ENUMERATION RESULTS FOR ALTERNATING TREE FAMILIES
MARKUS KUBA AND ALOIS PANHOLZER

ABSTRACT. We study two enumeration problems for up-down alternating trees, i.e., rooted
labelled trees T, where the labels vy, v2, vs, ... on every path starting at the root of T satisfy
vy < V2 > v3 < vg4 > ---. First we consider various tree families of interest in combinatorics
(such as unordered, ordered, d-ary and Motzkin trees) and study the number T;, of different
up-down alternating labelled trees of size n. We obtain for all tree families considered an
implicit characterization of the exponential generating function 7'(z) leading to asymptotic
results of the coefficients T;, for various tree families. Second we consider the particular
family of up-down alternating labelled ordered trees and study the influence of such an
alternating labelling to the average shape of the trees by analyzing the parameters label of
the root node, degree of the root node and depth of a random mode in a random tree of size
n. This leads to exact enumeration results and limiting distribution results.

1. INTRODUCTION

The family 7 of unrooted unordered alternating trees (also called intransitive trees) consists
of all unrooted unordered labelled trees T', where the nodes of T' with |T'| = n (the number
|T'| of nodes of T will be called the size of T') are labelled by distinct integers of {1,2,...,n}
in such a way that for every path vi,vo,vs,... in T it holds v; < vo > vg < vy > --- or
v > vy < wvg > vy > -+ (we always identify a node v € T' with its label).

This tree family appears in various contexts in combinatorics as in the enumeration of
admissible bases of certain hypergeometric systems [5], in the enumeration of so called local
binary search trees [11] and when enumerating the number of regions of certain hyperplane
arrangements [12].

The enumeration problem for the number 7}, of unrooted unordered alternating trees of
size n has been solved by A. Postnikov in [11] by obtaining the following formula for 7T),:

1 " n\
Tn_nzn_l;<k>k:” , for n>2.

The corresponding problem for rooted ordered alternating trees has been addressed and
solved by C. Chauve, S. Dulucq and A. Rechnitzer in [1]. They considered trees T', where one
node of T' is distinguished as the root and where the subtrees of each node of T are linearly
ordered, which are labelled by distinct integers of {1,2,...,|T|} in an “alternating way”, i.e.,
in such a way that for every path vi,vo,v3,... in T it holds v1 < vo > v3 < vg > --- or
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Ficure 1. All 21 different up-down alternating labelled Motzkin trees of size 4.

v] > vy < v3 > vg > ---. The authors of [1] found that the number T,, of rooted ordered
alternating trees of size n > 2 is given by the surprisingly simple formula 7}, = 2(n — 1)"~1.

The aim of the present work is to address and to give (up to some extent) solutions to the
following two problems for alternating trees. First we consider the enumeration problem for
other alternating labelled tree families, as, e.g., for binary trees, d-ary trees and Motzkin trees,
where the corresponding families of unlabelled or arbitrary labelled trees appear frequently
in combinatorics or computer science. We remark that all trees considered in this paper are
rooted trees and we remark further that it is sufficient for the enumeration problem to count
“up-down alternating labelled trees”, i.e., it holds for every path vy, vo, v, ... starting at the
root of a tree: vq1 < vg > wg < wg > ---. Of course, the number of all alternating labelled
trees of size n > 2 of a rooted tree family is twice the number of up-down alternating labelled
trees of size n. As an example in Figure 1 all 21 up-down alternating labelled Motzkin trees
(ordered trees, where each node has either 0, 1, or 2 children) of size 4 are given.

Our study relies on a description of the combinatorial decomposition of an up-down alter-
nating tree T of a tree family considered with respect to the largest element n = |T'| in T
This decomposition leads to a recursive description of the enumeration problem and to quasi-
linear first order partial differential equations for suitably defined multivariate generating
functions. For all tree families considered the differential equation appearing can be solved
implicitly, which also leads to an implicit characterization of the exponential generating func-
tion T'(z) of the number T, of trees of size n by means of certain functional equations. With
few exceptions, amongst them the already known results for rooted ordered and rooted (or
unrooted) unordered alternating trees, it does not seem that there are explicit formulee for
T, available. However, the appearing functional equations for the generating functions of the
number T;, of up-down alternating labelled trees are particularly useful to obtain asymptotic
results of T}, for various tree families.

Second we are interested in the influence of an alternating labelling to the average structure
or shape of the trees in a tree family compared to an arbitrary labelling. We do this by
considering one particular tree family, namely the family of up-down alternating labelled
ordered trees, and studying several tree parameters for random trees of size n (i.e., each of
the T,, different trees of size n is chosen with equal probability). In particular we obtain
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limiting distribution results for the label of the root node, the degree of the root node, and
the depth (i.e., the distance to the root) of a randomly chosen node in a random tree of
size n. Interestingly one even obtains exact formulee for the number of up-down alternating
labelled ordered trees of size n, where the root is labelled by j, as well as for the number
of up-down alternating labelled ordered trees of size n, where the root has degree m. To
show these results we again use the basic decomposition of an up-down alternating tree T
with respect to the largest element n = |T'|, which again leads to certain partial differential
equations for suitably introduced bivariate generating functions. A study of these differential
equations leads then to exact or asymptotic results for the parameters studied.

2. RESULTS

2.1. Enumeration results for up-down alternating labelled trees. We give here our
results for the number 7, of up-down alternating labelled trees of size n for various tree
families 7" as described in Subsection 3.1.

Theorem 1. The exponential generating function T(z) := >, <, Tn% of the numbers T,
1s for the tree families considered implicitly given as solution of the following functional
equations:

Ordered trees: z = (1—1T(z))log or explicitly T(z)=1—e V&),

1-T(z2)
2T(2) . z zes
Unordered trees: z = T3 e or explicitly T(z) = B + W( 5 )7
2 7(z) dx
d-ary trees: z = - / 5
(1+ (1+T(z))d+1)m 0 (1+(1+$)d+1)m
2 ) 1 a1\t
d-bundled ordered trees: z = FESY (1 + (1 — m) ) dx,

(1+ (1_%(3))(1_1) 1o
- /T(z) da
’ 0 (4r(2)+44/108+72(x) ) N 9
10 (4r(2)+4+/108 472 (x) )
with r(z) = 8(T3(2) — %) + 12(T%(2) — 2?) 4 24(T'(2) — ) + 10,
/T(z) dr
2=
0 (4r(2)+41/2472()) n 4 ]
* (4r(@)+4y/2172(2)) ®
with r(z) = (T3(2) — 23) 4+ 3(T(2) — z),

Motzkin trees:

win

[V

2
3

Strict binary trees: ,

-1

wino

where the function W(z) := 3, <, n"_l%T; appearing is the so called tree function.

Theorem 2. The numbers T, are for each of the families of up-down alternating labelled
ordered, unordered, d-ary and d-bundled ordered trees asymptotically given by

3
T, ~Cp"n znl,
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where p s the radius of convergence of the corresponding exponential generating function
T(z) and C is some computable constant, which may differ for every tree family considered.
For these tree families the radius of convergence p and the constant C are given as follows:

1 1
Ordered trees: p= - ~0.367879..., C= ~ 0.146762. ..
e Varme
V2
Unordered trees: p= —2W (—e 1)~ 0.556929..., C = 2\;p ~ 0.451080. ..
T
2 14 (14 7)dtt
d— t J = ——— =
ary trees: P = g e © \/2d(d DA+ )i

with T the positive real solution of the equation

(14—(14—7)5”1)2%ri _/T dx
d-1D(1+74d  Jy (1+

1+z d+1)
2(1 — 7)d 1 — 7)d+1(1 4 (HL-)d-1
d-bundled ordered trees: p = (d+71—)’ C= \/( )Qd(fi+ 1()1_7) ),
T

with T the positive real solution of the equation

()" [ () e

@+ 1) ()" o
Furthermore the numbers T,,, n > 1, are for the families of ordered, unordered and 3-
bundled ordered trees given by the following exact formule:
Ordered trees: T, = (n—1)""1,

1

Unordered trees: T, = o kzo <Z> [

2n _
—1)! 2 s _ g
3-bundled ordered trees: T, = (n2n+1) Z ( :) ( Z_ 1 )
k=0
We remark that the exact formule of T, for the families of ordered trees and unordered
trees already appear (or are easily deduced from results) in [1] and [11], respectively.

We finish this subsection by collecting numerical values of the numbers T}, for small values
of n for various tree families considered. These results are given in Table 1.

2.2. Results for tree parameters in up-down alternating labelled ordered trees.
We give here our exact and asymptotic results of parameters described in Section 4 for the
family of up-down alternating labelled ordered trees.

Theorem 3. Let T, ; denote the number of up-down alternating labelled ordered trees of size
n, where the root node has label j, with 1 < j <n, and let L,, be the random variable, which
gives the label of the root node of a randomly chosen up-down alternating labelled ordered tree
of size-n. Then T, ; is given by the following exact formula:

Toj = (n—j)(n—1) "7},
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Tree family [Ty [ T2 [T5 | Tu | T5 [ Te Ty Ts To Tho

Ordered trees 4 | 27 256 3125 46656 823543 16777216 387420489

Unordered trees 3 14 90 738 7364 86608 1173240 17990600

Binary trees 10 | 72 700 8560 126360 2187200 43452640 974721600

Ternary trees 24 | 285 | 4608 | 94311 | 2338560 | 68157369 | 2283724800 86502077739

3-bundled trees 30 | 483 | 10800 | 309375 | 10810800 | 445940775 | 21208884480 | 1142594883675

4 |21 154 1409 15666 204049 3054946 51654981

1
1
2
3
2 | 14 | 160 | 2548 | 52064 | 1298840 | 38268736 1300468000 50071359296
3
Motzkin trees 1
0

1
1
1
1
2-bundled trees | 1
1
1
1

2 0 36 0 1672 0 148576 0

Strict binary trees

TABLE 1. Numerical values of the numbers T}, of up-down alternating labelled
trees of size n < 10 for various tree families considered.

and the normalized random variable % converges for n — oo in distribution to a random
. . d . . .

variable L, i.e., % 9, L, with density function f(z) = (1 —x)e!™, for 0 <z < 1.

Theorem 4. Let T, ,, denote the number of up-down alternating labelled ordered trees of size

n, where the root node has degree m, with 0 < m < n, and let Ry, be the random variable,

which gives the degree of the root node of a randomly chosen up-down alternating labelled

ordered tree of size-n. Then T, , is given by the following exact formula:

@ (+1
o= s =+ 35 () 0 S -1y
=1

and the random variable Ry, converges forn — oo in distribution to a discrete random variable

(d)

R, i.e., R, — R, whose distribution is given by

P{R:m}:(egl)m—1+§:( ) , for meN.

Here Hp, := % 1", % denotes the m-th harmonic number.

Theorem 5. Let D,, be the random variable, which counts the depth (i.e., the distance to
the root) of a randomly chosen node in a random up-down alternating labelled ordered tree

of size n. Then the normalized random variable % converges for n — oo in distribution to

d
a Rayley-distributed random variable R, i.e., % Q R, with parameter a = %, where R,

12
has density function f(x) = J5e 227, for x > 0.
3. ENUMERATION OF UP-DOWN ALTERNATING TREES

3.1. Tree families considered. In the following we describe the combinatorial families 7
of trees that we consider here. Basically all trees contained in the tree families are up-down
alternating labelled rooted trees. This means that we only consider labelled trees: the nodes
in a tree T of size |T| = n are labelled by distinct integers of {1,2,...,n}, where one of the
n nodes of T is distinguished as the root node. Furthermore the labelling of any tree T is
an “up-down alternating labelling”, i.e., it must hold for any sequence of nodes v1, vs, v3, ...
lying on the path from the root to an arbitrary node in T that v; < vy > vy < vg > -+,
where we identify a node with its label.
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FIGURE 2. An example of a 2-bundled tree. A bar separates the subtrees into
left and right ones.

To specify the up-down alternating labelled tree families 7" we are dealing with, we describe
the corresponding arbitrary labelled tree families 7" and define that 7 C 7 contains exactly
those trees T' € 7 with an up-down alternating labelling.

Labelled ordered trees: Every tree T € 7T of size n consists of a root node, where a
(possibly empty) sequence of labelled ordered trees is attached and where the whole
tree is relabelled with the labels {1,2,...,n} in an order preserving way.

Labelled unordered trees: Every tree T € T of size n consists of a root node, where
a (possibly empty) set of labelled unordered trees is attached and where the whole
tree is relabelled with the labels {1,2,...,n} in an order preserving way.

Labelled d-ary trees: Every tree T € 7T of size n consists of a root node, which has d
positions, where either a labelled d-ary tree is attached or not and where the whole
tree is relabelled with the labels {1,2,...,n} in an order preserving way.

Labelled d-bundled trees: Every tree T' € T of size n consists of a root node, which
has d positions, where a (possibly empty) sequence of labelled d-bundled trees is
attached and where the whole tree is relabelled with the labels {1,2,...,n} in an
order preserving way. Alternatively one might think of a d-bundled tree as an ordered
tree, where the sequence of subtrees attached to any node in the tree is separated by
d — 1 bars into d bundles.

Labelled Motzkin trees: Every tree T € T of size n consists of a root node, where a
sequence of 0, 1 or 2 labelled Motzkin trees is attached and where the whole tree is
relabelled with the labels {1,2,...,n} in an order preserving way.

Labelled strict binary trees: Every tree T € T of size n consists of a root node,
where a sequence of 0 or 2 labelled strict binary trees is attached and where the
whole tree is relabelled with the labels {1,2,...,n} in an order preserving way.

Whereas the families of ordered, unordered, d-ary, strict binary and Motzkin-trees are
well-known tree families with a lot of applications (see, e.g., [3, 13]), we remark that d-
bundled trees appear, e.g., in the context of certain “preferential attachment” growth models
for trees (see [7]) and furthermore, that they are satisfying some randomness preservation
properties when studying cutting-down procedures for random trees (see [10]). An example
of a 2-bundled tree is given in Figure 2.

3.2. Combinatorial decompositions. Fundamental to our approach is the description of
the decomposition of an up-down alternating tree T' of size |T| = n in a tree family 7 with
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respect to node n. If we cut-off all edges incident with node n and relabel the resulting
trees with labels from 1 up to their sizes in an order-preserving way we obtain for n > 2 an
alternating tree T of size k > 1 that contains the original root of the tree T" and alternating
trees 11,15, ..., T, of sizes k1, ..., k, > 1, which correspond to the subtrees originally attached
to node n. Of course, it holds that kK + k1 +---+ k. =n — 1.

If 7 is one of the families of up-down alternating labelled unordered, ordered, d-ary, d-
bundled ordered or Motzkin trees it follows that all the resulting trees T', 71, ..., T, are again
alternating trees of the family 7. This is not true if 7 is the family of up-down alternating
labelled strict binary trees: although T1,...,T, are alternating trees of 7 this does not hold
for the tree f, since there exists now a node in T , where only one subtree is attached. We
first consider the decomposition for those tree families 7, where all the resulting trees are
again contained in 7 and discuss the decomposition for the family of strict binary trees later.

In order to use the decomposition of an up-down alternating labelled tree of a family 7
to get a recursive description of the numbers T}, of different size-n trees of 7 we are now
interested in an answer to the following question. What is the number clf different trees
T € T of size |T| = n that we can obtain by starting with alternating trees T, T1,...,T, € T
of corresponding sizes k, k1, ..., k., with /If + ki + .-+ k- = n— 1, distributing the labels
{1,2,...,n — 1} amongst the nodes of T,T},...,T, and relabelling all these trees in an
order-preserving way and afterwards attaching 77,...,7T, to a new vertex labelled by n and
attaching node n to a node in T?

Obviously for all tree families we have a contribution of (kk?ilkr) stemming from the
distribution of the labels to the trees. Furthermore, depending on the tree family considered,
we obtain a certain factor reflecting the number of possibilities of attaching the subtrees
Ti1,...,T, to node n. E.g., for d-ary trees this factor is (f), for unordered trees this factor is
%, whereas for ordered trees this factor is 1.

However, the most interesting contribution is the factor coming from the number of possible
positions, where node n can be attached to a node in T of size |7A“\ = k, such that the up-
down alternating labelling is preserved for the resulting tree. This contribution, which will
be denoted here by w, depends on the specific tree family considered and will be studied now.
We require there the notion of the depth h(v) of a node v in a tree f which is given by the
distance ¢ of v to the root of T i.e., the number of edges lying on the unique path from the
root of T to node v. It holds then that node n can only be attached to nodes v € T which
are at an even level, i.e., where it holds hA(v) = 0 mod 2. The set of nodes of T at an even
level will be denoted by V := {v € T : h(v) = 0 mod 2} and its cardinality by ¢ := |V].
Furthermore we denote by d™ (v) the out-degree (the number of children) of a node v in a
tree T'.

Ordered trees: The number of positions w of attaching node n to one of the nodes of
V' is given by

w=Y(d W) +1)= "1+ d"(v) = [V|+ T\ V| =|T| =k,

veV veV veV

since Y, oy d¥(v) gives exactly the number of nodes in T at an odd level. Thus we

obtain that, independent of the specific tree f, there are always |f| = k positions of
attaching node n, such that the resulting tree is again up-down alternating labelled.
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Unordered trees: The number of positions w of attaching node n to one of the nodes
of V' is now simply given by w = |V| = £.
d-ary trees: We obtain now for w:

w=>» (d—d"(v)=d> 1= d"(v)=dV| - |T\V|=dl — (k—{) = (d+ 1)l — k.

veV veV veV
d-bundled ordered trees: Now w is given as follows:

w=Y (d@) +d)=dY 1+ dt () =dV|+|T\V|=dl+ (k—0) = (d—1){ + k.
veV veV veV
Motzkin trees: To count the number of positions w of attaching node n to one of the
nodes of V' we define the set of nodes in V' with out-degree 0 and 1, respectively, by
VO .= v e V:dt(w) =0}, VI := {v € V : d*(v) = 1}, and use the notation
(01 .= |01 ¢t .= |V U] for their cardinalities. We obtain then:

w= Y 1+ Y 2= VO£l = 04 21
veVvI[0] veVI(1]

Thus this combinatorial decomposition only leads for the family of ordered trees directly
to a recurrence for the number T, of alternating labelled trees of size n, whereas we have to
store additional information for the other tree families considered: for unordered trees, d-ary
trees and d-bundled ordered trees we will introduce the number 7, ,, of alternating labelled
trees of size n, where exactly m nodes are at an even level, and for Motzkin trees we will
introduce the number T, 10 .1 of alternating labelled trees, where exactly ml% nodes at an
even level have out-degree 0 and m!* nodes at an even level have out-degree 1. Of course, it
holds T5, = >, ~o Thm and T;, = Em[o],m[lbo T, mlo] 11, Tespectively.

Strict binary trees: As mentioned above when applying this decomposition to an up-
down alternating tree T of the family 7 of strict binary trees the resulting tree T
containing the original root of T' is no more a strict binary tree. To treat the family of
strict binary trees with the same approach as before we consider a larger tree family
S D 7T containing 7. The family S consists now of all up-down alternating labelled
rooted trees T', where every node v € T at an odd level (h(v) = 1 mod 2) has a
sequence of 0 or 2 children and where every node v € T at an even level (h(v) =0
mod 2) has a sequence of 0, 1 or 2 children. Of course, the family 7 of alternating
labelled strict binary trees contains exactly those trees of S, which do not contain
any nodes of out-degree 1. As immediately seen the basic decomposition of an up-
down alternating labelled tree T' € S of size |T| = n with respect to n leads to
up-down alternating labelled trees T\, T1,...,T,, which are all elements of S. Thus we
can repeat the considerations made above for the family S. It remains to study the
nEmber w of possible positions, where node n can be attached to a node in T of size
|T| = k, such that the up-down alternating labelling is preserved for the resulting tree.
We denote as above the set of nodes in T at an even level with V and define the set
of nodes in V with out-degree 0 and 1, respectively, by VI := {v € V : d*(v) = 0},
VIl .= {v € V : d*(v) = 1}, and use the notation ¢ := [VIO| ¢l .= V| for their
cardinalities. We obtain then:

w = Z 24+ Z 1= 2|V[O]\ + ]V[1]| — 9¢l0] +€[1].
veV 0] veVIll
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Thus in order to treat the enumeration problem for strict binary trees we will

introduce the number T}, 0 ;. of alternating labelled trees of the family S defined

above, where exactly m!% nodes at an even level have out-degree 0 and m!! nodes at

an even level have out-degree 1. The basic combinatorial decomposition leads then to

a recursive description of these numbers T}, o j,n). Of course, we are interested in

particular in the number 7;, of up-down alternating labelled strict binary trees, which

are given by Ty, = > 10150 T, nl0) o

General tree families: We remark that one could use this basic decomposition to
obtain a recursive description of the number of up-down alternating labelled trees
for any family 7 of so called simply generated trees (for a definition see, e.g., [4]; all
tree families considered here are special instances of simply generated tree families),
where the out-degree of a node v € T is bounded a priori for all trees T' € 7 by some
fixed bound d.

As we have seen for the families of up-down alternating labelled unordered, ordered
and d-bundled ordered trees the approach also works for some instances of simply
generated tree families, where the degree of a node v € T is not bounded by some
universal constant for all T' € 7; however, in general one would be forced to store
then the whole sequence (m[o} cmllomi ) of the numbers mli of nodes v in a tree
T at an even level with out-degree d* (v) = i.

3.3. Recurrences. The basic decomposition of an up-down alternating labelled tree T of size
|T| = n with respect to node n described in Subsection 3.2 immediately leads to recurrences
for the numbers 7T, (ordered trees), T}, , (unordered trees, d-ary trees and d-bundled ordered
trees) or S Y (Motzkin trees and strict binary trees) introduced there. In the following
we collect the recurrences for these tree families, where we use the standard notation ¢; ; for
the Kronecker d-function. Furthermore we remark that the appearing numbers are all zero
for values of n, m, ml%, mll which are not listed below.

Ordered trees:

n—1
G 2 k(k,kl,...,k)T’“'T’“"'T’fw for n>2,  Ti=1L
r>0k4ki+- ke =n—1,

Eki,... kr>1
Unordered trees:

T = Z% > > ‘ (k k?_l k:> Tt Teats = Lhrstr

120"kt kit ke =n—1040+ A+l =m,
koky, o ke > 1 6t >0

for n>2 and 1 <m <n, T1m = 01,m-

d-ary trees:

ne-2 (), ¥ X twenen( )

r=0 k+ki+--+kr=n—1L04+L1+ -+ L =m,
kyki, - ke 21 L, Ly, 4r >0

X Tk,g . Tkl,h cee Tkr,fw for n > 2 and 1 <m< n, T17m = 51,m-
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d-bundled trees:

T”’m:Z (r+;i—1> Z Z ((d—1)£+k‘) <k,k?,._..1,kr>x

>0 k4+ki+-Fhkr=n—1,0+04 -+ =m,
kyki, oo ke 21 6y, >0
X T Ty - Tk, for n>2 and 1 <m <n, T\ m = 01,m-
Motzkin trees:
2
T it = 3 > > >
T:O]H_kkl_li_ +:r ;7;— 1, gl0] +£[ ] .+€[T0] =m0 p1] Jr@[11] +_._+4[T1J — ml,
o £[0]7£[10]7)e7["0120 Z[llze[lll”ZL‘l]ZO
n—1
f[o}+2€[1] Ty po) oy - T, oy ) -+ T, o)
( ) k’ kla ey kT‘ k,e[ ]’Z[ ] kl’g[l ]73[1] kr?e’["]7£’["]7
for n >2 and 0 < m[o], mh < n, N (5Lm[o] . 50’m[1].
Strict binary trees:
1
Ty ol it = (20 )T

LD 2. 2

ket kbt hy=n—1 0] 4 gI00 4 gl0] — 0] gt 4 ot 4 1) — ],
koky k> 1 '

Z[O]’Z[IO]’K[;] 2 0 Z[l]zz[ll]zf[;] 2 0
n—1
20000 ¢ T oo - T o T o
( ) k’k17k2 k’,f[ ]7£[ ] k17é[1]7€[1] k27e[2]7£[2]7
fOI' n 2 2 and 0 § m[o}’m[l] é n, Tl,m[o],m[l] = 517m[0] . 507m[1]'

With this recurrences one can compute the numbers T}, of up-down alternating tree families
considered for small values of n by summation for values m, or ml%, ml, respectively; see the
remarks given in Subsection 3.2. However, for this purpose it seems to be easier to extract
coefficients from the generating functions solutions stated in Theorem 1. E.g., this has been
carried out to generate the values of T,, presented in Table 1.

3.4. Generating functions. We treat the recurrences for the numbers 7;,, T}, ,,, and
T}, mlo) 11> Tespectively, appearing in Subsection 3.3 by introducing suitable generating func-

n,m
Z" z" m
= g Tnﬁ, F(z,u) := E E Tn,mmu )

tions:
n>1 ’ n>1m>0

and F(z,up,u1) Z Z Z Ty ugl“”u’f“”.

n>1m01>0 mlll>0

This leads, apart from the instance of ordered trees, where a nonlinear ordinary differential
equation occurs, to first order quasilinear partial differential equations for the generating
functions introduced. We will omit here these straightforward computations and just state
the resulting equations below, where we use the abbreviation F := F'(z, ug, u1); additionally
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the initial conditions 7°(0) = F(0,u) = F (0, up,u1) = 0 hold:

Ordered trees:

Unordered trees:

d-ary trees:

d-bundled ordered trees:

Motzkin trees:

Strict binary trees:

T'(z) 1= f_TT(Z) (1a)
F.(z,u) —u=ue"*WE,(z,u), (1b)

F.(z,u) —u=(1+ F(z,u))d((d + DuF,(z,u) — 2F:(z,u)), (1c)
1

F.(z,u) —u= m((d — DuFy(z,u) + 2F:(z,u)),
(1d)

F.—ug= (14 F+ F?)(u1Fy, + 2F,,), (Le)

F,—up= (14 F?)(2u1Fyy + Fy,). (1f)

For all the differential equations appearing in (1) we obtain implicit solutions of the gen-
erating functions considered by using the method of characteristics for first order quasilinear
partial differential equations, see, e.g., [14] for a description of this method. These solutions
are given as follows, where we again use the abbreviation F' := F(z, ug, u1):

Ordered trees:

Unordered trees:

d-ary trees:

d-bundled ordered trees:

Motzkin trees:

1

z=(1-T(2))log =76 (2a)
1 efzw) (u -1+ eF(Zvu))
= u + ef'(zu) og ( 0 )7 (Qb)
1 F(zu)
z = 1 / d:E d (ZC)
ud+t JO (u+ (1+ F(z,u)d* — (1 4 z)dt1)ae
F(z,u)
2 =TT ddf PTG (2d)
1 - 1 \d-1\ 7%
0 (u+ () —(22)" )™
F(z,up,u1) dr
z :/ — (2¢)
0 L o

where s(x) = s(x, F,ug,uq) and r(x) = r(z, F, ug, uq) are given as follows:

(4r(z) + 4y/256(ug — 41)3 + r2(2)) ¥

2
B 8(uo — )

)

2

W=

(4r(z) + 4\/256(u0 - %%)3 + r2(z))

r(z) = 8(F® — a®) + 12(F? — 2?) + 24(F — 2) + 12uguy — 2u3.

Strict binary trees:

dx

F(z,ug,u1)
‘ /0 ug — ui + s%(x)’ (20)

where s(z) = s(x, F,up,u1) and r(x) = r(x, F,ug,u1) are given as follows:

 (4r(z) + 4/ A(ug — u?)3 + 7“2(.%))% B

2(up — u%)

wl—=

2 (4T‘(ZE) + 4\/4(u0 —uf)3 + TQ(ZE))

r(x) = (F3 - $3) + 3(F — x) + 3upu; — 2u‘;’.
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Remark 1. The functions s(x) appearing in equation (2e) for Motzkin trees and in equa-
tion (2f) for strict binary trees are solutions of the following third order polynomial equations,
with r(z) as given in equation (2e) and (2f), respectively:
u2
Motzkin trees: s + 12(up — Zl)s —r(x) =0,

Strict binary trees: s® +3(up —u})s — r(z) = 0.

It is not difficult to check, e.g., by using a computer algebra system, that the functions
given in equation (2) are satisfying the differential equations and the initial conditions given
in equation (1) and are thus indeed the required solutions. However, as an example we
demonstrate for one particular case how one may solve the differential equations appearing by
using the method of characteristics. This is carried out in Example 1, where the corresponding
differential equation (1c) for d-ary trees is treated and thus the derivation of (2c) is shown.

Example 1. In order to solve the differential equation (1c) for d-ary trees we use the substi-
tution Q(z,u) := F(z,u) + 1 and obtain after simple manipulations the following PDE (we
use the abbreviation Q = Q(z,u)):

(1+ ZQd)Qz - (d + 1)quQu —u=0. (3)

We assume now that we have an implicit description of a solution @ = Q(z,u) of (3) via
the equation
f(z,u,Q) = ¢ = const.,
with a certain differentiable function f. Taking derivatives of this equation w.r.t. z and
we obtain f, + fo@. = 0 and f, + foQ. = 0. Plugging these equations into (3) we obtain
the following linear PDE in reduced form for the function f(z,u, Q):

(1+2QN) f. — (d+ DuQ? fu +ufq = 0. (4)

To solve equation (4) we apply the method of characteristics and consider thus the following
system of ordinary differential equations, the so called system of characteristic differential
equations:

F=142QY, u=—(d+1uQ? Q=u, (5)

where we regard here z, u, and @) as dependent variables of ¢, namely, z = z(t), u = u(t),

Q = Q(t), and z = d’zgt), etc. We are searching now for first integrals of the system of
characteristic differential equations (5), i.e., for functions £(z, u, @), which are constant along
any solution curve (a so called characteristic curve) of (5).

One might proceed as follows. From the second and third equation of (5) we obtain the
differential equation

du

— = —(d+1)Q*
leading to the general solution

uw=—-Qu 4+ ¢.

This immediately gives the following first integral of (5):
G(zu,Q) =c =u+ Q" (6)
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From the first and third equation of (5) we obtain, after the substitution u = ¢; — Q4*!, the
differential equation

dz 1 Q?
_— —|— A .
dQ ¢l — Qd—H c1 — Qd+1

The general solution of this first order linear differential equation is given as follows:

1 Q 1 c
Z = 1 d dt + I
(1 = QHNTT 1 (o —tdtl)ain (e — Q)T
which leads, after backsubstituting ¢; = u+ Q%! to the following first integral of (5), which
is independent of (6):
dt

w o Qi1 —gde1) T

) Q
§z(z,u,Q)202:ud+12—/1 ( (7)

Thus the general solution of (4) is given as follows:

f(z,u,Q) = G({l(z,u, Q), &2 (2, u, Q)) = const., (8)

with arbitrary differentiable functions G in two variables and &1 (z, u, @), &2(z, u, @) given in
(6) and (7). One can also solve (8) w.r.t. the variable z and obtains then

1 d
ua+t u + Qd+1 _ td+1) d+1 wd+1

Q
I / dt + 11 g(u+QMH), (9)
L

with arbitrary differentiable functions g(x) in one variable. To characterize the function g(z)
in (9) we use the initial condition (0,u) = 1. We obtain then, after plugging z = 0 and
@ = 1 into (9), that g(x) = 0. Therefore we get the following implicit solution of Q(z,u) and
hence the solution of F'(z,u) = Q(z,u) — 1 as stated in equation (2c¢):

1 /QW) dt
uﬁ 1 (u +(Q(z, u))d+1 _ td+1)ﬁil
wast Jo (u+ (1+ F(z,u)¢! — (1 —I—x)d"‘l)ﬁl'

Zz =

The exponential generating functions 7'(z) = >, Tn%r!t of the number T, of up-down
alternating trees of size n that we are mainly interested in, can be obtained from the solutions
given in (2) via T'(z) = F(z,1) (for unordered trees, d-ary trees and d-bundled ordered trees),
T(z) = F(z,1,1) (for Motzkin trees) and T'(z) = F\(z,1,0) for strict binary trees. We obtain
then that the functions T'(z) are given implicitly as solutions of certain functional equations,
which are collected in Theorem 1.

Remark 2. After plugging u = 1 into equation (2c) we obtain the formula

/T(z) dr
Zz =
0 (14 QQ+T(x)H -1+ x)d+1)ﬁd1

, (10)
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which does not match with the expression
d=1 2
(1+ (1+T(,z:))d"rl)dTl 0 (1+ (1+x)d+1) a+1

stated in Theorem 1 as solution of T'(z) for d-ary trees. However, it can be checked easily that
both equations (10) and (11) characterize the same function 7'(z), since they are solutions of
the differential equation

z =

(11)

1+ TE)
2—(d—-1)z(1+ T(z))d
and satisfying also the initial condition 7°(0) = 0.

T'(2)

(12)

Also one can check easily that the formula

T(2) dr
Z—/O | Nd—1 | -1y oL
U+ (=) — (%) )™

obtained after plugging u = 1 into equation (2d) and the formula
2 T(2) 1 g1\ 225
z = — <1+( )dl)dldx

1 1 d—1 ﬁ 0 11—z

O+ (=) )
stated in Theorem 1 as solution of T'(z) for d-bundled trees characterize the same function
T'(z), since they are solutions of the differential equation

1 d—1
T'(z) = (7)) +1
d
2= (d+ 12 (1=15)

satisfying the initial condition 7°(0) = 0.

The implicit characterization given in Theorem 1 turns out to be advantageous when
studying the asymptotic behaviour of the numbers T,, = n![2"]T(z) of up-down alternating
labelled d-ary trees and d-bundled trees, respectively.

Remark 3. The solution of T'(z) for Motzkin trees given in Theorem 1 can also be described

as
T(2) 4dx
= /0 3+ s2(z)

with s(z) = s(x,T(z)) the suitable root of the equation
s34+ 9s —r(x) =0,
and r(x) = r(z,T(z)) as stated in the corresponding part of Theorem 1.

Also the solution of T'(z) for strict binary trees given in Theorem 1 can be described as

T(2) dr
= /0 1+ 52(z)’

with s(z) = s(x,T(2)) the suitable root of the equation
s34+ 3s—r(x) =0,

and r(x) = r(z,T(z)) as stated in the corresponding part of Theorem 1.
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For the instance of ordered and unordered trees the functions 7'(z) can be expressed via

the so called tree function W (z) =5, -4 L!_lz”, which satisfies the functional equation

W(z) = zeV ),

and exact formulae for the numbers 7T, can be obtained by extracting coefficients. This leads
to results obtained by [1] and [11]. For most of the other tree families considered it does not
seem that there are simple explicit formule for the numbers 7T;, available. We only remark
the somewhat curious fact that for the instance of 3-bundled ordered trees the equation for
T(z) as given in Theorem 1 can be simplified to

_2T()A-T(2)°(2-T(2) _ T(z)

(I+(1-T(2))*)  (1+0-T)2)’
2(1-7(2))3(2-T(2))

which also leads to an exact formula for 7T}, by applying the Lagrange inversion formula (see,
e.g., [13]) and a certain binomial identity that can be obtained by combining Pfaff’s reflection
law with Kummer’s formula for hypergeometric series (see [6, p. 217]). The derivation of T,
for 3-bundled ordered trees is carried out in the following. First we obtain by extracting
coefficients:

n Ll A+ AT\ 1 g (L (1 -T)%)™
IT(=) = ST ]<2(1—T)3(2—T)> = ](I—T)3”(2—T)”
ol (U (=T n—1+k\ Tk

yad ] (1—T)3n ];0< k >(2)
1 n—1+k\1 ., 151+ (1=T)%%"
- W}oo ( k >2k[T ) (1—T)3"
_ n—14+k\1 . 1 4 2n\ o 20-3n
n4”k20< . >2k[T %&(z)“ T)

1 S n—1+4k\ 1 < /20 [ 20— 3n L
:szo< k >2k;;(z><n1k;>(_1) o

This gives the following expression for T,, = n![z"]|T(z):

7, - (V) 5 (i?) 5 <" ot k) (ff . ?j”k) (1yik L (13)

=0 k=0

We consider now the sum

=BT e () (00

In order to simplify s, one can apply the following identity for hypergeometric series (see

[6]):
g—afp a,l—a |l _F a,b
2 1+b—a

1+b—a

_(b/2)! (b—a)!
_1> T (b2 —a)
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which gives, after specializing for a = —n + 1 and b = m — 2n + 2, the following expression:
1(n—5-%

=2"" . 14

on < n—1 > (14)

With (14) equation (13) can be simplified and we obtain the following expression:

2n
_ (n—1)! 2n) (252 — ¢
Tn = on+1 Z ¢ n—1 :

=0

The exact results of T;, for up-down alternating labelled odered, unordered and 3-bundled
trees are collected in Theorem 2.

3.5. Asymptotic enumeration results. An advantage of the implicit characterization of
the generating functions T'(z) = >, 5, Tn% as the solution of certain functional equations
(as obtained in Subsection 3.4) is that this often allows to apply analytic techniques leading
to asymptotic results for the coefficients T,,, for n — oc.

We will not go into all the details here, but also refer to the very general treatment [4]
and to the survey [2]. Basically one has to determine the radius of convergence p of the
analytic function T'(z), which already leads to some growth estimates of 7,,. However, for a
detailed description of the growth of the coefficients T, one has to locate all singularities on
the radius of convergence (the so called dominant singularities) and describe the behaviour
of T(z) locally in a complex neighbourhood of their dominant singularities. By applying
transfer lemmata, i.e., singularity analysis [4], this leads then in many instances to precise
asymptotic results for 7T;,.

In the following we briefly show the asymptotic enumeration results of T), for up-down
alternating labelled ordered, unordered, d-ary and d-bundled ordered trees that are collected
in Theorem 2.

Ordered trees: Of course, there is nothing better than the explicit formula T, =
(n —1)"~!, which immediately leads, by applying Stirling’s formula (see, e.g., [6]), to
the following asymptotic equivalent:

nn—1 1

T,=(n—1)""1~ ~——_eMp Tl

n=(=1) e eV2r
We just remark that this result could be obtained also by expanding T'(z) = 1—e W)
around the unique dominant singularity p = % of the tree function W(z) (and thus
also of T'(z)) and applying singularity analysis.

Unordered trees: Here we use the explicit formula

T() = 2+ W(5D)

and the well-known facts (see, e.g., [4]) that the tree function W(z) has a unique
dominant singularity at z = %, it is analytically continuable to a so called A region,

and it admits the following local expansion in a complex neighbourhood of z = %:

W(z):1—\@\/1—ez+§(1—ez)+(9((1—ez)%). (15)

The unique dominant singularity p of T'(z) is then given as the real solution of the
equation geg = e~ !, which can also be described explicitly as p = —2W(—e™!).
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Furthermore 7T'(z) has the following local expansion in a complex neighbourhood of

z=p:
T(z):1+gmﬁ+0(pz).

Singularity analysis immediately gives then the following asymptotic equivalent of T;,:
V2+p , s

NG p L
d-ary trees: We consider the implicit equation

2 / T dx

(14 (14 7)) TS0 (14 (14 g)d+t) T

According to the implicit function theorem a function T'(z) satisfying (16) is analytic
around z, whenever F'(T) # 0. We consider now the equation F'(T") = 0, which leads
to

T, =nl[z"]T(z) ~

= F(T). (16)

z =

(1+(1+T)d+1)332/T( ( dx (17)
o (14

(d—1)(1+T) 1 4 g)d+lyaT

It can be shown easily that equation (17) has a unique positive real solution 7 > 0.
One dominant singularity of 7'(z) is then given by the positive real value p = F(7),
which, of course, satisfies 7 = T'(p). Since 7 satisfies (17) we can simplify the relation
between p and 7 and obtain:

dx 2

1 I = (1)
(1+(1+ T)d+1)% 0 (1+(1+ x)d+1)ﬁ (d-1D(147)

p=F(r)=

or equivalently 7 = —1 + (ﬁ)é.

To show that p is the only dominant singularity of 7'(z) we consider an arbitrary
value p = pe'¥, with 0 < ¢ < 27, on the circle of convergence p. Let us denote by
7 the value 7 := T(p). Since T(2) = 3,51 TnZ; and T,, > 0, for n > 1, it trivially
holds:

17 =T <T(|pl) =T(p) =
We assume now that there exists a value p = pe’?, with 0 < ¢ < 27, on the circle of
convergence, which is also a singularity of T'(z). Then, due to the implicit function

theorem, 7 has to satisfy F'(7) = 0, which would also lead to the relation

F=—1+ (m)é.

But from this relation we easily obtain for 0 < ¢ < 27:
2 1N2 2 1
~2_( d d ¥
TI=(-14 (- ) +2(————)%(1 —cos =
2 1\2
> (—1+ —_— d) =72
(@,

and thus, that |7| > 7, which is a contradiction.
Therefore we obtain that p is the unique dominant singularity of 7'(z). General
considerations using the Weierstrass preparation theorem, see [2], show then that
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__Z

p’

with functions g(z), h(z) that are analytic around z = p. A Taylor series expansion
of (16) easily gives then the following local expansion of T'(z) around z = p:

2(1 4 (1 + 7)d+1 Z
T(Z):T_\/d((d—l()(l—i—)r)d—)“/l_p+0(’0_z)’

which, after applying singularity analysis, leads to the following asymptotic equivalent
of the numbers T,,:

T, L+ (14 7)™ ~Mp 3]
n A\ 2dd— 1)1+ r)Eix” -

T'(z) has a local representation around z = p of the kind T'(z) = g(z) — h(z),/1 — 2

d-bundled ordered trees: Since the considerations for d-bundled ordered trees are
very similar to the corresponding ones for d-ary trees, we will be more brief. We
consider now the implicit equation

2 @) 1\ a-1\aT
z= ) 1+ dx =: F(T) (19)
1+ (=@ )™ /0 ( =) )

and study the equation F'(T') = 0, which leads to

(L () T L ey
e AL

Equation (20) has a unique positive real solution 7 > 0 and one dominant singularity
of T'(z) is given by the positive real value p = F(7), which, of course, satisfies 7 =
T'(p). Due to (20) we obtain further that
2(1—7)¢ d+1)p,1
p= (d—i—? or equivalently 7=1-— ((—1-2)p) .
A further singularity p = pe’¥, with 0 < ¢ < 27, on the circle of convergence p
would also lead to the relation

Dp, 1
2
with 7 := T'(p) and thus to

172 = <1 _ ((d+21)p)5>2 +2((d—i—21)p);(1 — cos g)
> (1- () =

This would imply |7| > 7, which is a contradiction.
Furthermore one gets the following local expansion of 7'(z) around the unique
dominant singularity z = p:

2(1 — 7)d+1(1 4 (L-)d-1 >
T“)‘T‘\/( R ]
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which, after applying singularity analysis, leads to the following asymptotic equivalent
of the numbers T,,:

_ (1_T)d+1(1+(i)d71) —”n—%nl
n 2d(d+ 1)m P -

Remark 4. For the families 7 of up-down alternating labelled Motzkin trees and strict
binary trees we also determined the radius p of convergence, but it seems to be involved to
show that z = p is the unique dominant singularity (in the instance of Motzkin trees) or
that there are exactly two dominant singularities z = p and z = —p (in the instance of strict
binary trees), respectively.

4. PARAMETERS IN UP-DOWN ALTERNATING LABELLED ROOTED TREES

We study now certain parameters for the family 7 of up-down alternating labelled ordered
trees. We recall that the number of size-n trees in 7 is given by T,, = (n — 1)"~! and that
its exponential generating function T'(z) = 3, +; Tn% is given by T'(z) = 1 — e~ () where
W(z)=> 51 n"~1Z% is the tree function.

4.1. Label of the root node. First we want to count the number 7}, ; of up-down alter-
nating labelled ordered trees of size n, where the root node has label j, with 1 < j <n. In a
probabilistic setting we introduce the random variable L,,, where P{L,, = j} = TTLn] gives the
probability that the root node of a random size-n alternating tree has label j.

By using the basic decomposition of an alternating tree of size n with respect to the largest
element n and counting the number of ways, where the root in the tree labelled by j will get,
after an order preserving relabelling with elements {1,2,...,k}, the label ¢ in the subtree of
size k containing the original root, one obtains the following recurrence for the numbers T, ;
(where the appearing numbers are all zero for values of n and j, which are not listed below):

J . :
T = k
e SED S 971 (A T KOl [ B
r>0k+ki+ -+ kr=n—1,0=1
ki, ke > 1
X Thg Thy - Th, forn>2and 1<j<n-—1, (21)

Thn =01y, forn>1.

Recurrence (21) will be treated by introducing the bivariate generating function

n—j

2=t v
F(z,v) ::Z Z Tn,j(j_l)!(n_j)[’

n>11<j<n

which leads to the following first order linear partial differential equation with initial condition
F(z,0) =1 (we omit here these straightforward, but lengthy computations):

v z 1
l————)F ———F -
( 1—T(z+v)) v(z0) 1-T(z+w) :(2,0) 1-T(z+wv)
Using the explicit solution T'(z) = 1 — e~ (%) with W(2) the tree function, which has been
stated in Theorem 1 we can write equation (22) as follows:

(1- veW(z‘H’))Fv(z, v) — 2eWEE (2,0) — VERI P2, 0) = 0. (23)

F(z,v) =0. (22)
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To solve the PDE (23) we apply the method of characteristics. In the following we briefly
give the occurring computations. First we consider the corresponding reduced PDE

(1-— veW(erv))Fv(z, v) — 2eWEE (2,0) =0 (24)
and thus the following system of characteristic equations:
b=1—0veVEH) 5= g eW(Ety), (25)
Introducing u := v + z we further get, after adding the two characteristic equations, the
System
0=1—ueVW 3= _2eWW,

From these equations we obtain the separable differential equation

dz 2eW (W)

du 1 —ueW@)’
whose general solution is given as
logz = =W (u) + ¢;.
This gives, after backsubstituting u = v + z, the following first integral of the system (25):
&(z,v) =c1 =logz+ W(z+0).

In order to treat the PDE (23) we use now the following transformation from (z, v)-coordinates
to (&, n)-coordinates:

E=logz+W(z+wv), n=z+wv, orequivalently z= WMy =gy — W),
which leads to the differential equation:
(1= ne ) Fy(&m) — D E(E ) = 0. (26)
The general solution of the separable equation (26) is given as
F(&n) = C(&)e" ™,

with arbitrary differentiable functions C'(x). Applying the inverse transformation to (z,v)-
coordinates we obtain thus the general solution of (23):

F(z,v) =C(logz+ W(z+ v))ew(z+v) =C(logz+W(z+ v))elogz+w(z+”)e_logz

B C’(logz—i— W(z+wv)) G(ze"V =) _ G(%)
z 2 z

: (27)

with arbitrary differentiable functions G(z) (and C(z)). Since we are interested in the par-
ticular solution of (23) satisfying the initial condition F'(z,0) = 1 we will characterize the
function G(x) appearing in (27) by evaluating at v = 0, which gives
z=G(W(2)).

Thus G(x) is given as the functional inverse of the tree function W (z): G(x) = W~(z). Of
course, due to z = W(z)e~" (%), one obtains

G(z) =W z) = ze ™.
Thus eventually we get the solution of (23) satisfying the initial condition:
W(Z + U) o z‘/\/;(j+'v) _ €U6W(z+'u) '

F(zv) = =" .

(28)
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In order to obtain explicit formulee for the numbers T, ; of size-n up-down alternating
labelled ordered trees, where the root node has label j, or, equivalently, for the probabilities

P{L,=j}= W_Tfﬁ that the root node of a randomly chosen up-down alternating labelled

ordered tree of size n is labelled by j, we extract coefficients from F'(z,v) given by (28). First
we obtain:

‘ . . ‘ o kekW(z+v)
Tg = (= Dl = R (,0) = (G- Dl = )10 ] 37 o
£>0
gy .
= (= i — )Y T IRV
k=0
nij 1 i1 k7 (n—j—k)W (240)
=G -Dl(n-j)! — T ]e\ "I z+v)
6= D=0 Y gl

In order to proceed we use that, for a power series A(z) = > -, an2", the coefficients of
A(z +v) are given as follows: [z"v*]A(z +v) = ("'};k)an+k. Furthermore we use

(n—m—j—km!

m)o(n—3=k)W(z) _ () _ 5 _
[ IVE) = (1 — j — k) I

i

which immediately follows by applying the Lagrange inversion formula. This gives then, for
n > 2and 1 < j < n, the following explicit formula for the numbers T, ; stated in Theorem 3:

n—j ; j—2+k
j—1+k . (n—1)

Toj=(—1)!(n— 'E: s

ni = U= G ( k >(” ]

. j—2 _]_1 n—j—1 k . j—2 n—j—1
LRI Dl A RV (R IO S )

k=0

Of course, this immediately also shows the following explicit formula for the probabilities
P{L,=j}:
n—j—1

P{Ln :j}: (n_J)

= 1) forn>2 and 1 <j <n. (30)

The limiting distribution result for the probabilities P{L,, = j} as given also in Theorem 3
easily follows from the exact result (30) when considering j ~ axn, with 0 < z < 1, and the
straightforward computations are thus omitted here.

Using the explicit formula (30) one also easily obtains an exact expression for the expected
value E(Ly,) of Ly:

njl n

j(n n
ZJP{Ln—J} Z - nm =3 -1l -

which gives E(L,) ~ (3 —e)n = (0.281718 ...)n. Thus the result matches with the intuition
that smaller labels are preferred to become the label of the root node in up-down alternating
labelled ordered trees, but the exact amount of this preference is covered in the findings
above.
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4.2. Root degree. Next we are interested in the behaviour of the root degree in up-down
alternating labelled ordered trees. To do this we introduce the random variable R,,, which
counts the root degree of a randomly chosen up-down alternating labelled ordered tree of size
n. If we denote now by T, ,,, the number of up-down alternating labelled ordered trees of size
n, where the root node has degree m, with 0 < m < n, the probabilities P{R,, = m} are just

given by P{R, =m} = Tﬁm.

By using the basic decomposition of an up-down alternating labelled ordered tree of size n
with respect to the largest element n and using the fact that by cutting off node n the subtree
of size k containing the root has either also degree m (this is obtained for k —m — 1 positions
of n) or has degree m — 1 (this is obtained for m positions of n) we obtain the following
recurrence for the numbers 75, ,,, (where the appearing numbers are all zero for values of n
and m, which are not listed below):

n—1
Ty = Z Z ((k—m —1)Tym +mTm—1)Th; - Thy -+ Th, (k: ki,..., kr)’

>0k +ki+ -+ kr=n—1,
ki, .. ke > 1

for n > 2, T1m = 00,m- (31)

Recurrence (31) can be treated by introducing the bivariate generating function

F(z,v) := Z Z Tmm%?;vm.

n>1m>0
This leads then to the following first order linear partial differential equation with initial
condition F(0,v) = 0:
z v(l —wv) 1—w
1-——)F — = F, =1-—
( 1—T(z)) 20) + 7o) (e ) 1-T(2)

The solution of this differential equation, which can be obtained again by applying the
method of characteristics, is given as follows, where W (z) denotes the tree function:

B W(z)e Wk W) 1
F(zv) = l—-v  1-vw 10g(1—v(1—6_w('z))>' (33)

We omit now the computations, but it can be checked easily that (33) is indeed the desired
solution of (32).

Extracting coefficients from (33) by using the Lagrange inversion formula leads to an exact
formula for T, ,,, which is given in Theorem 4. We first obtain

F(z,v). (32)

V() = W(z)e O - VO S0 log ( ! ) (34)

and further

T = nl[z"0"|F(2,v)

= (= I (W — e 4 i % zk: (’Z) (~1)(e+ D)W
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(n —1)"1 (n — 1 1 (n—0—1)"1
= — 1! — — N2 7
(n =1 1) +;k2 “DE+ ), )
m1(n—1)ﬂ*1 = €—|—1n (-1 P (k-1
— a1y T NS (1)
-0 o ¢ e S (50

— (1) 1Hm+Z< ) M: (n— 1", (35)

with H,, := zﬁ‘ 1 k the m-th harmonic number.

Of course, the exact distribution of R, is then determined by

P{Rn:m}:(nipl)nl: m+z<> M—Zl(l ¢ ) (36)

n—1

The discrete limiting distribution result for R,, as given in Theorem 5 can be obtained either
from this exact result or easier (due to the alternating sum involved in this exact expression)
by applying singularity analysis to a local expansion of the functions F,(z) := [v""]F(z,v)
as given in (34) around the dominant singularity p = e~!. Using the local expansion (15)
of the tree function W (z) around the dominant singularity p = e~ we get, for m fixed, the
following local expansion of Fy,,(z):

) ==L e (e M o)
k=1 k=1

which leads, by applying singularity analysis, to the following limiting distribution result of
R,:

)k, for n — oc.

P(R, = m) = (,,L_nl!)n_l[z”]Fm(@ EI
k=1

=
—

e

We further remark that the expected value of R, can be computed easily and is given by
the following exact formula:

lrn+1p-1
E(R,) = 7[ - 1},
(B = [
which gives that E(R,) ~ 625 1~ 3.194528.... If we compare this result with the cor-
responding result (see, e.g., [4]) for unlabelled (or equivalently randomly labelled) ordered
trees, where it holds E(R,,) ~ 3, we obtain that on average the root of an alternating tree
has a slightly higher degree than the root of a randomly labelled tree.

4.3. Depth of nodes. An important parameter when analysing the structure of random
trees in rooted tree families is the depth of a randomly chosen node. Thus we are studying
the random variable D,,, which counts the depth of a randomly chosen node in a random up-
down alternating labelled ordered tree of size n. Due to the nature of the basic decomposition
of alternating trees w.r.t. the node with label n in a size-n tree, we require for a study of
D,, an auxiliary parameter, which we call “the depth of a random insertion point”: if we
choose an alternating ordered tree T of size n there are exactly n possibilities to attach a
node with label n + 1 to one of the nodes in T" in such a way that the resulting tree is again
an alternating ordered tree, now of size n + 1. The depth of node n + 1 when attached to
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a node in 7' in an appropriate way is then of interest here. We introduce thus the auxiliary
random variable X,,, which counts the depth of node n + 1 in a tree obtained by choosing a
random alternating tree of size n and attaching a node with label n 4+ 1 at random at one of
the n possibilities such that the resulting tree is an alternating tree of size n + 1.

Using the basic decomposition of an up-down alternating labelled ordered tree T with
respect to the node with the largest label n as described in Subsection 3.2 leading to trees

T, Ty, ..., T,, we obtain a system of recurrences for the probabilities P{X,, = m} and
P{D,, = m}. When computing the recurrence for the probabilities P{X,, = m} we only have
to take into account the insertion points in 7', 11, ..., T}, and the additional insertion point

of T obtained after attaching node n to T'. Analogous, when computing the recurrence for
the probabilities P{D,, = m}, we have to take into account the depth of nodes in JA“, T, ...,
T, and the depth of node n after attaching to T. We obtain then the following system of
recurrences, where T, = (n — 1)"~! denote the number of up-down alternating labelled trees
of size n (the appearing probabilities are all zero for values of n and m that are not listed
below):

n—1 N\Ty Ty --Th,
P{X,=m} =3 2 k(kk1k> T, X

r>0k+k1+--+kr=n—1,
kyki,....kr>1

« (%]P’{Xk —m} + %P{Xk — m) (37a)

P R = m)P(Xe =), for n>2,
=1

mi+mg=m—1,
mi,ma2 >0

]P’{Xl :m} = (517m,
- . n—1 Tk'Tkl"'TkT
P{Dn=m} =3 2 k(kk1k> T, %

r>0k+ki 4+ +kr=n—1,
kyki,. .. ke >1

« (%]P’{Dk = m} + P(Xj =m) (37b)

T kz
+ Z o Z P{Xy = m1}P{Dy, = m2}>, for n > 2,
i=1

mi+mg =m—1,
mi,mg >0

]P){Dl = m} = 50,m-
We treat the system of recurrences (37) by introducing the bivariate generating functions

F(z,v) := Z Z nT,P{X, = m}%vm,

n>1m>0

G(z,v) := Z Z nT,P{D,, = m}%vm,

n>1m>0
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which leads to the following system of differential equations with initial conditions F'(0,v) =

G(0,v) =0:

z 1 v
(1—1_71_‘(2))FZ(Z,’U)—mF(Z,U)—mF(Z7v)2_’U:O, (38&)
2 1 vF(z,v) B
(1 —_ W)GZ(Z,’U) — 1_71_‘(2)}7(2,’1)) - WG(Z,’U) —1= O, (38b)

with T'(z) = 1 — e~ () and W(z) the tree function.

In order to study the asymptotic behaviour of the depth D,, of a random node in a random
alternating ordered tree of size n we use the so called method of moments. By studying
the evaluation at v = 1 of the r-th derivatives of F(z,v) and G(z,v) w.r.t. v we are able to
show that, for r fixed and n — oo, the r-th moment of the normalized random variable %
converges to the r-th moment of a Rayley-distributed random variable R, with parameter
a = % Since the Rayleigh-distribution is fully characterized by its moments an application
of the Theorem of Fréchet and Shohat (see, e.g., [8]) shows the convergence in distribution

of % to R, which is stated as Theorem 5.

We will here only sketch the appearing computations; see, e.g., [10] for another application
of this method, which is figured out there in more detail. First we consider the differential
equation (38a) for the generating function F'(z,v) of the probabilities P{X,, = m} of the
auxiliary random variable X, and introduce, for integers r > 0, the functions

F.(z):= aer(z,v) .
For Fy(z) we obtain from the definition:
B B 2N W(z)e W)
Fy(z) = F(z,1) = > _nT, =) = T (39)

n>1
whereas differentiating (38a) leads to the following differential equation of F,.(z), r > 1:
(1+W(z))eV)
(1-W(2))?
where the inhomogeneous part S, (z) is given as follows:
W(z)? n 1
(1=W(z))?  1-W()

F(z) —

r

Fr(2) = Sr(2), (40)

Sl (Z) =

and, for r > 2:

Sp(z) = 11W(Z) (reW(Z) kZ: <’" . 1) Fiu(2)Fr_1_p(2) + 62W(Z);Z1 (2) Fk(z)FT_k(z))

One easily gets that the solution of F.(z) satisfying (40) and the initial condition F,.(0) = 0
is, for r > 1, given as follows:

e~ W(2) W (z)
Fr(2) = W2 /0 Sr(We ™) (1 — W)3aw. (41)
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It is now a crucial observation that the functions F,.(z), r > 0, behave locally in a complex
neighbourhood of the unique dominant singularity p = e~! (or equivalently around W (z) = 1)
as follows, with certain constants c;:

cre W)
(1=W(z))+t
For r = 0 it follows directly from (39) and the local behaviour (15) of the tree function W(z)
that the asymptotic equivalent (42) is true with constant ¢g = 1:
W(z)e W) e~ W(=)

1-W(z) 1-W(z)

For r = 1 the differential equation (40) leads to the following solution

Fr(2) ~ (42)

Fy(z) =

2 1 2 W)

(3(1 “WE T iewe ;0= W(Z))>67W(Z) ~ (13— W(z))2’

Fl(z) =

which shows (42) with ¢; = % For general r, the asymptotic relation (42) can be shown by
induction using (41) and theorems for singular integration, see [4]; as a byproduct one also
obtains a recurrence for the constants c,:

e~ W) W) o 2L c Cro1—
R~ oo, D> ( e A
r—1
+> <r> WY (1 — ;T/_)];—k—i-l} (1= W)*dw
=l e—W(2) W(2)
2 ) “wowerh

=1

]_ — e_W(Z)
14 <>k’“ T= W)+

1 S 2
= ; <k> CpCr—p, forr>2 ¢ = 3 (43)

and thus

Recurrence (43) can be treated by standard methods leading to the solution
2
¢ = r!(g)r, for r > 1. (44)

This gives the following local behaviour of the functions F,.(z) around the dominant singu-
larity z = e 1

2yr e W) 2\ e !

3 awey B e

We use now this description (45) of the local behaviour of F,(z) around z = e~! for a
study of the differential equation (38b) for the generating function G(z, v) of the probabilities

(45)
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P{D,, = m} of the random variable D,, of interest. To do this we introduce, for integers r > 0,
the functions

Gr(z) = 5 G(z,v) .
Again, by using the definition, we immediately obtain for Gy(z):
Wi(z)e W)
10, —
Go(z) = T;nT —zT (z) = W) (46)

whereas differentiating (38b) leads, for r > 1, to the following differential equation for G,(z):

W(z)eW(?)

T wer

Gr(2) = S,(2), (47)

with

5 1 W(2) 2W () — (r-1
5.0 = 1=y (VOB e kzzo< ; )Fk<z>cr_1_k<z>

+ WY (2) Fk(z)Gr—k(Z)).

k=1

One easily gets that the solution of G (z) satisfying (47) and the initial condition G,(0) = 0
is, for > 1, given as follows:

e—W(z)

Gr(z) = ) /0 " Sp(We™) (1 — W)2dw. (48)

1-W(z
Again it is a crucial observation that the functions G, (z), r > 0, behave locally in a complex
neighbourhood of the unique dominant singularity p = e~! (or equivalently around W (z) = 1)
as follows, with certain constants d,:

dre_W(Z)

SO e

(49)

The asymptotic relation (49) can be proven by induction, where we additionally require
the corresponding relation (45) for the auxiliary functions F,(z), leading also to a recurrence
for the constants d,:

G ( ) e—W(Z) /W(Z) |: Cr n § r—1 Ck d?"*l*k
T IWE) A=—wys T k) =W - W)
dr—p, d
T Z W)k+1 (1 — W)r—kﬂ] (1 - W)dw
r r e—W(z) W(z) 1
~ X ()i S /0 a—wya

k=
1 W)
T 1@6’”’%1 W (z) 1
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and thus

1 T
d =~ 3 <]:> exdn_p, for r>1. (50)

k=1
Using dy = 1, which follows immediately from (46), and the solution (44) for ¢, we can solve
recurrence (50) by standard methods and obtain

d, = r!(%)T, for r > 1.

This gives the following local behaviour of the functions G, (z) around the dominant singu-
larity z = e 1

9 —W(z) ) -1

Gr<z>~(3)m(1_€WW~(3)m( G ¢f_7)r+1' (51)

Via singularity analysis we obtain then the following asymptotic equivalent of the r-th
factorial moments E(Dy) := E(Dy(Dy, — 1)+ (Dp — 7+ 1)):

n! varl(3)
E(DL) = —[2"Gp(2) ~ ~——32_nz.
( n) ’I’ZTn [Z ] T’(Z) 2§F(T§71)n
Due to the relation E(D}) = >"; _, {Z}E(D%) between the r-th ordinary and the r-th factorial
moments of D,,, where {Z} denote the Stirling numbers of the second kind, it holds E(D],) ~
E(D5). By using the duplication formula of the Gamma-function:

r+1..r rly/m
r e =T

we obtain from (52), for every r fixed and n — oo, the following asymptotic equivalent of the
r-th moment of the scaled random variable %:

N3

(52)

D 2 r T
E((52)7) ~ (5)250(1+2).
(7))~ G) "3
Since every r-th moment of % converges to the r-th moment of a Rayleigh distributed

random variable R, with parameter o = % we have indeed shown Theorem 5.

If one compares this result with the depth D,, of a random node in a randomly labelled
ordered tree of size n (see, e.g., [9]), where % is also asymptotically Rayleigh distributed,

but with a larger parameter o = 1, one gets that on average the depth of a randomly chosen
node in a randomly chosen alternating ordered tree is about 1/3 smaller than the depth of a
randomly chosen node in a random labelled tree of the same size.
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