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STOCHASTIC ANALYSIS OF THE SUBTREE SIZE PROFILE

R. KAZEMI

ABSTRACT. We consider the random variable S, , which counts the num-
ber of subtrees size-k profile in bucket recursive trees with variable bucket
capacities. We get the p-th factorial moments of the random variable S), 1,
and show a phase change of this random variable. These can be obtained by
solving a first order partial differential equation for the generating function
correspond to this quantity with using a suitable substitution that satisfies a
Riccati equation.

1. Introduction

Trees are defined as connected graphs without cycles, and their properties are
basics of graph theory. For example, a connected graph is a tree, if and only if
the number of edges equals the number of nodes minus 1. Furthermore, each pair
of nodes is connected by a unique path. A rooted tree is a tree with a countable
number of nodes, in which a particular node is distinguished from the others and
called the root node.

The node profile is defined as the number of nodes at distance k from the root in
a tree. There is another kind of profile which is defined as the number of subtrees
of size k. This kind is called subtree size profile and has been investigated for
random binary search trees, random recursive trees and random Catalan trees; see
[1, 2, 4, 5, 6] and. This kind of profile is an important tree characteristic carrying
a lot of information on the shape of a tree. For instance, total path length (sum
of distances of all nodes to the root) and Wiener index (sum of distances between
all nodes) can be easily computed from the subtree size profile. Also, studying
patterns in random trees is an important issue with many applications in computer
science (see [3] and [7]) and mathematical biology [1].

Meir and Moon [11] defined recursive trees as the variety of non-plane increas-
ing trees such that all node degrees are allowed. In this model, the capacity of
nodes is 1. In this paper, we will consider the bucket recursive trees with variable
capacities of buckets. Mahmoud and Smythe introduced bucket recursive trees as
a generalization of random recursive trees [10]. In this model the bucket is a node
that can hold up to b > 1 labels. The capacity of a bucket v (¢ = ¢(v)) is defined
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by the number of its labels. They applied a probabilistic analysis for studying the
height and depth of the largest label in these trees. A (probabilistic) description of
random bucket recursive trees is given by a generalization of the stochastic growth
rule for ordinary random recursive trees (which are the special instance b = 1),
where a tree grows by progressive attraction of increasing integer labels: when in-
serting element n + 1 into an existing bucket recursive tree containing n elements
(i.e., containing the labels {1,2,...,n}) all n existing elements in the tree compete
to attract the element n + 1, where all existing elements have equal chance to
recruit the new element. If the element winning this competition is contained in
a node with less than b elements (an unsaturated bucket or node), element n + 1
is added to this node, otherwise if the winning element is contained in a node
with already b elements (a saturated bucket or node), element n + 1 is attached
to this node as a new bucket containing only the element n + 1. Starting with a
single bucket as root node containing only element 1 leads after n — 1 insertion
steps, where the labels 2, 3, ..., n are successively inserted according to this growth
rule, to a so called random bucket recursive tree with n elements and maximal
bucket-size b. In this paper we consider a model of bucket trees where the nodes
are buckets with variable capacities labelled with integers 1,2, --- ,n (not the same
capacities as bucket recursive trees).

Definition 1.1. [8] A size-n bucket recursive tree T,, with variable bucket capac-
ities and maximal bucket size b starts with the root labelled by 1. The tree grows
by progressive attraction of increasing integer labels: when inserting label j + 1
into an existing bucket recursive tree 7}, except the labels in the non-leaf buckets
with capacity < b all labels in the tree (containing label 1) compete to attract the
label 7 + 1. For the root node and buckets with capacity b, we always produce
a new bucket j + 1. But for a leaf with capacity ¢ < b, either the label j + 1 is
attached to this leaf as a new bucket containing only the label j + 1 or is added to
that leaf and make a bucket with capacity ¢+ 1. This process ends with inserting
the label n (i.e., the largest label) in the tree.

Bucket recursive trees with variable capacities of buckets are appeared in chem-
istry, social science, in some computer science applications and furthermore. They
are appeared as a model for the spread of epidemics, for pyramid schemes, for the
family trees of preserved copies of ancient texts. In the family trees, suppose males
with the same ethical traits come together in each generation. Suppose up to 3
people are matched with the same attributes. Then a bucket recursive trees with
variable capacities of buckets with maximal bucket size 3 is formed. In this case,
and in a genealogy of n people, the distance between two specific individuals is the
quantity examined in this article. For another example, if n atoms in a branching
molecular structure are stochastically labelled with integers 1, 2, ..., n, then atoms
in different functional groups can be considered as the labels of different buckets
of a bucket recursive tree (the size of the largest functional group is b).

In passing, we give the combinatorial description of our model. Let d(v) be the
out-degree of node v. It will be convenient to define for trees the size |T| of a
tree T' via |T| = ), c(v). An increasing labelling of an ordered tree T" is then a
labelling of T', where the labels {1, 2, ..., |T|} are distributed amongst the nodes of
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T. Then a class T of a new family of bucket-increasing trees can be defined in the
following way: A sequence of non-negative numbers (o )r>0 with ap > 0 and a
sequence of non-negative numbers 31, B2, ..., Bp—1 is used to define the weight w(T")
of any ordered tree T by w(T) := II,w(v), where v ranges over all nodes of T. Tt
is natural that w(v) must be dependent on ¢(v) and d(v). Thus the weight w(v)
of a node v is given as follows:

| aqw), wvisroot or complete (c(v) = b)
w(v) = { Be(v), v is incomplete (c(v) < b). (1.1)

The above definition is reasonable because the root is the only incomplete node
that has outdegree > 1. Thus for complete nodes and root, the weight is dependent
on the out-degree and described by the sequence oy, whereas for incomplete nodes
except of root the weights are dependent on the capacities.

Furthermore, £(T') denotes the set of different increasing labelings of the tree T
with distinct integers {1,2, ..., |T|}, where L(T) := |L£(T')| denotes its cardinality.
Then the family 7 consists of all trees T' together with their weights w(T") and
the set of increasing labelings £(T'). For a given degree-weight sequence (ag)g>0
with a degree-weight generating function p(t) := Y, -, axt” and a bucket-weight
sequence f1, B, ..., Bo—1, we define the exponential generating function

= (1.2)

o0
Trkr,key (2) = ng,b,r,kl,...an'
n=1 :

where T by k.. ko 1= Z‘T‘:n w(T) - L(T) is the total weights. For this model,

n—1 ' b' n(lfz;‘:l |Pk1|)
Topyrr,kr = ( )oY 2 ,n>1

(b—1)!
O(Tr gy, ke, (2)) = IS e (1.3)

where Py, is the set of all trees of size k; and r is the degree of root node [8]. For
simplicity, we set Th, p = Ty pr k... k. a0d T(2) =Ty iy, g, (2).

The motivation of studying the random variables in random trees is multifold.
Here, we consider the random variable .S, j, which counts the number of buckets

that are the root of a subtree of T}, with size k.

2. Main Results

Theorem 2.1. Let Si(z,u) be the moment generating function

Z’ﬂ
Sk(z,u) = Z Z P(Snx = m)TmbHum

n>1m2>0
(b1t [Pril) m

= Z Z P(Sn,k = m) b ;’U;m

n>1m>0




R. KAZEMI

B(r,b) (u—1)tk

k 1—p3(rb) fOZ e dt
where B(r,b) = b= i1 P,

Proof. According to the definition of the tree, the probabilities of P(S,, = m)
satisfy (n; > 1, m; > 0 and n > k)

T T

1 n—1 ny,b’ Ny,b
P(Sn,k = m) == Z F Z < N1y .oy Ny ) T b
r>1 . ni+-+n,.=n—1 ’ ’ L)
X > PSSk =ma)P(Sn,k =my), (2.2)

mi+--+my=m

with initial values P(Sgx = 1) = 1, P(Spx = 0) = 1 for 1 <n < k where 77, , is
the total weights of the ith subtree similar to [4]. Thus recurrence (2.2) leads to
the following functional equation

0 ,
- — pl= 21 Pyl [ oSk (25w) _ k—1 >
aZSk(z,u) b! (e +(u—1)z ) , (k>1) (2.3)

with initial condition Sg(0,u) = 0. The solution of partial differential equation
(2.3) can be found as follows:
By using the substitution

W(z,u) = B(r,b)es+ =)
n (2.3), we can see that W(z,u) satisfies a Riccati equation of the form
%W(w) = B(rb) x —Sk( Ju) X Sk
= B(r,b) x Br,b)(e5 =™ 4 (u—1)2F 1) x eSk=)
= (B(r,b)e® )2 4 B, b)(u — 1)2" 1 5(r, b))
= (W(zu)® + B(r,b)(u—1)2"""W(z,u).

Let W(z,u) = —%?;,2;), it follows that Q(z,u) satisfies the linear 2nd order
partial differential equation
Q) = b - D QL) (24)
5.2 @z 0) = B(r,b)(u 25 Rz ), .
since
0 B 0 aazQ(z u)
EW(z,u) N _82< Q(z,u)
2 2
QG (206w
Q(z,u) Q(z,u)
82
@Q(zvu) 2
= - + (W(z,u
Qe W)
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From (2.4) we have
B(r,b) (u—1)zF
k

0
&Q(Z,U/) = C1€ y

and hence

% B(rb) (u—1)tk
k

Q(z,u):cl/o e

2Q(z,u
W(z,u) = 8226(22( 7;))

cire

B(rb)(u—=1)tk ’
c1 foz e % dt + co

dt + co,

then we have

B(r,b)(u—1)zF
E

Since W (z,u) = B(r,b)e% (> we have Sy(z,u) = log( VZ((:bu))) Then

B(r,b) (u—1)zF
k

c1€
Sk(za u) = log | — 2 B(rb)(u_1)tk
caB(r,b) [y e F dt+caf(r,b)
—1)z*
_ B b)(z )z g | - : /3(r,b)i}_1)tk
cf(r,d) Jy e Fdt+caf(r,b)
From initial condition S;(0,u) = 0 we have c35(r,b) = —c;. Finally the function
b)(u—1)zF 1
Suteyy = AEDDE |

b)) (u—1)tk
1— B(r,b) [ at

is the solution of partial differential equation (2.3) for any k > 1 which satisfies
the given initial condition. (|

Set I(A) =1 if A is true and I(A) = 0 otherwise. Assume
B(r,n,b) = b~ (b= PriD),

Theorem 2.2. Let i pp = E(SY ) forp > 1. Then pppy =0 forl <n <k
and

_ n_ Br,b)n ! B(r,b) _
Hnk1 = k(k—‘rl) ﬁ(r,n,b) I(nZ k+1)+mI(N—k).
Also, forp> 2,
p L _
_iN- B )" T -kl -1
Hnkp = ;5(pa£)nﬂ(7’anab) ! 2; lez(n i1 )I(n >kl+1)

« 3 1

i)
it gi=l,5,>1 H:n:l(k]m + 1) <j1a 7]2

where s(m,n) is the mth Stirling number of order n of the second kind.
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Proof. Set y =wu — 1. Thus

Si(z1+y) = 3 D P(Sux=m)Brn,b) (1 +y)"

33w =m0

n>1m>0p=0

where m2 =m(m —1)---(m —p+1). Hence
E(Sy.) = B(r.n,b) " npl["y#)Sk(z, 1 + ),
where [2"] f(z) denote the operation of extracting the coefficient of z™ in the formal
power series f(z) = > fn,2"™. Suppose
gz b))
o= Z ) (kkﬁ(T )') .

= (ki+1)j
Then
/5(?“ b)ytk ) j

1—B(r,b)/ozexp<W)dt = 1-p rb/ Z

7>0

= B(r,0)z(1 = ).

and

1 1 1
log =log ———— +log | ————— | .
(1 — B(r,b) [ exp (B(T’b)ytk)dt) 1—B(r,b)z (1 - 16(;(’?;)20()

We have log 11 = Ez>1 Z. Thus, for p > 1,

1
[ylog | — 55—
B(r,b)z
1- 1-p(r,b)z @

oL Bb)z yf(iﬁ(nb))ji
- [y}Zi<1_ﬁ(r,b)z) (Z GESV )

i>1 j>1

S () e ()

Jite+ji=p,je>1

From (2.1),

, B 1 P L p 5(rab)z '
ISk 14+y) = ;; S ()

Jit+ji=p,jq>1

2:'

Zk
+ ZBDIp=1). (25)
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The formula (2.5) immediately gives

k b b k
e = by ) (R T2 1 )

_ _y (B, o)
= TL/B(T’, n, b) 1 <k(k—|—1)
. prbyhe

= RRD Brmp (mzEEDE

k
p(r,b)
B(r,n,b)

R
and [2"]f(qz) = ¢"[2"]f(z). Then for p > 2,

E(Sﬁ,k) = B(r,n,b) 'nll[z"y é]Sk(z 1+y)

B T, b O+i Zk€+i

= nblrn,b)” Z zke (1—B(r,b)z)?

In>k+1)+ ﬂ(r’b)l(n_k)>

I(n=k).

We have

1
> Z..(. ‘)
Jietii=t>1 [Tnz1 (ki + 1) \J15 o 2i
bn-i-ﬁ ke —kl—1
= nB(r,n,b)~ Zﬁrzkl (nil )I(nZM—i—l)
X

> ()
Jitetii=L,5e>1 H:nzl (kjm + ]-) Js s i

The proof is completed since

p
pnkp = E(S? ) =Y s(p, (S,

(=1
(]

We use the notation —2 to denote convergence in distribution. The standard
random variable Poi(A) appear for the Poisson distributed with parameter A > 0.
These random variables appear in the results as limiting random variables.

Theorem 2.3. Let S, ; be the subtree size-k profile in size-n bucket recursive trees
with variable capacities of buckets. Then
B(r,n,b)

D
Sn_’k-—>0, as k W%OO

n—k
Proof. Suppose % — A for some A > 0. Thus from Theorem 2.2,
tn.k,1 — A It is obvious that

O R B e 1 e )

Jitetii=p,je=>1
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Now, we consider a fixed p > 2. Then

- by ket fn —kp —1
BSE) = mprnpyt 30 PR (M

i=1
1
<Y =——(")
1+t ji=p,ge>1 Hk:l(Jk + 1) J1s -5 Ji
nB(r,b)"~ kp+p Xp: B(r,b)"= kptp i o
- kEPB(r,n,b) B(r,n,b) (i —1)!
0o nB(r,b)"’k+1 i
< ppflnﬁ(r, b)n (W)
- k25(r,n,b) — 7!
Bt B
k25(r,n,b) k2B(r,n,b)
since p > i > 1. By assumption % — 0. Then for all p > 1, ]E(S%k) = 0.
i.e., the random variable S, ;, convergent to a degenerate distribution at point
0. 0

Theorem 2.4. Let S, ; be the subtree size-k profile in size-n bucket recursive trees
with variable capacities of buckets. Then

B(r,n,b)

and otherwise no limiting distribution exists for Sy .

1
Snk—>P01(2> as k —c>0,
c

Proof. Suppose % — A for some A > 0. From Theorem 2.2, E(Sfj’k) =

A+ B, where

p—1 _
B, by tPkr iy kp — 1
i=1

1
. ) zk< P )
Jite+ii=p.je>1 [T (Bjm + 1) \J1s5 -5 Ji
pil niik B(r, )"kt

< -

T = ilkPkt  B(r,n,b)

< pl’*l p—l 1 (nﬂ(r, b)nfk+1>i 1

Tk Z kA R2B(rm,b) /(i 1)
nB(r,b)" k1 .

o PPinBr b)Y (7k2ﬁ<r,n,b> )

- k  k2B(r,n,b) = 7!

B B(r,n,b)
- O( ﬂ(b)>
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and
B — nB(r,b)"tP=kp (n —kp — 1 p!
- S (o1 JE
_ (B b) e B(r,n,b)
N ( k2B(r,n,b) L+o nB(r, byt | )

for large n. Thus for every p > 1,

D o n/B(Ta b)nilﬁkl ﬂ(ra n, b)
=550 = (g B oy

Now, if we use the substitution ¢ = \/g, then \/% — ¢ and proof is
U

completed.

)p+(9 — AP,

Corollary 2.5. Ifb =1, then all results reduce to the random recursive trees. We
have

B(r,1) = 1==1lPul — 1, B(ryn,1) = 17 (120~ Sia 1Pud — 1,
Thus

n
=——In>k+1)+1(n=%k).
Hon k.1 Rt D) (n>k ) (n=k)

If k=1, then pin1,1 is the number of leaves [12], i.e.,

Hn,k1 = g, Var(Sn’l) = %, n 2 2.
References

1. Chang, J. and Fuchs, M.: Limit theorems for pattern in phylogenetic trees, Journal of
Mathematical Biology, 60 (2010) 481-512.

2. Dennert, F. and Griibel, R.: On the subtree size profile of binary search trees, Combinatorics,
Probability and Computing, 19 (2010) 561-578.

3. Devroye, L.: On the richness of the collection of subtrees in random binary search trees,
Information Processing Letters, 65 (1998) 195-199.

4. Feng, Q., Mahmoud, H. and Panholzer, A.: Phase changes in subtree varieties in random
recursive trees and binary search trees, STAM Journal on Discrete Mathematics, 22 (2008)
160-184.

5. Feng, Q., Mahmoud, H. and Su, C.: On the variety of subtrees in a random recursive tree,
Technical report the George Washington University, Washington, DC., 2007.

6. Feng, Q., Miao, B. and Su, C.: On the subtrees of binary search trees, Chinese Journal of
Applied Probability and Statistics, 22 (2006) 304-310.

7. Flajolet, P., Gourdon, X. and Martinez, C.: Patterns in random binary search trees, Random
Structures and Algorithms, 11 (1997) 223-244.

8. Kazemi, R.: Depth in bucket recursive trees with variable capacities of buckets, Acta Math-
ematics Sinica, English Series, 30(2) (2014) 305-310.

9. Kazemi, R.: The subtree size profile of bucket recursive trees, Iranian Journal of Mathemat-
ical Sciences and Informatics, 11(1) (2016) 1-11.

10. Mahmoud H., Smythe R.: Probabilistic analysis of bucket recursive trees. Theor. Comput.
Sci. 144 (1995) 221-249.

11. Meir. A. and Moon, J. W.: Recursive trees with no nodes of out-degree one, Congressus
Numerantium, 66 (1988) 49-62.



R. KAZEMI

12. Zhang, Y.: On the number of leaves in a random recursive tree, Braz. J. Probab. Stat., 29(4)
(2015) 897-908.

RAMIN KAZEMI: DEPARTMENT OF STATISTICS, IMAM KHOMEINI INTERNATIONAL UNIVERSITY,
QAZVIN, IRAN

E-mail address: r.kazemi@sci.ikiu.ac.ir

URL: http://ikiu.ac.ir/members/?id=231&lang=0

10



