ON THE HEIGHT OF TREES

A. RENYI and G. SZEKERES!
(Received 12 October 1965)

1. Introduction

In this note we shall deal with the enumeration of labelled trees of
given order and given height over a selected point.

An undirected graph is called a tree if it is connected and contains
no cycle. If we select any two vertices P and Q of a tree T, there is evidently
a uniquely determined path in T leading from P to Q. We shall call the
length of this path (i.e. the number of edges in the path) the distance of
P and Q in T and denote it by d,(P, Q). If a vertex P is distinguished as
the root of T, we define the height of T over P as the length of the longest
path in T starting from P; thus if 45(T) denotes the height of T over the
root P, we have
(1.1) hp(T) = max dp(P, Q).

QeT

Let us consider the set 4, of all possible trees with # given labelled
vertices P,, P,,- -, P,. According to a classical result of Cayley [1] if
t, denotes the number of elements of 7 ,,, we have

(1.2) t, = nn2
Let ¢, (%) denote the number of those trees T € 9, for which ke (T) = k.
Clearly
(1.3) £(0) =1, £,(0)=0 forn>1
and
(1.4) tu(kR)=1¢, for k=n-1.

J. Riordan [2] has shown that the enumerator

(L5) ) =3 )

S (n—1)!

" (k=0’1,...)

1 Part of this work was done at the fifth Summer Research Institute of the Australian
Mathematical Society in Canberra. The first author is greatly indebted to the Australian
National University for its generous support of his visit to the Institute.
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satisfies the recursion formula

(1.6) Gy () = x exp Gi(x) (k=0,1,--)
with
(L.7) Golx) = x;

the latter follows from (1.3) and (1.5).
From the recursion formula (1.6) one can determine ¢,(k) for any &
and # (0 =< %k < n—1). For instance

(1.8) G,(x) = ze®, G,(x) = ze&**, etc.,
and thus
(1.9) t,(1)=1 (n=1,2--)
n—1 _1
(1.10) t,(2) = 20 (”m ) mn—m-1 m=12--)
and generally for £ = 1
(n—1)!

tn k —_ _— mmlmmﬂ “ e mm_k

(1.11) ( ) Myte - pmy=n—1 mylmy! - - ooyl 17 k-1
m; 20 (’L:l, 2,...’k).

In these formulae 0° always means 1.
In view of (1.2) and (1.4) one has
[ n—2
(1.12) m Gy(z) =3 —— g"

k— o0 n=1 (’ﬂ—'l)'

provided that the series on the right of (1.12) is convergent. But the series

(1.13) y =§.1 (‘;:-T)' o

converges for |z| = 1/e and represents the inverse function of
(1.14) x = yev.

This equation also follows from (1.6) and (1.12).

Riordan [2] obtained the formula (1.6) as a special case of a more
general result on enumerators of trees. In § 2 we shall give direct proofs
of (1.6) and (1.11).

In § 3 we shall investigate the asymptotic distribution of

1.e. the number of trees T €7, having exact height & over P,. Let us
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mention that if D(T) denotes the diameter of T (i.e. the length of the
longest path in T') one has evidently

(1.16)  }D(T) < min hp,(T) < hp(T) < max hp (T) < D(T).

Thus the study of the distribution of 4p (T) for T' e 7, gives us also some
information on the distribution of D(T).

Our thanks are due to F. Harary and J. W. Moon for calling our at-
tention to the paper [2] of Riordan.

2. Proof of the recursion formula

To prove (1.6) we start from the formula
) (n—1-p)!
P ) mppedmp=nay (g — 1)1+ (0, —1)!
b, (B—1) + - -8, (k—1).

n—1 (n—l

IACED>

=1

(2.1) can be proved as follows: Let E denote the set of those points
of T €7, which are directly connected (i.e. connected by an edge) with
P,. If p is the number of elements of E then 1 < p < #n—1 and denoting
these points by Q,, - -+, Q,, the points @, can be selected in (”;1) ways.
All the remaining »—1—p points P, (P, #Q;, 1 <j < p; P,, # P,) can
be classified into p classes which are defined as follows: P, lies in the j-th
class (j =1, 2, - - -, p) if the unique path from P, to P, goes through Q,.
Clearly if the j-th class contains m;,—1 points, these points together with
Q; form a tree of order m; and height < 2—1 over the basic point Q,.
Thus (2.1) follows.

Multiplication of (2.1) by z"/(n—1)! and summation for n =1, 2, - - -
leads immediately to (1.6). (1.11) can be deduced from (1.6) by using several
times the power series of the exponential function. It can also be proved
directly as follows:

Let T €7, be a tree the height of which over the basic point P, is
=< k. Then all points of T different from P, can be classified into %k classes,
the j-th class €, consisting of those points whose distance from P, is equal
toj (<7 =#). Let m; denote the number of points in the class ¥,
(1 < < &); then :

Sm;=n—L1

=1
If the numbers m, are fixed, the distribution of the #—1 points in the classes
%; can be carried out in (n—1)!/m,! - - - m,! ways. Now evidently each
point in the class %, is directly connected with P,, each point in €, is
directly connected with some point in %, etc., each point in €, is directly
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connected with some point of €,_,. As the connections can be established
in mPm3s - - - mpx, different ways and by choosing these connections
the tree T is completely determined, (1.11) follows.

For d,(k) = t,(k)—?,(k—1) the proof of (1.11) gives

(2-2) dn (k) = 2 Dt mramls - - - m™
. ” My Fmg=n1 ml! “ e mk! 1 2 k-1
e (=1, F).

If d,(k, m) denotes the number of trees T € 9, for which he, (T) =k
and in which there are exactly m points connected with P, by an edge
then (2.2) gives

1 —1)!
(2.3) d(k,m) = — > =D, m

m! Mgt+ o tmy=n—1-m m2! v mk!
my=1

From here the following recursion formula can be deduced:
n—1\ n—1-m
(24) duteom) = (") "3 med, a—1,9)
m r=1

Similarly if £, (k, m) is the number of those trees T € 9, which have height
< k over P; and in which the number of points having distance % from P,
equals m, then

(n—1)!

2.5) t,(k,m)=— mye - - - mpimy
(2.5) ( ) P N I 1 k-2 Mr_y
and

n__l n—1l—m
(2.6 it = (") 3 4 k=1, ).
m p=1
Thus putting
o n—1 k
(2.7) Fy(z,z) =Y (R, m) Znmm

we have the recursion formula
(2.8) Fy(z, z) = F,_,(z, z¢?)
with Fgy(z, z) = 2. We obtain

Fy(x, 2) = ze?, F,(z, 2) = 2, etc.,

hence

(2.9) Fiy(x, 2) = zexp Fi(z, 2)
further

(2.10) Fi(z, x) = Fryq(z, 0) = Gilx).
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3. The asymptotic distribution of dg(k)

We consider now the asymptotic distribution of 4,(k) when » and %
are large. We shall make use of the generating function

2 d. k)
(3.1) Gi(x) =Gy () = 'gl (n——l)! z
where
(3.2) Golx) =z, Gilx) = xexp G, (x) k=12---)

by (1.5) and (1.15). From (3.2) it is seen that G,(z) —G,_,(z) is an entire
function and hence
d,(k) 1 Gi(2)—Gya(2)

(n—1)!  2mi e, Zn

dz

(3.3)

where C is any circular path with centre 0. For the radius of C we shall
take » = e¢71; this is the largest positive value of » for which the sequence
Gi(r), k=1,2,--- tends to a finite limit, namely lim,_ G.(e!) = 1.
Moreover if % is of order 4/» which is the case of principal interest then
the point ¢! lies very close to a saddle point of the integrand.

As in (2.9), write for a fixed complex number ¢

(3.4) Fy(g, 2) =z,

(3.5) Fylf, 2) = L exp Foy(C, 2) (h=1,2).
Thus F,(¢, z) is the k-th iterate of

(3.6) F(,2) = ter (¢ fixed)

and

3.7) Gi(0) = Fi(l, £) = Frnn(C, 0),

as in (2.10).

In the particular case of { = ¢!, z = 1 is a fixed point with multiplier
1 of the function? F(e!, z) = ¢*~'; in fact F(e,1) =1, F'(e}, 1) = 1.
The sequence

(38) yk = Fk(e_ll e—l) = Gk(e-l)y k - 0: 1) 2) °
satisfies
(3.9) Ve = eXp (Yp_1—1), k=1,2---

and has an asymptotic expansion

* z = ais a fixed-point with multiplier u of the function F(z) if F{a) = a and F’(a) = u.
If |u| < 1, the fixed-point is called attractive. (Fatou [4], p. 186).
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2 log % c
(3.10) Vk’;—'l—z'l‘% kgz +§+"‘ (B — o0)

where ¢ is a certain constant (see e.g. [3], Lemma 3, p. 247). For all other
values of ¢ on the circle

E = 6_1+“; —7t é t é T,

F (¢, z) has an attractive fixed-point 2 w = #+4v with multiplier o (|w| < 1),
given by the equation

(3.11) w = Cew — e—1+it+w.

These fixed-points lie on the curve

(3.12) U292 = 201 4 <1
with
(3.13) tan (v+2) = vju = w1 (201 —y2)i

Thus to each { = e+ there corresponds a unique w = w({) = u+w
on the curve (3.12). In the neighbourhood of £ = 0, i.e, of u = 1, v = 0,
the curve of fixed-points has a double point and satisfies an expansion
#=1—r/t4+0 - t+aty/t+ - - -,
(3.14) v = /t—2t 4 bty/t4 - - if£t>0
= —/—t—2t—bt\/—t+ -+ if t <O.

The fixed-points w on (3.12) are attractive for all z on the circle

Iz] = e71; in fact

(3-15) IF @ 2) = (gl <1
for all {{| = e, Re z << 1 and the functions
F (& 2), |gl = e, k=0,1,2---

form a normal family on the half plane Re z < 1.
By a more refined argument one can show that if we set

(3.16) D, (&) = Gr(8)—o(¢)

then D,({)/w(¢)* is uniformly bounded for all { =%, —a <t<n
andk=0,1,2 - ie.

(3.17) IDx(O)] < Alo()|*

for a suitable positive constant 4. For we have

(3.18) Dy(8) = w(l)[exp Dy4(5)—1], k=1,2---
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by (3.2), (3.11) and (3.16), and the sequence behaves very nearly like the
sequence D¥ given by the recursion

(3.19) D¢ = oD, /(1—$Di,y).
For this sequence the statement can be verified by direct calculation since
20*
2 Df = — , a=1/Dg.
(3.20) k IFot - fori_ a IDg

We omit details.
For |¢| < ((log? k)[k)? the sequence G,(¢), k=0, 1,2, -- has a uniform
asymptotic expansion

. 2 72 log k
Gt 2 1 prent bl g S
(3.21)
+ i (e 3 (s =) -
k2| sin?v s
where
(3.22) # =

and c is the constant in (3.10). The expansion becomes (3.10) for 7 =0
and can be verified formally by setting

; 6 logk 0
(328)  Gile+) = 1— 1}2’) +6,(r) 2~ + %’)

and using (3.2).
We obtain (for fixed ¢) by (3.22)

0,(z+/k) log (2+1)
T Tl R
+05(r+7/k) ———; (k+1) +- -
~ 1—0,/k+0, k2 —0, /3 —70} [k?
+70; [k —20] [2k34-0, log k/[k?
—20, log k|k3+0,/k3+10, log k&3
405/ 52— 20, /K3 <Oy [k 4 - - -,
logk 0, 2¢®
exp (G —1+2¢%k?) = exp [— - +0, sz +ot —’— + - ]
~ 1—6,/k+6, log k/k2+(03+2r2)/k2
+362/k2—0,0, log k[k3—0,0,/k
—20, 7/ —361 [k +- -

Grpa(e711) > 1~
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where values of the function 6, and their derivatives are taken at 7. These
two expressions are equal by (3.2), hence comparing coefficients

(3.24)  6,—10; = 1624272,
(3.25)  16,—20, = —0,0,,
(3.26)  —0,+10,—3120) +-0,— 20,410, = —0,0,— 2720, —163.

With the initial conditions 6,(0) = 2, 6,(0) = £, 6,(0) = ¢, obtained from
(3.10), the equations (3.24) —(3.26) give

2
— 2 "
0,(zr) = 2rcotr, O,(r) =% prrae
72 o sin T .
O,(z) =¢ Sins +512 (2+log -—T—) , e (3.21).

Thus we only have to prove the existence of an expansion of the form
(3.23). This can be achieved by a step by step method such as the one
used in [3] for the proof of general expansions of the type (3.11); we omit
details. Actually we only need the expansion in the weaker form

2
(3.27) Gile1+) = 1— = cot 740 (k~1-2%)

for some d > 0 when || < ((log? k)/k)2.
We then get from (3.2), since

2t cot v = O (k +/|t]) = O (log* k),
Gile ) — Gy (e = exp (—1++Gry) —Gry
= it+%(Gk_1——1)2—|—O(k—3+")
= 27%(1+cot? 1)/R24-0 (k~2-1),

) 2 12
(3.28) Gi(e ) =Gy (e724) =

— Ok
k%sin?t +0( )

for [t| < ((log? k)/[k)2.
Now from (3.17)

Ga( 49 —Guae44) = Dy(e71+4)—Dy (144

—0 ((1 _ 1°§: k)k) — O(e-108* k)

for |t| = ((log? k)/%)?, by (3.14), hence by (3.3) and (3.28)
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n 2
dn(k) _ 1 2 (f 12 g—”“idt—i—O(k_z_a))
'

('n—l)! %ik—z t[é((loggk)/k)zsin T

n 3
1 . 8e J‘ .1: o0y
271 R* Jpsin®t

(3.29)

b

by (3.22), where
(3.30) B = 2n[k?
and I'is the path

Hence

AUNNLLE: - - o)

(n—1)! T &* j5 ,_pn \sinZv
By using Stirling’s formula we obtain from here

d,(k 2m\¥ >
B3 ) =2 = 2(Z) g 3 ptatp—gpranesrs
nn- n =1
for large #» and % where f is given by (3.30).
This is the required asymptotic probability distribution. Note that

n— n—1 00
= 22 [ 3 p(—3prartaptatp)etneag
0 p=1
= 27} lim [— § 2p2n2ﬂ%e—ﬂ"’v’]m
€=0 p=1 €

= lim 4zt 3 p2e—rrs"

B-0 =1
o0
= 4n“’1'f ue**dy = 1,
[}]

as required.
The maximum of the distribution curve is reached when in (3.31),

(2ldp)p.(k) = 0, i.e.

o0

> (9p‘n4ﬂ2—6p2n2ﬂ—2{)67!6;33)6"’"”’2 = 0.
p=1

Numerically # (max) = 0.373138525 and

(3.32) k (max) = 2.31515436 /.
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4. Conclusion

The result of the previous section can be stated as follows:

Let 5#, be the height over P, of a labelled random tree of order »
i.e. of a tree selected at random from the set of #"—2 elements of 7, with
uniform probability distribution. Then

. H,
4.1) lim P (\/% < :v) — H()
where
(4.2) H(zx) = 4x-3nk °§°j premPl,

-1

This can be transformed (e.g. by means of Poisson’s formula) to the form

(4.3) H(z) = § e~ (1 —2v%22)
whence u——m
(4.4) h(x) = H'(x) = 4« §02(2v%2—3)e‘”"’.

From (4.4) we can calculate all moments of the distribution function
H(z):

M, = f " e hiz)dz
4.5 °
(45) = 2I'(3s+1)(s—1)(s) (s>1)

where {(s) = Y., 1/m*. In particular we obtain for M,, since

lim (s—1)¢(s) =1,

s—1
(4.6) M, = v/n.
Hence the expectation value of #,, is
(4.7) E(s#,) ~ v/ 2nn = 2.506634/n
and the variance is
(4.8) D*=M,—M: = ”("3_3) :
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