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Abstract. Plane trees and noncrossing trees have been generalized by assigning labels to the
vertices from a given set such that a prior coherence condition is satisfied. These trees are called
k-plane trees and k-noncrossing trees respectively if k labels are used. Results of plane trees and
noncrossing trees were recently unified by considering d-dimensional plane trees where plane trees
are 1-dimensional plane trees and noncrossing trees are 2-dimensional plane trees. In this paper, d-
dimensional k-plane trees are introduced and enumerated according to number of vertices and label
of the root, root degree, number of components constituting a forest, label of the eldest child of the
root and the length of the leftmost path. The equivalent results for plane trees and noncrossing trees
follow easily from our results as corollaries.
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1 Introduction and preliminary result

Combinatorial structures counted by Catalan and Catalan-like numbers have been stud-
ied for more than a century. Among these structures counted by Catalan numbers are plane
trees as given in sequence A000108 of the celebrated online encyclopaedia of integer se-
quence [30]. Stanley provided a list and interconnections among these structures in [32].
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Formally, a plane tree is a tree (rooted) drawn in the plane such that all the vertices are or-
dered [1]. Noncrossing trees are among the discrete structures counted by Catalan-like num-
bers (also called Fuss-Catalan numbers). These are trees drawn in the plane such that vertices
are on the circumference of a circle and edges do not cross inside the circle [12]. Since non-
crossing trees are drawn in the plane then they are also plane trees. In 2002, Panholzer and
Prodinger [29] introduced (I,r)-representation of noncrossing trees, which is a way of rep-
resenting noncrossing trees as plane trees. If (7,j) is an edge in a noncrossing tree such that
i < j (respectively, i > j) and i is closer to the root than j then vertex j is an ascent (respectively,
a descent). Let (i,j) be an edge in a path from the root of a noncrossing tree such that j is an
ascent (respectively, a descent) then j is represented by letter r (respectively, I) in the plane
tree representing the noncrossing tree where vertex 1 is the root of the plane tree. The plane
tree representing noncrossing tree in the (I,7)-representation has all non-root vertices labeled
by I or r. Of course, all vertices adjacent to the root are labeled by r. In Figure 1, we provide
a noncrossing tree together with its (I,r)-representation.

Figure 1. A noncrossing tree on 12 vertices and its (I, r)-representation.

Let (i,j) be an edge in a plane tree or (I,r)-representation of a noncrossing tree with the
condition that i is closer to the root than j. The vertex j is thus the child of i. This means that
i is the parent of j. A vertex is said to reside on level / if there are ¢ edges on the path from
the root to that particular vertex. It is worth remarking that the root resides on level 0 since
there is no edge from the root to itself. The vertex that appears on the far left of all other
vertices that reside on a given level is the eldest child on that level. A path from the root to
a given eldest child such that all other vertices on the path are eldest children is a leftmost
path. The degree of a vertex in a plane tree is the number of children of that vertex. A vertex of
degree 0 which is not a root is a leaf and a non-leaf vertex is an internal vertex. Leaves together
with roots of degree 1 are endpoints. A plane tree in which each internal vertex has at most ¢
children is a t-ary tree. Setting t = 2, we find binary trees counted by Catalan numbers and
for t = 3, we get ternary trees which are enumerated by the same formula for the number
of noncrossing trees. A sequential arrangement of degrees of all vertices in a plane tree is
called degree sequences. A forest is a graph with a finite number of components such that
each component is a tree. Plane trees have been counted using statistics such as number of
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vertices [1], root degree, leaves [2], level at which a vertex of a given degree resides [2, 5],
degreee sequence [4] and forests [31] among other parameters.

In the past three-quarter century, plane trees have been generalized by considering their
block graphs [9,22,27] or by considering plane trees in which the vertices receive labels from
a given set such that the sum of labels of endpoints of each edge satisfies a certain coherence
condition [7, 8,10, 14,23,26]. The latter case is the most relevant in the present study. In [7],
Gu and Prodinger generalized plane trees to 2-plane trees. These are plane trees in which the
nodes are labeled 1 or 2 such that the sum of labels of adjacent vertices does not exceed 3.
They found a counting formula for these trees given the number of vertices and label of the
root. The work was extended in [8] by Gu, Prodinger and Wagner to k-plane trees which are
plane trees in which the vertices are labeled with integers in the set {1,2,...,k} such that for
each edge the sum of labels of its endpoints is no greater than k + 1. The aforementioned
authors counted the said trees by number of vertices and label of the root. Moreover, they
established a bijection between the set of k-plane trees and the set of (k + 1)-ary trees. Formu-
las obtained by Gu, Prodinger and Wagner were further refined by Nyariaro and Okoth [14]
to enumerate k-plane trees by root degree and number of forests. Okoth and Wagner ob-
tained counting formulas for k-plane trees by occurrences of vertices of a certain type [26].
Furthermore, Okoth [19] and Nyariaro and Okoth [13] constructed various bijections relating
k-plane trees to other combinatorial structures. It is worth noting that 1-plane trees are plane
trees. Recently, Oduol, Okoth and Nyamwala [16] introduced the set of ki-plane trees which
are k-plane trees in which all vertices labeled 1 must on the left of all others. The authors
then enumerated them by number of vertices, root degree, label of the eldest child of the
root, length of the leftmost path and number of forests among other statistics.

Noncrossing trees, since their introduction in 1998 by Noy [12], have been enumerated by
number of vertices [12], leaves, degree sequence, forests [6], endpoints, maximum degree [3],
levels [15] to name but a few. Noncrossing trees have also been generalized considering their
block graphs [20,22] and by labeling the vertices [24,28,34]. The latter is key in this work. In
2010, Pang and Lv [28] introduced and enumerated k-noncrossing trees. A k-noncrossing tree
is a noncrossing tree in which vertices receive labels from the set {1,...,k} such that if (i,j) is
an ascent on the path from the root then i + j < k + 1. These authors found the counting for-
mulas for these trees by number of vertices and label of the root. The research was extended
by Okoth who enumerated k-noncrossing trees by root degree and number of forests [21]. In
addition, Okoth and Wagner [26] enumerated the set of k-noncrossing trees by occurrences
of vertices of a certain type. Bijections of k-noncrossing trees have been established in [13].
It is important to note that 1-noncrossing trees are the ordinary noncrossing trees. The set of
2-noncrossing trees, as combinatorial structures, was introduced in 2009 by Yan and Liu [34]
and enumerated them by number of vertices and label of the root. The authors also estab-
lished a relationship between the set of 2-noncrossing trees with root labeled 2 and the set of
5-ary trees. In 2024, Oduol, Okoth and Nyamwala [17] introduced the set of ki-noncrossing
trees. A kq-noncrossing tree is a k-noncrossing tree that when represented as a plane tree using
the (I,r)-representation has all its ascents and descents labeled 1 coming on the left of all
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other ascents and descents respectively. The aforesaid authors then enumerated the set of
ki-noncrossing trees by number of vertices, root degree, label of the eldest child of the root,
length of the leftmost path and number of forests [17].

One of the celebrated concepts in enumeration of plane trees, noncrossing trees and their
block graphs is the butterfly decomposition introduced by Flajolet and Noy [6] in the enu-
meration of noncrossing trees. A butterfly is defined as an ordered pair of noncrossing trees
that share a root. So considering any vertex in a noncrossing tree, there is a left wing and a
right wing of a butterfly. A plane tree therefore is a noncrossing tree in which for each inter-
nal vertex, there is no left wing of the butterfly rooted at that vertex. Okoth and Kasyoki [25]
in an attempt to unify results for plane trees and noncrossing trees, considered noncrossing
trees in which butterflies rooted at each internal vertex have d wings instead of two wings.
They stated that there is only one right wing and the remaining d — 1 wings are left wings.
They coined the name d-dimensional plane tree for such a tree. We remark that:

(i) The wings of the d-dimensional plane tree are given labels with the left wing being the
first wing and the rightmost wing being the last wing.

(ii) A wing of a butterfly rooted at the root is a right wing.

(iii) A plane treee is a 1-dimensional plane tree and it has no left wing. Moreover, a non-
crossing tree is a 2-dimensional plane tree.

We also note that in Figure 2, we get a 3-dimensional plane tree with 12 vertices.

Figure 2. A 3-dimensional plane tree on 12 vertices where the labels are the labels of the wings.

We now introduce the main objects of our study.

Definition 1.1. A d-dimensional k-plane tree is a noncrossing tree in which butterflies rooted at
all internal nodes (if we consider the (I,r)-representation of the noncrossing tree) have d wings such
that if (i,) is an ascent in the right wing then i + j < k + 1 and all children of the root are in the right
wing.

Figure 3, is a 3-dimensional 4-plane tree on 12 vertices with root labeled 1.

Oduol, Okoth and Nyamwala [18], have since introduced the set of d-dimensional k;-plane
trees and enumerated them by number of vertices and label of the root, label of the eldest
child of the root, root degree, length of the leftmost path and number of forests.
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Figure 3. A 3-dimensional 4-plane tree on 12 vertices with root labeled 1 where i; represents vertex
labeled j in wing i.

Definition 1.2 ( [18]). A d-dimensional k;-plane tree is a d-dimensional k-plane tree in which all
descents and ascents labeled 1 must be on the left of all others.

Consider the set of d-dimensional k-plane trees. If one of the endpoints of an ascent
edge (in the first wing) in d-dimensional k-plane tree is labeled by i then the other end-
point must have a label no more than k —i + 1. Let P;(x) = P; be the generating function
for d-dimensional k-plane trees with roots labeled by i where x marks a node.

Then,

Pi(x) =x- I

EE : (1)
1= (PL+Pr+- + Peiy1)

We now look for suitable substitutions to solve the system of the functional equations (1). Let
Pi(x) = (¥x)"Lm(1 —y) =t and x = (¢/x)? 1 ¢/5(1 — y)*. From (1) we have,

1
Pi(x) = x- /Y1 g d—1
1= O T (yics (g4 g — )+ 91— 0
1 1
1—%(1+(1_y)+...+(1_y)k—i> 1= (1= (1=-y)k)
=X u_;m = (%)d71€/y(1 o y)k ’ (1 _ yl)k—i—|—1 = (%)d71W(1 - y)iil‘

Since the substitutions P;(x) = (¢/x)" 1 ¢/5(1 —y)' "t and x = ({/x)? "1 ¢/y(1 — y)* satisfy (1)
and the second equation does not depend on i then these are the rights substitutions to solve
the system of functional equations (1). So, y = x(1 — y) ~*.

The following theorem is key in the extraction of the coefficient of x" in P;.

Theorem 1.3 (Lagrange-Biirmann inversion, [33]). Let P(x) be a generating function that satisfies
the functional equation P(x) = x¢(P(x)), where ¢p(0) #0. Then, [x"]S(P(x)) = [p"1](S'(p)¢(p)")
where S is any analytic function.

Now, we apply Lagrange-Biirmann inversion (Theorem 1.3) to extract the coefficient of
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x" in P;. We have,
P =" (V)T (1 - ) = D (1 - )

1d 1 [ynflf(dfl)/d] (W(l _ y)ifl —(i— 1)@(1 - y)iz)

(1 N y)—kd(n—(d—l)/d)

_ 1 n—1 _ . o k(d(n—1)+1)+i— -2
DI ) 1) ()
By binomial theorem, we obtain

[x"]P;

:m[ynl](l—( (i—1)+1)y ;( n_1)+;)_i+ﬂ+1)ya

_ 1 [(k(d(n—1)+1)—z+n)_(d(i_1)+1)(k(d(n—1)+1)—i+n—1)}

din—1)+1 n—1 n—2
B 1 _(k—i+1)(d(n—1)+1)(k(d(n—1)+1)—i+n)
dn—1)+1 k(dn—-1)+1)—i+n n—1
B k—i+1 (kd+1)(n—1) +k—i
_k(d(n—1)+1)—i+1( n—1 )

We summarize the discussions with the following result.

Theorem 1.4. There are

k—i+1 ((dk+1)n—k(d—1)—i)

@+ —k(d—1) = n-1 @)

d-dimensional k-plane trees with n vertices whose root is labeled by i.

2 Consequences of Theorem 1.4

We get the following corollary upon setting d = 1 in (2).

Corollary 2.1. The number of k-plane trees with n vertices whose root is labeled by i is given by

k—i+1 [((k+1)n—i 3)
(k+1)n—i n—1 '
Formula (3) was first derived by Gu, Prodinger and Wagner in [8].

Corollary 2.2 ( [26]). The number of k-noncrossing trees with n vertices whose root is labeled by i is
given by

k—i+1 (2k+1)n —k —i
2k +1)n—k—i n—1 '
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Proof. Setd =2 in (2). O
Upon setting i = 1 in (2), we find that there are

k (dk+1)n —k(d—1) —1
(dk+1)n—k(d—1)—1( n—1 )

(4)

d-dimensional k-plane trees on n vertices whose root is labeled 1.

By setting d =1 and d = 2 in (4), we rediscover the formulas for the number of k-plane
trees and k-noncrossing trees on n vertices whose root is labeled 1 which were obtained in [8]
and [26] respectively. On the other hand, setting i = k in (2), we get

1 ((dk+ 1)(n — 1)>,

n—1 n—?2 ®)

as the formula for the number of d-dimensional k-plane trees on n vertices with root labeled
by k. Consequently, setting d = 1 in (5), we find

L () 0

as the number of k-plane trees on n vertices with the root labeled by k. Formula (6) was also
derived by Gu, Prodinger and Wagner in [8]. Moreover, setting d = 2 in (5), we obtain

ﬁ((Zk +n1)_(;l—1)> -

as the number of k-noncrossing trees on n vertices with the root labeled by k, a formula that
was also obtained by Okoth and Wagner in [26]. The formula,

1 ((d+1)(n—1))’

din—1)+1 n—1

counts d-dimensional plane trees on n vertices. The formula is arrived at upon letting k =1
in (5) and it was also obtained by Okoth and Kasyoki in [25] where the cases with d =1 and
d = 2 were obtained earlier by Dershowitz and Zaks in [2] and Noy in [12] respectively.

Corollary 2.3. The total number of d-dimensional k-plane trees on n vertices is given by

L((dk—l—l)(n—l))_d(d—l ((dk-i—l)n—k(d—l)—l)‘

n—1 n n—1)+1 n ®)

Proof. We extract the coefficient of x" in P; + P> + --- + Py.
X"][(Pr+Pat -+ Py)
= " (V0 + (VO g —y) + o+ (VDT - )Y
=R (14H Ay 4+ (1))
_ [xn—l—i—l/d]yl/d—l (1 (- y)k> _
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Now, by Lagrange-Burmann inversion, we get

[x"](P+ P>+ - + Px)

:71_1;—'_1/61[]/”—2—%1/61] <ky1/d_1(1 . y)k—l . (1 . 1/d)y1/d_2(1 - (1 o y)k)>
(1— y)—dk(n—1+1/d)

:m[yn] (dky(l —yp)l_@d-1)1-01- y)k)> (1 — ) kE@n-1+D)

:m[}/n] (dky(l — y)*(dk(nfl)Jrl) —(d-1)1 - y)fk(d(n71)+1)

+(d-1)(1 -y *)

:m {dk((dk +n1)_(;1a - 1)) @) <(dk+ 1)(Z ~1) +k)

+(d_1)((dk+1y)l(n—1))}

- _11) +1 ldk(d(n;l) +1) <(dk +n1)_(;11—1)) - 1)((dk+1)n —nk(d— 1) - 1)}
k(@) (n—-1)\  d-1  ((dk+1)n—kd—1)—1
_n< n—1 ) d(n—1)+1( n )

Setting d =1 and d = 2 in (8), we obtain the following results.
Corollary 2.4. There are

1 ((k+1)(n—1))

n—1 n
k-plane trees on n vertices.

Corollary 2.5. There are

1 <(2k+1)(n—1)) 1 <(2k+1)n—k—1)

n—1 n -1 n

k-noncrossing trees on n vertices.

By setting k = 1 and performing simple algebraic manipulations, we arrive at the following
corollary.

Corollary 2.6. The total number of d-dimensional plane trees on n vertices is given by
1 (d+1)(n—1)
din—1)+1 n—1 '

We remark that the Fuss-Catalan number (9) was recently obtained by Okoth and Kasyoki
in [25], where the case d = 1, Catalan number, counts plane trees and d = 2 gives the number
of noncrossing trees with n vertices.

©)
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3 Root degree

In this section, we obtain counting formulas for d-dimensional k-plane trees in which the
label of the root, the labels of its children as well as the degree of the root are stated.

Theorem 3.1. There are

(dk —i+1)r (dk+1)(n—1) —ir
(dk—i—l)(n—l)—ir( n—r—1 ) (10)

d-dimensional k-plane trees on n vertices with root of degree r and labeled by j such that all children
of the root are labeled by i.

Proof. Since the root of each child of the root is labeled by i, then to arrive at our result we
d-1p. \ "
extract the coefficient of x" in x (P;d_lp 1) which is done in the sequel.

Pd*lp, r B Pd*lp, r
[xn]x< J1Cd_11> :[xn 1]< J1Cd_11

By Lagrange-Biirmann inversion, we obtain

" Pf_lpj ' . 1 n—>2 r—1 (i—1)r . r (i-1)r—1
h]x<;;T- =l ](W A=y = =Dy’ (1-y) )

(1 o y)fdk(nfl)

r n—r— ; — n—1)—(i—1)r
:m[y (1 —iy) (1 —y)~ @D
__r n—r—1 o dk(n_1)+a_ (i_l)r a
=y 1u,zwg%( . y"

So,

) (Pf;jf) - 4 : (((dk +nl)_(z - 1) - ir) _ i((dk+ 121(71:)2— ir — 1))

_ (dk—i+1)r (dk+1)(n—1) —ir
_(dk+1)(n—1)—ir< n—r—1 )

With d = 1 in (10), we get the following result.
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Corollary 3.2. There are

(k—i+Dr  ((k+1)(n—1)—ir
(k+1)(”—1)—if( n—r—1 ) (11)

k-plane trees on n vertices with root of degree r and labeled by j such that all the children of the root
are labeled by i.

On further setting i = 1 in (11), we obtain
r ((k+1)(n—1)—r—1
n—1 n—r—1

as the formula for the number of k-plane trees on n vertices with root of degree r and labeled
by k. This formula was initially discovered by Okoth and Wagner in [26].

Setting d = 2 in (10), we get the formula for the number of k-noncrossing trees with a
given root degree.

Corollary 3.3. The number of k-noncrossing trees on n vertices with root of degree r and labeled by j
such that all the children of the root are labeled by i is given by

(2k—i+1)r (2k+1)(n—1) —ir 12)
2k+1)(n—1) —ir n—r—1 '
Also, letting i = 1 in (12), we arrive at
r ((2k+1)(n—1)—r—1
n—1 n—r—1
which counts k-noncrossing trees on n vertices with root of degree r and labeled by k.
Setting i = k in (10), we find that there are
((d—1Dk+1)r (dk+1)(n—1) —kr (13)
(dk+1)(n—1) —kr n—r—1

d-dimensional k-plane trees on n vertices with root of degree r and labeled 1 such that all the
children of the root are labeled by k. Moreover, if we set k = 1 in (13), then we find that there

L((d—i—l)(n—l)—r—l) (14)

n—1 n—r—1

d-dimensional plane trees on n vertices with root of degree r. Formula (14) was recently
obtained by Okoth and Kasyoki in [25]. We obtain the following result upon setting i = 1 in
(10).

Corollary 3.4. There are

r <<dk+1)(n—1> —r—l) (15)

n—1 n—r—1

d-dimensional k-plane trees on n vertices with root of degree v and labeled by k.
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We remark that one can arrive at (14) by setting k = 1in (15). If d =1 and d = 2 in (15), we
obtain the formulas

L((k+1)(n—1)—r—1>

n—1 n—r—1

and

r ((2k+1)(n—1)—r—1)

n—1 n—r—1

which counts k-plane trees and k-noncrossing trees on n vertices with root of degree r and
labeled by k that were initially obtained by Okoth and Wagner in [26] and Okoth in [21]
respectively.

We generalize Theorem 3.1 in the following theorem.

Theorem 3.5. There are

dkr — s <(dk+1)(n—1)—s—r>< r ) (16)

(dk+1)(n—1)—s—r n—r—1 11,72,73,« Tk—it1

d-dimensional k-plane trees on n vertices with root labeled by i such the root has r children, r; of which
are labeled by j where j =1,2,...,k —i+land s =1y +2r3 + -+ + (k — i) rg_i11.-

Proof. Let P;(x) be the univariate generating function for d-dimensional k-plane trees rooted
at a node labeled by i, with x marking a vertex. Since there are r; subtrees labeled by i =
1,2,...,k which are rooted at the children of the root then the generating function for the
desired d-dimensional k-plane trees in which the position of the subtrees is not taken into
consideration is

x (Pl (x)d ) r <P1 (x)d_lpz(x) ) 5 N (Pl (x)d_lpk_i_H (x) ) it
xd-1 a1 o

_ L(A=dyr+1pr@d=1) pripra . plk-it1
=X Py PPy P

We now proceed to extract the coefficient x” in the generating function.

1—d)r+1 pr(d—1 Tk—i d—1)r—17 pr(d—1 Tk—i
)= p @ pripre . pc it = [y =D pr U piipr L gkt

_ [xn+(d*1)?*1](({i/z)d*1 W)r(dfl)(({i/})dfl W)ﬁ . <(%)d71 \d/]_/(l _ y)>r2
(R -y )

_ [xn+(d—1)r—1]xr(d—1)yr (1 . y)rz (1 _ y)273 .. (1 _ y)(k—i)rkﬂ'ﬂ

="y (1-y)
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where y = z(1 —y) ™ and s :=rp + 2r3 + --- + (k — i)r¢_; ;1. Applying Lagrange-Biirmann
inversion, we obtain

[xn]x(lfd)rJrlPlr(d—l)plﬁpsz . P}:k:lﬂ
1

:m[yn—Z] (ryr—l(l — ]/)S _ Syr(l - y)s—l)(l B y) —dk(n—1)

1 (r[ynfrfl] (1 _ y)fdk(nfl)Jrs _ S[ynfr—z] (1 . y)*dk(n71)+sil).

n—1

Making use of binomial theorem, we get

[xn]x(l—d)r—s—lp_f(d—l)l)lﬁ Pzrz O A

k—i+1
. i : r[yn_r_l]ag <dk(n - 1)a—s+a - 1)ya ‘S“/”_”hg (dk(n - 1a) —s—l—a>ya]
:%[Y((korl)(Z:rl)_—ls—r—l) _S((dk+1)(:11:r1)_—25—r—1)]

dkr —s (dk+1)(n—1)—s—r
(dk+1)(n—1)—s—r< n—r—1 )

112/] ;I"'/]k l

ways of assigning labels to the children of the root so that there are r; children labeled by j

forj=1,2,...,k — i 4 1. The proof thus follows. O

We note that formula (10) follows from (16), by letting s = r(i — 1) and r; = 0 for all j # i.
If s = r in Theorem 3.5 then it implies thatr, =71, 7 =r3 =14 = --- = r4_;;1 = 0. This means
that there are

(dk—1)r (dk+1)(n—1) —2r
(dk+1)(n—1) —2r n—r—1
d-dimensional k-plane trees on n vertices such that the root of degree r is labeled by j and all
the children of the root are labeled 2.
If k=2and i =1 in (16) then r; + rp, = r and rp, = s. This means that r, = r — r; and
s = r — rq. It then follows that that there are
(dk —1)r +r (dk+1)(n—1)—2r+mn r a7
(dk+1)(n—1)—=2r+n n—r—1 r,r—r
d-dimensional 2-plane trees on n vertices with root labeled 1 and has r children of which
r1 are labeled 1. Summing over all values of r; and r in (17), we find the total number of
d-dimensional 2-plane trees on n vertices with root labeled 1.
If k =2and i =2in (16) then r; = r and s = 0. It implies that there
r ((2d+1)(n—1)—r—1>

n—1 n—r—1

d-dimensional 2-plane trees on n vertices with root labeled 2 and has r children all labeled 1.
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4 Forests

In this section, we enumerate d-dimensional k-plane forests whose vertices are labeled
from a given set. The vertices of the forest are labeled with integers 1,2, ...,n if the number
of vertices is n.

Theorem 4.1. There are

n!(dke — s) ((dk+1)n—s—c)( c ) (18)

(dk+1)n—s—c n—c €1,C2, -, Ck—it1

labeled d-dimensional k-plane forests on n vertices such that there are c components, c; of which have
roots labeled j where j =1,2,...,k —i+1lands:=cy +2c3+ -+ (k —1)cx_js1-

Proof. Let P;(x) be the generating function for d-dimensional k-plane trees rooted at a vertex
labeled by i, where x marks a vertex. Since in the forest, there are r; trees labeled i =1,2,...,k,
the generating function for unlabeled d-dimensional k-plane forest in which the positions of
individual trees are not taken into consideration is

(Pl (x) ) K (Pl () 1Py (x) > & N (Pl ()P, iiq(x) ) Ck—it1
xd-1 a1 o

= 1=plDpp L ptin

We extract the coefficient x" in the generating function.

[xn]xu—d)cPlc(d—l)Plclpzq . _Plfk_fiiii _ [xn+(d—1)c]Plc(d—1)p1clPZCz . "P;fk_ﬁi

= V(R g D (R g (R e )
(g )

— [xn+(dfl)c]x6(dfl)yr (1—y)2(1— y)ZCs e (1— y)(k*i)ck—iﬁ-l

=[xy (1 - 9"

Here, y =z(1—y) ™ and s :=cy + 2c3 + -+ - + (k — i) cx_i41-
By Lagrange-Biirmann inversion, we have

n —a)c d— C —i 1 n— Cc— S C S— —aKn
e P pgz Pyt = [y (T (1= ) = syt (1 - ) ) (1)

— 1 (C[]/nic](l _ y)fdknqts _ S[ynfcfl](l _ y)*dk}’lﬁ’S*l)'

n
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Binomial theorem gives,

[x”]x(l—d)cpl’f(d—l)Plﬁpzq ... pSk=itl

k—i+1
_ % [c[y”_r] ag (dkn - sa—l—u - 1)ya Iy ; <dkn - s +”>ya]
:% {C((korl):z:cs—c—l) _S((dk+111)fc—_szc—l)]

B dkc —s (dk+1)n—s—c
- (dk+1n—s—c n—c '

( C )
C1,€2,+++,Ch—it1

choices for positions of the trees in the forest and n! choices for labeling of the vertices in the
tree then result follows by product rule of counting. O

Since there are

If c; = cin (18) then s = c(i — 1) and ¢; = 0 for all j # i. This implies that

nl(dk — i+ 1)c ((dk+1)n—6(i—2)) (19)

(dk+1)n—c(i—2) n—c

counts labeled d-dimensional k-plane forests with n vertices and ¢ components such that the
roots of all the trees are labeled by i.

Corollary 4.2. There are

n!(kc —s) (k+1)n—s—c c
(k+1)n—s—c n—c C1,C2, - Ck—it1

labeled k-plane forests on n vertices such that there are c components, c; of which have roots labeled by
jwherej=1,2,...,k—i+1lands:=cy+2c3+ -+ (k—1)cx_it1-

Proof. Setd =1 in (18). O
Upon setting d = 2 in (18), we obtain the following corollary.

Corollary 4.3. There are

n!(2kc — s) (2k+1)n—s—c c
(2k+1)n—s—c n—c C1,C2, - Ck—it1

labeled k-noncrossing forests on n vertices and c components, c; of which have root labeled by j where
j=12,... k—i+lands:=cy+2c3+ -+ (k—i)cx_i11-
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5 Eldest child of the root
In the section, we enumerate the set of generalized k-plane trees by the label of the root as

well as the label of the eldest child of the root.

Theorem 5.1. The number of d-dimensional k-plane trees on n vertices with root labeled by i such
that the eldest child of the root is labeled by j is given by

(20)

dk+k—i—j+2 (dk+1)n—k(d—1)—i—j
(dk+1Dn—k(d—1)—i—j n—2 '

Proof. Let P;(x) be the generating function for d-dimensional k-plane trees rooted at a vertex
labeled by i, where x marks a vertex. The generating function for d-dimensional k-plane
trees rooted a vertex labeled by i such that the first child of the root is labeled by j where
i+j<k+1isthus

Pl(x)d_lpj(x)'

Pi(x) - a1

The desired result is obtained by extracting the coefficient of x" in the generating function.

1Py , /241 4\ d-1( 4y 4ii(] — y)i-1
ipn)- DOt g -y (WD T 0 )

= [y
_ [xn—1+1/d]

1+1/d(1 _ i+j—2.

y y)

As before, y satisfies the functional equation y = z(1 — y) ~*.
Lagrange-Biirmann inversion gives,

Py (x)* 1Py (x)

[x"]Pi(x)-

xd—1
o 1 n—2+1/d d+1 1/dq1 _  NiH-2 _ (50 5 1+1/dq _ ,,\i+j—3
(1- y)—dk(n—1+1/d)
1 e .
:m[y d+1-(1+d(i+j-1))y)

(1 . y)f(k(d(n71)+1)fifj+3).
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We use binomial theorem to get,

ip ) P01
E)(k(d(n—l)+1l—i—j+a+2)ya
- _11) . {(d o <(dk+ n —nkﬁdz— 1) —i —j)
e diia i) ((dk+1)n —kr(ld_—?)l) i 1)}

dk+k—i—j+2 (dk+1)n—k(d—1)—i—j
(dk+1Dn—k(d—1)—i—j n—2 '

This completes the proof. O

Setting i + j = k + 1 in (20), we find that the number of d-dimensional k-plane trees on n
vertices such that the sum of the labels of the root and its eldest child is k + 1 is

ﬁ ((dk +n1)_(z - 1))_

The same formula counts d-dimensional k-plane trees on n vertices with root labeled by k
since in such trees all the children of the root are labeled 1, i.e., the sum of the label of the root
and its eldest child is k + 1. The formula therefore holds if i = k and j = 1 in (20).

We obtain the the following result upon setting d = 1 in (20).

Corollary 5.2. There are

2k—i—j+2 ((k+1)n—i—]
(k+1)n—i—j n—2

k-plane trees on n vertices such that the root is labeled by i and the eldest child of the root is labeled by
J.
On letting d = 2 in (20), we obtain the following corollary.

Corollary 5.3. The number of k-noncrossing trees on n vertices such that the root is labeled by i and
the eldest child of the root is labeled by j is given by

3k—i—j+2 2k+1)n—k—i—j
2k+1)n—k—i—j n—2 '

If k=1, theni=1and j =1 and thus substituting these values in (20), we obtain

L((EH- 1)(n — 1))

n—1 n—2

as the formula for the number of d-dimensional plane trees on n vertices. This formula was
obtained by Okoth and Kasyoki in [25].
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6 Leftmost path

The following section is set aside for enumeration of d-dimensional k-plane trees by length
of the leftmost path.

Theorem 6.1. The number of d-dimensional k-plane trees on n vertices whose root is labeled by i such
that there is a leftmost path of length ¢ > 0 and all other vertices on the path are labeled by j where
i+j<k+1isgiven by

Odk—j+1)+k—i+1 <(dk+1)n—k(d—1)—j£—i>_ o

@dk+1)n—k(d—1) — jl—i n—0—1

Proof. The generating function for the d-dimensional k-plane trees described in the statement
P (x ) d—1 P]
a1

L
X
of the theorem is ( )) P;(x). We extract the coefficient of x" in the generating

function as follows.

- ¢
[x"] (Iﬁ(xyz]l?(x)> - Pi(x)

/241 ad-1( 4/ -1 a1 — 1)i-1\ " ‘
o (DGR 43 gt -

_ [xn]xl—l/dyé—l—l/d(l _ y)é(j—1)+i—1

— [xn—1+1/d] Z+1/d(1 _ )Z(j—l)—i-i—l.

Yy Yy

We then use Lagrange Biirmann inversion to obtain

D10\’
o (Pl( Lt )> )

1 _ al+1 ,_ )i
:n — 1/d[yn 2+1/d] J yé 1+1/d(1 _ y)é(] 1)+i-1
—(6(]' _ 1) +i— 1)(1 _ y)f(j—1)+i—2yé+1/d} (1 _ y)—dk(n—H—l/d)

1 L | |
~gmo @D —y) —dy (G- D +i-1)
(1 — y)~ (kd=1)+1)—(=1)~i+2)
1 n—~0— . .
=i @ 1= @G i)+ y)
(1 — y)~ K-1+1)—eG-1)-i+2)
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Application of binomial theorem gives

_ l
[xn] (Pl(X)d 1Pi(x)> 'Pi(X)

a1

:W_lm[yn“] (d0+1— (d(jl+i—1)+1)y)
Kdn—1)+1) = (1) —i+a+1\ ,
Ll : )
R (dk+1)(n—1) 4 k—jC—i+1
_d(n—l)-i—l[(derl)( n—~0—1 >
—(d(j£+i—1)+1)((dk+1)(z:?fzk_]g_l)}

 dkl+k+l—j—i+1 (dk+1)(n—1)+k—jl—i+1
S (dk+ 1) (n—1)+k—jl—i+1 n—~0—1 ‘

This completes the proof. O
On setting d = 1 in (21), we get the following result.

Corollary 6.2. The number of k-plane trees on n vertices with root labeled by i such that there is a
leftmost path of length £ > 0 and all other vertices on the path are labeled by j is given by

bk—j+1) +k—i+1[(k+1)n—jl—i
(k+1)n—jl—i n—~0—1 '

Also, letting d =2 in (21), we obtain:

Corollary 6.3. The number of k-noncrossing trees on n vertices with root labeled by i such that there
is a leftmost path of length £ > 0 and all other vertices on the path are labeled by j is given by

02k—j+1)+k—i+1/2k+1)n—k—jl—i
2k+1)n—k—jl—i n—~0—1 '

If £ =11in (21), we get the following corollary.

Corollary 6.4. The number of d-dimensional k-plane trees on n vertices with root labeled by i such
that the eldest child of the root is labeled by j is given by

dk+k—j—i+2 (dk+1)n—k(d—1)—j—i 22)
(dk+1)n—k(d—1)—j—i n—2 '
Formula (22) was also obtained in (20). If we set £ = 0 in (21), then we get
k—i+1 (dk+1)n—k(d—1)—1i 23)
(dk+1)n—k(d—1)—i n—1

as the formula for d-dimensional k-plane trees on n vertices such that the root is labeled by i.
On further setting d = 1 and d = 2 in (23), we rediscover the following corollaries.
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Corollary 6.5. The number of k-plane trees on n vertices with root labeled by i is
k—i+1 <(k+1)n—i>
(k+1)n—i n—1 '
Corollary 6.6. The number of k-noncrossing trees on n vertices with root labeled by i is
k—i+1 ((Zk—i—l)n—k—i)
(2k+1)n—k—i n—1 '
These results were obtained by Okoth and Wagner in [26].

Corollary 6.7. The number of d-dimensional k-plane trees on n vertices whose root is labeled by i
such that there is a leftmost path of length ¢ > 0 and all other vertices on the path are labeled by i
where 2i < k + 1 is given by

kdl+1)— (i—1)(0+1) [(dk+1)n—k(d—1)—il—i o4
(dk+1)n—k(d—1)—i£—i< n—t—1 ) @9
Proof. Setj=1iin (21). O

Setting i = 1 in (24), we get that:
Corollary 6.8. The number of d-dimensional k-plane trees on n vertices whose root is labeled 1 such
that there is a leftmost path of length £ > 0 and all other vertices on the path are labeled 1 is given by

ar+1 (dk+1)n—k(d—1)—¢—-2
din—1)+1 n—~0—1 '

Upon letting d = 1 and d = 2 in (25), we arrive at the following corollaries.

(25)

Corollary 6.9. The number of k-plane trees on n vertices with root labeled 1 and a leftmost path of
length £ > 0 such that all vertices on the path are labeled 1 is

C+1((k+1)n—0—2
n n—+~0—1 '

Corollary 6.10. The number of k-noncrossing trees on n vertices with root labeled 1 and a leftmost
path of length £ > 0 such that all vertices on the path are labeled 1 is

2£+1<(2k+1)n—k—€—2)

2n—1 n—+~0—1
Now, setting k = 1 in (25), we find that there are
ar+1 d+1)(n—1)—¢
— 2
d(n—1)+1< n—+~¢—1 (26)
d-dimensional plane trees on n vertices with a leftmost path of length £ > 0. With / =0 in
(26), it follows that there are
1 (d+1)(n—1)
d(n—l)—l—l( n—1 @7

d-dimensional plane trees on n vertices. This is a generalization of Catalan numbers which
was also derived by Okoth and Kasyoki in [25].
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7 Conclusion

The present study deals with the unification of the results already obtained for k-plane
trees and k-noncrossing with respect to number of vertices, root degree, number of forests
with a given number of components, label of the eldest child of the root and length of the
leftmost paths. Statistic such that the occurrence of vertices of a given label type has not
been tackled. The study can be extended to handle the statistic as well as parameters such as
degree sequence, degree of a given vertex at a certain level, number of descents, number of
leaves and many other statistics. Various bijections of k-plane trees and k-noncrossing trees
have constructed [8,13,19]. Bijections of d-dimensional k-plane trees can also be investigated.
Other than labeling vertices of plane trees and noncrossing in a certain way, these trees have
been generalized by considering their block graphs [9,20,22,27]. It would be interesting to
consider and enumerate d-dimensional versions of these tree-like structures.
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