we have, as n — oo,

Rt =

n

Proof. LetE[I, 1] = a1n and E[I2 1= an? + a3n with o; € R. First, we note that, for
m >0,
P(R(n) = m) = (baz)" 4 r(m,n), 3.4

where r(m, n) < m(max{oy, oz, a3}b)™ /n.
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This can be seen in the following way. If we have R(n) > m + 1, both nodes have to lie
in the same subtree and the depth of the LCA related to this subtree has to be greater than m.
Conditioned upon the sizes of the subtrees, the depth of the LCA related to the subtree with
size k; is distributed as R(k;). We obtain

b
PR =m+1)= > > "P(RM) =m+1, Uy, Vo € T | I =) P(I, = k)

keNg i=1
b k: 2
= Z(;’) P(R(k;) = m)P(I, = k).
keNj i=1

Equation (3.4) can now be proved by induction on m. In our case we have max{«, oz, @3} =
1/b. This yields, for every ¢ > 0 and any sequence f, with f, — oo and f, = o(n),

P(R(n) = efn) < (bozz)‘gfﬂ + % =0

since 0 < ap < 1/b. Then surely P(R(n) > ¢f;;) — 0 also holds for any sequence f,, — oc.

Lemma 3.2. Let U, and V,, be two independent random variables uniformly distributed on

{1,... ,~n}, and~let AU,L,V,, be the (unweighted) distance between the nodes U, and V, with
labels U, and V,, respectively, in a random b-ary recursive tree of size n. Then we have, for
n— oo,

Ay,.v, —2blogn/(b — 1)

V2blogn/(b — 1)

Proof. The unweighted distance between U,, and V,, is given by

2 N(O, 1).

A N/ N/
AUnavn = DU” + DV”’

where DU = DU,, — R(n) is the unweighted distance between U, and the LCA of U, and V,,
and DV is defined similarly. Since DU and Dv are independent by the construction of the
tree, the claim follows by application of Lemma 3.1 and Corollary 3.1.

Equipped with these preliminaries, we now obtain the central limit theorem for the distance
between two uniformly distributed nodes in random weighted b-ary recursive trees.

Theorem 3.2. (Central limit theorem for the distance.) Ler U, and V, be two independent
random variables uniformly distributed on {1, ..., n}, and let Ay, v, be the distance between
the nodes U, and V,, with labels U, and V,,, respectlvely, ina random b-ary recursive tree of
size n with edge weights Z where var(Z1) = o2 € [0, 00). Then we have, forn — 00,

Ay,.v, —2bplogn/(b — 1)

% N(O, 1),
V2@ s ablogno =1 P

where u = E[Z1].

Proof. We prove the claim analogously to the proof of Theorem 3.1. We make use of the fact
that the weighted distance is given by the sum of the edge weights along the path between U,
and V,,. This path consists of Ay, v, edges, as given in Lemma 3.2. Except for the two edges
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which belong to the LCA of U, and V,,, the edge weights in the sum building the weighted
distance are independent. Hence, we represent Ay, v, as

Avy, vy -2
D

AUV, = Z Zi+ 21+ 2o,

i=1

where Zl, e, Z,,, (21, 22) are independent and Z,- 2 Z.
Using the same arguments as in the proof of Theorem 3.1 as well as Lemma 3.2, we conclude
the proof. The additional term Z; + Z; vanishes due to the scaling.

4. The internal path length and the Wiener index

The internal path length of a tree is the sum of the depths of all nodes. The Wiener index
of a tree is the sum of all distances between pairs of nodes. We denote by P, the internal path
length and by W,, the Wiener index of a random b-ary recursive tree of size n with weighted
edges.

The vector consisting of the Wiener index and the internal path length satisfies a recursion
formula in dimension two. We will use this recursion to establish a limit theorem via the
contraction method. Since we apply the contraction theorem in Ly, we have to center this
vector. Therefore, we have to derive an asymptotic expansion of the expectation of the internal
path length and of the Wiener index. The expectation of the internal path length is given in
Bergeron et al. (1992) for the unweighted tree. It can also be obtained by summing up the exact
expectations for the unweighted depths given in Javanian and Vahidi-Asl (2006).

Unlike for the internal path length, it seems that there is no simple way currently available
to determine the expectation of W,, directly. In Roura (2001), the asymptotic expansion of a
certain class of recursively defined sequences was proved. We show that the expectation of
the Wiener index belongs to this class and we accordingly obtain the needed asymptotic of the
expectation.

Lemma 4.1. Let (W, P,) be the vector containing the Wiener index W,, and the internal path
length Py, of a random b-ary recursive tree of size n with edge weights Z. Then we have the

recursion formula
b Q)
Wn\ p L on—1L;| (W,
with

b
1
Z Zilni + 3 Z(Zi + Z)Iniln.j
bn) = | "= S , (4.2)

Zziln,i
i=1
where (Z1, ..., Zp), (W,, Py), (W,El), P,fl)), ey (W,Eh), Pn(h)) are independent and
WD, POy 2 (W,, P, forie(l,..., b).

Proof. Let T, be arandom b-ary recursive tree with weighted edges. By P, ; we denote the
internal path length of T, ;. Foru € T, ;, let D" be the depth of node  in T,.;. Thus, D is the
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sum of the weights of the edges along the path from node u tonode i. Obviously, D,ﬁi) +Z; = Dy.
So we obtain

b
Py = (Pui+Zilvy). 4.3)

i=1

Wn = Z Au,vy

{u,v}CT,
u#v

where A, , is the weighted distance between u and v. We distinguish two cases—either the
nodes u and v lie in the same or in different subtrees of the root—and we rewrite the Wiener

index as )
Wa=3 Y At s Y Y Awet Y Ao

i=1 {u,v}eTy,; i#j uely, u#0
UET,l_j

Foru € T, ; and v € T, j withi # j, we have A, , = D,(,i) + Dl(,j) + Z; + Z;. Summing this
equation over u € T, ; and v € T, ; we obtain

The Wiener index is given by

> Auw=InjPui+ IniPuj+ (Zi + Z)Iyiln.j-
METny,'

UET,,,J'

With Zi#j I,.j =n—1—1I,; and (4.3), we obtain

b b
1
W, = E Whi +(n — 1y i) Py i) + E Zily; + 3 E (Zi+Zpy il
i=1 i=1 it

The claim follows since the subtrees are (conditioned upon their sizes) independent random
b-ary recursive trees.

In order to apply the contraction theorem to the vector (W, P,), we have to identify the
expectation. In Bergeron et al. (1992) the first- and second-order terms of the expectation of
the internal path length of b-ary recursive trees without edge weights are determined. Since the
edge weights and the shape of the tree are independent, using Wald’s equation, we obtain the
following lemma.

Lemma 4.2. Let P, be the internal path length of a random b-ary recursive tree with edge
weights Z. Then there exists a constant ¢, € R such that, for n — oo,

E[P,] =

5 1/m logn + cpn + o(n). “4.4)
Remark 4.1. Lemma 4.2 can also be proved by a direct calculation using an exact formula
for the expectation of the unweighted depth given in Javanian and Vahidi-Asl (2006). We then
obtain the constant cj, in (4.4) in terms of an infinite series. As remarked by a reviewer, this
series can be expressed in a closed form by using the psi function (also called the digamma
function), which is the logarithmic derivative of the gamma function, i.e. ¥ (u) = I''(u)/ T (u),

and we obtain
s by 2b —1
P b—1))
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It remains to determine an expansion of the expectation of the Wiener index. From (4.1) we
obtain

b
E[W,] =Y E[W,”]1+E[t(n)]

i=1

with

b
tm) =y (=L )P+ bi(), 45)
i=1
where b1 (n) denotes the first entry of the vector b(n) in (4.2). Since all subtrees and their sizes
are identically distributed, the above equation can be simplified:

n—1

E[W,]=b ZE[Wk]P(I,,,l = k) + E[t(n)]. (4.6)
k=0

There is no obvious way to solve this recurrence. However, to apply the contraction method,
a second-order asymptotic expansion of the expectation is sufficient. In Roura (2001), certain
recursions, as in (4.6), were considered and some sufficient conditions for the asymptotic
expansion of the solution were identified. We need two notions from Roura (2001).

Definition 4.1. Let w(z) > 0 be a function on [0, 1] such that 1 < fol w(z) dz < oo. Further-
more, assume that there is some © < 0 such that fol w(z)z" dz converges. Then we say that
w(z) is a shape function.

Definition 4.2. We say that

b, if0<n <N,
Fo=\ta+ ) wwiFe ifn=N (4.7)

0<k<n

is a ‘continuous recursive definition’ of F}, if and only if there exists some shape function w(z),
some constant 0 < g < 1, and some function M,, = ®(n?) with integer values such that, with
Zn,j = J/My, 0<j < M,, I, = [zn’jn, Zn,j+1n)’ 0<j<M,, and

Tn,j+1
En,j = Z wn,k_/ w(z)dz|, 05] < M,,
kEIn,j Z"’j
Z en,j = O0m™?) forsomeo > 0.
0<j<M,

One of the main conclusions of Roura (2001) is the following theorem.

Theorem 4.1. (Roura (2001, Theorem 3.3(1)).) Let F,, be a function defined by a continuous
recursive definition, and let Bn® log® n - &, be the main term of t,,, where B > 0, a and c are
arbitrary constants, and &, = un or &, = 1/, for some sublogarithmical function u,. Let
0(x) = [} w(2)z" dz and 3 =1 — g(a). If 3 > O then

Fn’\‘%.
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To determine the asymptotic expansion of E[W,,] via this theorem, we have to find the
asymptotic expansion of E[#(n)] and show that (4.6) is a continuous recursive definition of
E[W,].

Lemma4.3. For N = 1,b1 =0, and w, = bk/nP(l,,1 = k), (4.7) is a continuous recursive
definition with the shape function w(z) = b/(b — 1)z!/®=D,

Proof. We set M, = n, bg = 0, and Fy := 0. It is clear that the given function w(z) is a
shape function.
For the proof, it is sufficient to show that

(k+1)/n
Wn k — / w(z)dz
k/n

n—1

2

k=0

= O(n~1/CO=1)y, (4.8)

For k = 0, we have fol/" w(z)dz = n—t/(=1 " Thus, it suffices to consider the terms with
k > 1. Since w is increasing, we have

b 1/k\Y®D (k+1)/n b 1 [k+1\"¢D
e S/ w(@)dz < ——— :
b—1n\n k/n b—1n n

This implies that

(k+1)/n b 1 [k\Y®D b
[ s 2 ()
k/n b—1n\n

1
< gy (kDY k6D

b
p—(+1/G=1)
b—1

IA

where we have used the fact that (k + 1)!/®=1D — g1/®=D < 1 With the triangle inequality

we obtain
(k+1)/n b1 /k\VED
Wnk — / w(z)dz Wn k — ——<—>

k/n b—1n\n

Using (2.1) and Stirling’s formula for the gamma function, we obtain, by analytical computa-

tions,
b1 k\"/CD
Gk T 12(2)

forallk € {1,...,n — 1}. Summing (4.9)overk = 1,...,n — 1 yields (4.8), completing the
proof.

Lt ave-y

b—1

=

= 0(n~ 71/ 4.9)

In order to use Theorem 4.1 to obtain the asymptotic behavior of E[W,,], it remains to identify
the first-order term of E[# (n)] in (4.5). Using the fact that all subtrees are identically distributed,
we obtain, from (4.5),

El[t(n)] = bBL(n — L,,1) P} 1 + b By 11+ b(b — DBl 1 2.

Since I,,,1 < n, we have bu E[I, 1] = o(n?). By Lemma 4.2, there exists a function &1 with
e1(n) = o(n) for n — oo such that

E[P,] =

b
p l,tmlogn—i—cpn—i—sl(n) forall n € N.
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This yields

n—1
El(n — L) Py =Y Bl — L) Py | Loy = KIP(y 1 = k)
k=0

b
- "<b —#Eln1log ln.il+ ¢y Elln1] +E[51(1n,1)])

b
- (mu ELL,  log I, 1]+ cpE[13,1]> +o(n?).

Since, almost surely, I, 1 — oo, we have E[¢1({,,1)] = o(n), and using (2.2), (2.3), and
(2.4), we finally obtain

b—1 b2 —b

Elr(m] = 2W—17" 2—12"

,un2 logn + ( )n2 + o(nz). (4.10)

2b —1
Combining these results, we obtain an asymptotic expansion of E[W, ] of second order.

Theorem 4.2. (Expectation of the Wiener index.) Let W), be the Wiener index of a random
b-ary recursive tree of size n with edge weights Z. Then there exists a constant ¢,, € R such
that, for n — oo,

b
E[Wal = — llwzlogn + cun® + 0(n?).

Proof. Tt suffices to show that, forn — oo,

From (4.6), we obtain the recursion

n—1
G, = an,ka =+ Sn,
k=0
with wp ¢ as in Lemma 4.3 and
E[t(n)] b 2] +’§bP(l k) b k*log k
n = n — n-10gn = —— (0]
Sn h— IM g n,1 h— IN g
k=0
E[t(n)] b 2logn + o E[I? log I, 1]
= n)] — n n .
1M g p— g In,1
Using (2.3), (2.4), and (4.10), we also obtain
b—1 b
ns, = (Zb— lcp 55 IM) n® + o(n?).

=:¢

In short, we write s, = ¢n + o(n).
Lemma 4.3 shows that G, is defined by a continuous recursive definition. The main term of
s(n)isgivenbycn. Weseté, = 1,a = 1,¢ = 0,and B = ¢. Then, B < 0. Touse Theorem 4.1,
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we need B > (. Multiplying the recursion by —1 shows that Theorem 4.1 also works in the
case B < 0. In the terminology of Roura (2001), we will show that # = 1 — ¢(1) > 0. Note
that

1
b b
= | —/o=D+lgq, 1.
ot /ob—lZ CTo—1 "

Therefore, # = (b—1)/(2b —1) > 0 and Theorem 4.1 yields G,, ~ s(n)/#. Thus, we finally
obtain the expansion

E[W,] — ;mz logn = cwn2 + o(nz)

b—1
with ¢y :=cp —b/(b — Dpu.
Upon determining the asymptotic expansion of the expectation, we now use the recursion

formula for the vector consisting of the internal path length and the Wiener index to show a
limit theorem via the contraction method.

Theorem 4.3. (Limit theorem for (W,,, P,).) Let (W,, P,) denote the vector of the Wiener
index and internal path length of a random b-ary recursive tree of size n with random edge
weights Z, where o2 = var(Z1) < oco. Then we have

ﬂz((Wn _E[Wn] Pn _E[Pn]), (W, P)) N 07
n

I’l2 ’

where (W, P) is the unique distributional fixed point of the map T : M(%,z — eM(z)’z given for

v e M, by
b .
D? D;(1 — D-)} x0 (b*))
T =L E ! ! ! 1. + 1
(V) <i=1 |: 0 Di X;l) b;

with

b
by _ b 1 i)
(b;)_—b_IMZD,logD, (1)+

i=1

where D = (D.l’ ..., Dp) has the Dirichlet distribution with parameter (1/(b — 1), ...,
1/(b—=1)), LXD) = vfor XD := (XY), Xg)), and XV ... X® D, and Z are independent.

Proof. We define w, := E[W,] and p,, := E[P,], and, for the standardized vector X, we
obtain from (4.1) the recursion

W, —w, b
. n? _ (n) 3 (i) n)
Xo=| p" = A"y +b
- - i—1
n l
with 5
A . n2 1 n—1;||l;; O n2 n2
i 0 1110 1 0 I; oy
- 0 In,i
n
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and b™ = b\, BY)T, where

b
bgn) {ZZ I;“+ Z(Z +Z)Inzlnj b_lﬂnzlogn—cwnz—l-O(nz)
I#J

+ Z wy,; +n Z Pl — Z In,ipln_i}
i=1 i=1 i=1

and
b oLy b 1
(n) ._ 2 : ni § :
b2n = : IZZ'T — mulogn —Cp +0(1) —+ ; . pln,i'
i= —

Using Zle I, = n — 1, it follows that

ZIH,,,—

;m logn _n /LZI,” +cpn(n— 1)+0(n2)

and

b b b
Z wy,; — Z Lnip1,; = (cw —¢p) Z 1,12,1- +o(n?).
i=1 i=1

The equation

b N2
(M) e el

i=1 i#j

yields, with Z; 1, ; = o(n®) and ¢, — ¢y = b/(b — 1)1,

(n) M Z

By similar arguments we have

by = Mzﬂl

In order to use the contraction method as in Neininger (2001, Theorem 4.1), it suffices to
show that, for n — oo,

b L. I,”
+ ( (Zi +Z)+—1M> +o(l). (4.11)
i#]

(4.12)

(AW AD by B2 ar AT b, 4.13)
ElL(1,.; <10t1, =) [(AS™) T A lop] = O 4.14)

foralll € N, and
> EIAH T Afllop < 1, (4.15)

i=1

where || - [|op is the operator norm.
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Let D := (Dy, ..., Dp) be the almost-sure limit of 7, /n, which is Dirichlet distributed with
parameter (1/(b—1),...,1/(b—1)). By (4.11) and (4.12), we have, almost surely, b — p*
as n — oo with

1 b
b Z(E(Zz"FZj)'l‘leM)DiDj

b 1 oy
b= "—uy " Dilog D; <1>+ # .
i=l1 ZZiDi
i=1

By the boundedness of the function x — x logx on [0, 1] and as I, ; /n € [0, 1], there exists a
constant C such that |
(n)
b1 = C 3 D 17+ 21,
i#j

2
By the assumption that E[ZZ] < 00, we obtain the uniform integrability of b(") and, con-
sequently, the convergence of b with respect to the Lo-norm. Similar arguments yield the
L,-convergence of b2 and the convergence of A ) with respect to the L,-norm to

A — D? Di(1-Dy)
i 0 D; :

This shows condition (4.13).
Condition (4.14) follows from the deterministic boundedness of || AE") llop and from the fact
that
lim P({,; <1} U{l,; =n}) =0,
n—oo

which results from (2.1) or the almost-sure convergence of I, /n to a continuous distribution.
It remains to show (4.15). Solving the characteristic equation for the matrix (A;")TA?‘ we
find that its eigenvalue A(D;) being larger in absolute value is given by

AD;) = D?(l — D;+ D+ (1—Dy),/D? + 1).

Elementary calculations show that x > 21 =x4+x24+1A=x)Vx2+1) forall x € (0, 1).
Thus, we obtain

1 1 B 1
E[L(D;)] < mfo x /6D gy = X

which finally yields

[Z 1A Al = [Z w00 <1

Remark 4.2. Since convergence with respect to the £;-metric implies convergence of the
second moments, Theorem 4.3 shows that, for the variance of P,,

var(P,) ~ var(P)nz,

where var(P) < oo can be calculated via the fixed-point equation in Theorem 4.3.

https://doi.org/10.1239/jap/1324046019 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1324046019

Limit theorems in recursive trees 1075

5. Application to linear recursive trees and plane-oriented recursive trees

The results on random weighted b-ary trees also imply limit theorems for further classes of
recursive trees with not necessarily bounded outdegree of the nodes, such as random recursive
trees or plane-oriented recursive trees (PORTS).

Pittel (1994) introduced the so-called linear recursive tree in which, for every new node, the
parent u is chosen from the already existent nodes with a probability proportional to 1+ gdeg(u),
where B > 0 is the parameter of the tree and deg(u) denotes the number of internal children of
node u. For 8 = 0, we obtain the random recursive tree. The PORT—going back to Szymaniski
(1987)—without the consideration of the orientation, corresponds to the § = 1 case.

For our purpose, we consider the random linear recursive tree with parameter 8 € Ny and
give a construction in this case. Starting with one internal node and one external child, in
each step a uniformly distributed external node is chosen and replaced by an internal one.
Furthermore, in each step, § + 1 external siblings and one external child of the new node are
added to the tree. By this construction, the number of external children of a node u is given by
1 4 Bdeg(u), which corresponds to the weight defined above. Since the new node is chosen
with uniform distribution on the set of external nodes, the probability that an internal node
becomes the parent of the new node is proportional to 1 + Sdeg(u). Hence, this construction
yields the linear recursive tree with parameter .

Let T denote the linear recursive tree with parameter §, and consider simultaneously the
b-ary recursive tree with b = B + 2 and edge weights z := (1,0, ..., 0) denoted by T’. The
tree T with two internal nodes corresponds to the tree T’ with one internal node. In both of
these trees we have the same number of external nodes. We identify the internal node labeled
2 in T with the root of T’ and the external siblings of the first one with the external children of
the root in T’ where the edges have weight 0. The external child of node 2 in T corresponds in
T’ to the child of the root where the edge has weight 1.

Now, in both tree models and in each insertion step an external node is chosen, changed to
an internal node, and b external nodes are added. We identify these new nodes in the same way
as above, i.e. the new external siblings of the new internal node T correspond to the children of
the corresponding new internal node in 7’ where the edge weights are 0 and the child of the new
node T is identified with the child of the new node in T’ where the edge weight is 1. Then, the
depth of a node in the linear recursive tree is equal to the weighted depth of the corresponding
node in the b-ary recursive tree plus 1.

This relationship between both tree models was used in Broutin and Devroye (2006) when
investigating the height of linear recursive trees. In Figure 1 a linear recursive tree T and its
correspondent b-ary recursive tree T for the b = 3 case is shown. The nodes in T’ indicated
by small squares correspond to the nodes in 7" which are children of the root.

A fundamental difference between both tree models is that the b-ary recursive tree is an
ordered tree, and the linear recursive tree is not. To obtain a transformation between both
models, we can define an equivalence relation on the set of ordered b-ary trees which identifies
trees that correspond to the same linear recursive tree. If ¥ (7 (n)) denotes the set of equivalence
classes of b-ary recursive trees with n nodes and 77,1 denotes the set of all unordered recursive
trees with n + 1 nodes, we can show the following lemma.

Lemma 5.1. For any n € N, there exists a bijection

@: Toy1 = Y (Tp(n)).

Moreover, let Tiinp—1)(n + 1) be a random linear recursive tree of size n + 1 and let Tj,41(n)
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FIGURE 1: A linear recursive tree 7 with 11 nodes and its correspondent ternary tree 7’ (without the edge
weights).

be a random (b + 1)-ary recursive tree of size n. Then we have

Y (Tps1(1)) = @(Thinp—1y(n + 1)).

This lemma can be proved rigorously by induction on n (for the details, see Munsonius
(2010)).

To transfer the limit results for functionals of random b-ary recursive trees to random linear
recursive trees, we have to investigate the behavior of the functionals under the bijection ¢. For
anode u € T, we denote the subtree of T rooted at u by 7),. Let

={w,v)eTxT|veTl,}
be the set of all pairs of nodes such that the second node lies in the subtree which is rooted to
the first node.

Lemma 5.2. Let ¢ denote the bijection of Lemma 5.1, let T be a recursive tree, and let ¢ (T')
be weighted with the edge weight vector z = (1,0, ..., 0).

(a) Let D(u) denote the depth of node u in T, and let Dy,(w) denote the weighted depth of
node w in ¢(T). Then we have D(u) = Dy(p(u)) + 1 for all nodes u which are different
Jfrom the root.

(b) Let A(u, v) denote the distance between nodes u and v, where the label of node u is
less than the label of v in the recursive tree T, and let Ap(p(u), ¢ (v)) be the distance
between the corresponding nodes in ¢(T). Then

A(u,v) = Ap(e@), (v)) + 2 1 vygr -

The proof is by induction on n (see Munsonius (2010)). From these relationships between
the depth and the distances in recursive trees and their images under ¢, we can now deduce
formulae for the internal path length and the Wiener index in linear recursive trees. For a tree
T, let P(T) denote its internal path length and let W (T') be its Wiener index.

Corollary 5.1. Let ¢ be the bijection of Lemma 5.1, let T be a recursive tree with n nodes, and
let o(T) be the weighted b-ary tree with edge weight vector z = (1,0, ..., 0). Then we have

P(T)=P(e(T))+n—1 5.1
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and
W(T) = W(p(T)) + (n — 1)* — P(p(T)). (5.2)

Proof. Lemma 5.2(a) immediately yields (5.1).
To see (5.2), we argue as follows. By Lemma 5.2(b) we get all distances between nodes
other than the root. So we have, with (5.1),

W(T) = Y (Ap(p), e() +2 L wyer) + Y A1, v)
l<u<v I<v
=W@T)+2 Y Luwyer +P(T)
l<u<v
n—1

= W(p(T))+2 5 — T )+ P(e(T)) +n — 1.
So we have to determine |I'|. For v € {2, ..., n}, there are exactly D(v) nodes along the path
from v to the root, including the root. This means that there are D(v) — 1 tuples in I" where
the second entry is v. Summing over all v € {2, ..., n} yields

IT|=P(T)—(n—1)=P(p()).
So, we finally obtain

(n—1D@r -2
2

= W(p(T)) + (n — 1)* = P(p(T)).

W(T) = W(p(T)) + 2( - P(w(T))> + P(e(T)) +n—1

For the functions considered, it does not matter whether we weigh the edges of a random
b-ary recursive tree in a definite order or not. In order to apply the results of the last sections,
we need the edge weights to be identically distributed. So we take as edge weights the vector
(Zy1, ..., Zp) with

P((Zy,....Zp) =¢;) =

S =

fore; = (1,0,...,0),e2 = (0, 1,0, ..., 0), etc, and, thus, u = 1/b and o= b - 1)/b2.
As a result, we obtain the corresponding limit theorems for random linear recursive trees
combining Lemmas 5.1 and 5.2 with Theorem 3.1.

Theorem 5.1. (Depth of node n.) Let D, denote the depth of the node with label n in a random
linear recursive tree of size n with weight function u — 14 (b — 2)deg(u) for b > 2. For
n — oo, we have E[D,] =logn/(b — 1) + o(logn), var(D,) = logn/(b — 1) + o(logn), and
D, —logn/(b—1)

Jlogn/(b—1)

Similarly, using Corollary 3.1 and Theorem 3.2, we obtain a limit theorem for the depth and
distance of random nodes.

2 N, 1).

Theorem 5.2. (Depth and distance of random nodes.) Let Dy denote the depth, and let Ay.y
be the distance of uniformly distributed nodes U and V in a random linear recursive tree of
size n with weight function u — 1+ (b — 2) deg(u) for b > 2.
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Forn — oo, we have E[Dy] = 1/(b — 1) logn + o(logn) and
Dy — E[D
Dy —E[Dy] 2 N(O, 1).
JVdiogn/(b—1)
Furthermore, E[Ay.v] =2/(b — 1) logn 4+ o(logn) and
Ay,v —E[Ayyv] »

— N(0, 1).
V2logn/(b —1)

Finally, the following limit theorem for the internal path length and the Wiener index is a
consequence of the imbedding procedure and Theorem 4.3 for random b-ary recursive trees.

Theorem 5.3. (Limit theorems for P, and W,,.) Let W,, denote the Wiener index, and let P,
be the internal path length of a random linear recursive tree of size n with weight function
u+—> 14 (b —2)deg(u) for b > 2. Then we have, for n — 00,

E[P,] =

5 1nlogn + (cp + Dn + o(n)

and

EIW,] = —n’1 b=2),2 2
(Wal = o—nlogn + (¢p + 7 — |n* +0(n?),

where ¢ p is given in Remark 4.1. Furthermore, we have

(Wn - E[Wn] Pn - E[Pn]
2 b

) 2w, P),

n n

where L(W, P) is given in Theorem 4.3.

Proof. The expectation of P, and W,, follows directly from Lemma 4.2, Theorem 4.2 (with
¢y =cp — 1/(b— 1)), Corollary 5.1, and Lemma 5.1.

Let ¢ be the bijection of Lemma 5.1. Let 7,, be a random linear recursive tree of size n with
weight function u — 1 + (b — 2) deg(u). Then, Remark 4.2 yields

Ple(Tw) —E[P(p(Tn)] =
)

0.

The combination of Corollary 5.1 and Theorem 4.3 now implies the claim.

Random PORTSs without the order of the nodes are equal in distribution to random linear
recursive trees with parameter 8 = 1. Since the considered functionals are invariant under
changing the order of the tree, the limit theorems above provide in particular the corresponding
limit theorems for the PORT. Limit theorems for the depth of a (random) node and the distance
between two random nodes, as well as the expectation of the internal path length and of the
Wiener index, are given in Morris et al. (2004). The limit theorem for the depth of node 7 in
the PORT is proved in Mahmoud (1992). We obtain the results for PORTs as a corollary of
Theorem 5.3

Corollary 5.2. (PORTSs.) The depth of the nth node and of a random node, the distance between
two random nodes, the internal path length, and the Wiener index of a PORT satisfy the same
limit theorem as the random linear recursive trees in the b = 3 case.
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