A REPERTOIRE FOR ADDITIVE FUNCTIONALS OF
UNIFORMLY DISTRIBUTED m-ARY SEARCH TREES

JAMES ALLEN FILL AND NEVIN KAPUR

ABSTRACT. Using recent results on singularity analysis for Hadamard prod-
ucts of generating functions, we obtain the limiting distributions for additive
functionals on m-ary search trees on n keys with toll sequence (i) n® with
a >0 (o =0 and a = 1 correspond roughly to the space requirement and
total path length, respectively); (ii) In (mﬁl), which corresponds to the so-
called shape functional; and (iii) 1,—m—1, which corresponds to the number
of leaves.

1. INTRODUCTION

We begin by providing a brief overview of m-ary search trees. For integer m > 2,
the m-ary search tree, or multiway tree, generalizes the binary search tree. The
quantity m is called the branching factor. According to [17], search trees with
branching factors higher than 2 were first suggested by Muntz and Uzgalis [20]
“to solve internal memory problems with large quantities of data.” For further
background we refer the reader to [14, 15] and [17].

We consider the space of m-ary search trees on n keys, and assume that the keys
can be linearly ordered. Since we shall be concerned only with the structure of the
tree and not its specific contents, we can then without loss of generality take the
set of keys to be [n] := {1,2,...,n}. An m-ary search tree can be constructed from
a sequence s of n distinct keys in the following way:

(a) If n < m, then all the keys are stored in the root node in increasing order.

(b) If n > m, then the first m — 1 keys in the sequence are stored in the root
in increasing order, and the remaining n — (m — 1) keys are stored in the
m subtrees subject to the condition that if kK1 < kg < -+ < K;,—1 denotes the
ordered sequence of keys in the root, then the keys in the jth subtree are those
that lie between k;_; and k;, where ko := 0 and K, := n + 1, sequenced as
in s.

(¢) Recursively, all the subtrees are m-ary search trees that satisfy conditions (a), (b),
and (c).

In this work we consider additive functionals on m-ary search trees, as we describe

next.

2000 Mathematics Subject Classification. Primary: 68W40; Secondary: 60F05, 60C05.

Key words and phrases. additive functionals, Hadamard products, limit laws, method of mo-
ments, search trees, shape functional, singularity analysis, space requirement, leaves.

The research of James Allen Fill was supported by NSF Grants DMS-0104167 and DMS—
0406104, and by The Johns Hopkins University’s Acheson J. Duncan Fund for the Advancement
of Research in Statistics. Nevin Kapur’s research was partially supported by NSF Grant 0049092,
and the by Center for Mathematics of Mathematics of Information at the California Institute of
Technology.



2 JAMES ALLEN FILL AND NEVIN KAPUR

Fix m > 2. Given an m-ary search tree T, let Ly(T),..., L, (T) denote the
subtrees rooted at the children of the root of T. The size |T| of a tree T is the
number of keys in it. We will call a functional f on m-ary search trees additive if
it satisfies the recurrence

(11) F(T) = 3 FLAT) + by

for any tree T with |T| > m — 1. Here (b,,)n>m—1 is a given sequence, henceforth
called the toll sequence or toll function. Note that the recurrence (1.1) does not
make any reference to b, for 0 < n < m — 2 nor specify the initial conditions f(7T')
for0<|T| <m-—2.

Several interesting examples can be cast as additive functionals.

Ezample 1.1. If we specify f(T) arbitrarily for 0 < |T'| < m — 2 and take b, =
¢ for n > m — 1, we obtain the “additive functional” framework of [17, §3.1].
(Our definition of an additive functional substantially generalizes this notion.) In
particular if we define f(@) := 0 and f(7) := 1 for the unique m-ary search tree T'
on n keys for 1 <n <m — 2 and let b, =1 for n > m — 1, then f(T) counts the
number of nodes in T and thus gives the space requirement functional discussed
in [17, §3.4].

Ezample 1.2. If we define f(T) := 0 when |T| =0, f(T) :=1when 1 < |T| <m-—2,
and b, := 1,—,,_1, then f is the number of leaves in the m-ary search tree.

Ezample 1.3. If we define f(T) :=0 when 0 < |T| <m —2and b, :=n—(m—1)
for n > m — 1, then f is the internal path length functional discussed in [17, §3.5]:
f(T) is the sum of all root-to-key distances in 7.

In this work we choose to treat explicitly the toll n, rather than n — (m — 1).
However our techniques reveal that the lead-order asymptotics of moments and the
limiting distributions of these two additive functionals are the same.

Ezample 1.4. As described above, each permutation of [n] gives rise to an m-ary
search tree. Suppose we place the uniform distribution on such permutations. This
induces a distribution on m-ary search trees called the random permutation model.
Denote its probability mass function by . Dobrow and Fill [3] noted that

1

1.2 T)= ————,

" YLD

where the product in (1.2) is over all nodes in T that contain m — 1 keys. This
functional is sometimes called the “shape functional” as it serves as a crude measure
of the “shape” of the tree, with “full” trees (such as the complete tree) achieving
the larger values of Q). For further discussions along these lines, consult [3] and [5].
If we define f(T):=0for 0 < |T| <m —2and b, :=1n (mﬁl) for n > m — 1, then
f(T) = —InQ(T). Henceforth throughout this paper we will refer to —In @ (rather
than @) as the shape functional.

Several authors [18, 16, 2, 9] have studied additive functionals under the random
permutation model. Clearly the random permutation model does not induce the
uniform distribution on m-ary search trees with n keys since different permutations
can give rise to the same tree. In this paper we consider additive functionals under
the uniform model, i.e., when each tree on n keys is considered equally likely. The
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shape functional for the case m = 2 (uniformly distributed binary search trees)
was considered by Fill [5], who derived (limited) asymptotic information about
its mean and variance. Limiting distributions for the shape functional and other
additive functionals treated in the present paper were identified in [8] for m = 2.
We now generalize these results to include all values of m. What makes the analysis
for general m significantly more intricate is that several key quantities (such as the
number p discussed at the beginning of Section 3) are for general m known only
implicitly.

One motivation for the present paper can be understood in the context of the
shape functional. The probability mass function ) corresponding to the random
permutation model (a reasonably realistic model in practice) is an object of natural
interest. Dobrow and Fill [3] determined the smallest and largest values of Q;
but what are “typical” values? We can study this question probabilistically by
placing a distribution on 7' and considering the distribution of Q(T"). Two rather
natural choices for this distribution are @ itself (as treated in [9]) and the uniform
distribution on trees (as treated herein).

We follow the “repertoire” approach of Greene and Knuth [13], determining the
effect of a family of basic tolls (for example, those of the form n®). Then the effect
of a new toll could be determined by expressing it in terms of the basic tolls.

For tolls of the form n® with o > 0 and the tolls In (mril) and 1,—,,_1, we
determine asymptotics of moments of all orders and our main results (Theorems 4.5,
4.6, 5.2, 6.2, and 7.2) use these to yield limiting distributions. Here, in broad
terms for the toll n®, is a summary of lead-order results under both the random
permutation model and the uniform model:

Model
Toll function n® Random permutation Uniform
« smaller than 1/2 n n
a between 1/2 and 1 n nots
a bigger than 1 n® nots

TABLE 1. Order of magnitude of the additive functional corre-
sponding to the toll n®.

It is not surprising that the orders of magnitude under the uniform model are at
least as large as under the random permutation model. Indeed, it is well known
that trees produced by the uniform model are generally much “stringier” than trees
produced by the random permutation model; for example, height is of order /n
under the uniform model and order logn under the random permutation model.
Furthermore “stringy” trees tend to give large values of the functional.

Qualitatively the uniform model differs significantly from the random permuta-
tion model, where, for example, there is a “phase change” in the limiting behavior
at m = 26 from asymptotic normality to non-existence of a limiting distribution,
for any toll whose order of growth does not exceed n'/?; see [9] for precise results.
On the other hand, for all m the uniform model leads to the normal distribution for
the shape functional, space requirement, and number of leaves, and to (apparently)
non-normal distributions for tolls of the form n® with o > 0.

We use methods from analytic combinatorics, in particular singularity analysis
of generating functions [11], to derive the asymptotics of moments of the functional
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under consideration and then the method of moments to characterize the limit-
ing distribution. A key singularity analysis tool is the newly-developed “Zigzag
algorithm” [7] to handle Hadamard products of generating functions.

The limiting distributions (and even local limit theorems) for the space require-
ment and the number of leaves presumably can also be derived using Theorem 2
of [4] since the bivariate generating function for these parameters satisfy suitable
functional equations. (This is not the case for the other tolls that we consider.) We
include our proofs of these results for completeness and uniformity of treatment of
tolls.

The paper is organized as follows. In Section 2 we set up the problem using
generating functions. In Section 3, a singular expansion for the generating func-
tion of the number of m-ary search trees on n keys is obtained. Sections 4, 5, 6,
and 7 derive limiting distributions for the additive functionals corresponding to the
tolls n® (a > 0), In(, ") (shape functional), 1 (space requirement), and 1,—,_1
(number of leaves), respectively.

Notation. Throughout, we will use [2"]f(z) to denote the coefficient of 2™ in the
Taylor series expansion of f(z) around z = 0. We use L(Y) to denote the law (or

distribution) of a random variable Y, the symbol £ to denote equality in law, and

£, to denote convergence in law. We denote the (univariate) normal distribution
with mean p and variance o2 by N (u,0?).

2. PRELIMINARIES

Our starting point is the recursive construction of m-ary search trees. Let X,, =
X, (T) denote an additive functional on a random m-ary search tree T' on n keys.
Let J = (Jy,...,Jm) be the (random) vector of sizes of the subtrees rooted at the
children of the root of T'. If T is a uniformly distributed m-ary search tree on
n keys, then X, satisfies the distributional recurrence

(2.1) Xo ES X b, m>m—1,
k=1
with (Xo,..., X;m—2) =: x denoting the vector of deterministic values of the func-

tional for trees with fewer than m — 1 keys. The sequence (by,)s>m—1 is called the

toll sequence. In (2.1), £ denotes equality in law (i.e., in distribution), and on the
right,

e for each k =1,...,m, we have Xj(k) £ Xy
e the quantities J; X(gl),...,Xr(Llf)(mil); Xéz),...,Xfi)(mfl); cels
X(()m), o »Xr(ﬁ)(mq) are all independent;
e the distribution of J if given by
(2.2) PlJy = j1seensdi = ] = 22T
T’I’L

for (j1,...,4m) > 0 with jy + -+ + js, = n — (m — 1), where 7, = 7,(m) is
the number of m-ary search trees on k keys.

(Throughout we will take m > 2 to be fixed and so will suppress the dependence
of various parameters on m.)
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Denote the sth moment of X, by ,uLS] = EX;. Now taking the sth power
of (2.1) and conditioning on (Jy, ..., J,,) gives

[S] _ s S * le e [51] . [5771]

sot-t+sm=s

where Z denotes the sum over all m-tuples (j1, ..., jm) > 0 such that ;" j; =
n — (m — 1). Isolating the terms in the sum where s; = s for some i € [m], we get

(s]
Tnﬂn =m § Tj1* " Thm My

S
)b%Z TR T

so A sm=s N0
S1yeey Sm<s
n—(m—1)
(2:3) =m Z Thﬂg‘sf] Z Tja i + 1000,
J1=0 Jat-Him=n—(m—1)—j
where
S *
CON TP ST ORI LD D Y SR e
S0t tsmm=s V0 oM

S10-0,8m <S8

Introduce generating functions

)= ZTnu,[f]z”, T[S](Z) = Zr,[f]z"7 T(z) :== ZTnz"
n=0 n=0 n=0
Multiplying (2.3) by 2™ and summing over n > m — 1 yields (observe that 7 =
- = Tym_2 = 1 and 7’([)8]: *rin] 5 =0)
m—2
pll(z) = " wse? = mem bl () e () + el z),
§=0
so that
rl&(2) + % 4527
(2:5) () = O T 4]
1—mlzr(z)]""
Furthermore
[s1(2) = s0 S n—(m=1)1 | [s1](,) ... lsm] n
SCENPY (0. 000) 3t [ wieia) ]

81,..0,8m <8

26) = > <

sot+-+sm=s
S15:0,85m <S

s ®so m—1_[s1] g lsm]
LR e () ).

S0y - -

= i bp2"

3
I
=)
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and f(2) ©®g(z) = (f © g)(z) is the Hadamard product of the power series f and g.
Note that since [z"] (2™ 'pll(z) -+ plsml(2)) = 0 for 0 < n < m — 2 we may

instead use -
b(z) := Z bp 2"

n=m-—1
when convenient.

3. SINGULAR EXPANSIONS

We will employ singularity analysis [11, 10, 7] to derive asymptotics of uf] us-

ing (2.5). In order to do so we need a singular expansion for 7(z) around its
dominant singularity. We will use the theory of analytic continuation of algebraic
functions (see, for example, [19, §111.45] or [12, §VII.4]) to derive such an expansion.
The terminology used is from [12, §VII.4].

Before we begin, we note that Fill and Dobrow [6] were able to use large-
deviations techniques to obtain lead-order asymptotics of 7,,. However their tech-
niques do not seem to be sufficient to derive the higher-order results we will need.

We now proceed with our analytic approach. As observed by Fill and Dobrow [6],
it follows from the recursive definition of m-ary search trees that

m—2
(3.1) T(z) = Y 2 =2 a).
j=0

Thus 7(z) is an algebraic series satisfying P(z,7(z)) = 0, where
m—2
(3.2) P(z,w) := 2" t™ —w + 2.
3=0
The exceptional set of P [excluding z = 0, at which 7(z) clearly has no singularity]
is

U {z: P(z,w) =0 and %P(z,w) = 0}

weC
m—2
= U {z: 2" lw™ —w Z 20 =0and m(zw)™ ' -1 = O}
weC 7=0
m—1 m-l
=<qz:m™ sz =(m—-1)"1
j=1

The singularities of 7(z) lie in the exceptional set. It is clear [6, Theorem 3.1]
that there exists a unique p € (0,1) contained in this set. Furthermore, since the
Taylor coefficients of 7(z) are nonnegative, by Pringsheim’s theorem [19, Theo-
rem 1.17.13], p is a dominant singularity of 7(z). It is straightforward to check that
the polynomial system given by writing P(z,w) = 0 in the form w = ®(z,w) is
a-proper, a-positive, a-irreducible, and a-aperiodic (cf. [12, §VIL.4.2]), so that by
Theorem VII.7 of [12] we have that p is the unique dominant singularity and as
z — p a singular expansion of the form

(3.3) 7(2) ~ Zal(l —p )2,

1>0
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Remark 3.1. Singularity analysis immediately yields from (3.3) a complete asymp-
totic expansion for 7,, the number of m-ary search trees on n keys:

_n a2i+1 _]-3
(3.4) Tn ™~ P Z 2.
o L(=l—32)
In particular,
T =[1+ O(nil)];alnf‘gmp*".

2ym

3.1. Determination of the coeflicients q;. Define w, := ™5 Z;”:_OQ p’, so that

0
P(p,w,) =0 and —P(p, w) =0.
ow w=w,
Using the definition of p and the fact that w, > 0 by definition, we have w, =
m_ﬁp_l. Now %P(p,w) is negative, zero, or positive as w > 0 is less than,
equal to, or greater than w,. Hence, for w > 0, P(p,w) = 0 if and only if w = w,.
But ag > 0 and 0 = P(p,7(p)) = P(p,aop), so that

(3.5) ap = w, = mfﬁpfl.

To obtain values of a; for I > 1, we rewrite (3.1) for z # 1 as

1—zm 1
m—1_m
_ Sl
2T (2) — 7(2) + T
and, then defining Z := 1 — p~ 'z, equivalently as
(3.6) L+p" 1 =2)" (1 = p+pZ)T™(2) = 1] = (1 = p+ pZ)7(2).

By comparing the coefficients of Z in this equation and observing that a; < 0 we
obtain

(3.7) ar = —\V2marm~ w1 pT L
where, matching the notation of [6], we define the key quantity
(3.8) ot i=m— (m% -1) (pt—1)%

In the sequel we will also need the following relation, which follows from comparing
coefficients of Z%/2 in (3.6):
ao(ao — (12) m — 2

(3.9) E

Let A denote a generic (formal) power series in Z, possibly different at each
appearance. Similarly, let P4 denote a generic polynomial in Z of degree at most d.
In the sequel we will likewise use A to denote a generic (formal) power series in
powers of n=1. Then, using (3.3) and (3.5), we have

1y — a _
(3.10) u—mWVW“U1~jaﬁi521“+%+T”A+Z&
where, using (3.9), we have
m—2
11 = ——
(3:-11) @ 3(m—1)’

(3.12) 2 (2) ~agmTt + a 22+ ZA+ 282 A,
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and
m—2 . m—2 )
(3.13) Soased =Y i + ZPp s,
j=0 §=0
Thus, by singularity analysis,
(3.14) [2"] [em e (2)] ~ T3 2T (2;71? + nlN) .

3.2. Generalized polylogarithms. For a an arbitrary complex number and r
a nonnegative integer, the generalized polylogarithm function Li, , is defined for
|z| <1 by

Lig r(2) == Z (Inn)" z".

na

n=1
We record here three singular expansions (as z — p) that are computed using
singularity analysis of generalized polylogarithms [10]:

Liz/ao(p~'2) ~ C(3/2) — 2vmZY? + ZA+ Z3/% A,
Lizjoq(p~'2) ~ =¢'(3/2) — 2/ Z'*In 27" — 2/7[2(1 — In2) — 4] Z*/2

1
Lij1(p~t2) ~ 3 n?Z ' —yInZ '+ A+ (Zlog2)A.
These expansions will be utilized in the analysis of the shape functional in Section 5.

3.3. Zigzag algorithm. For the reader’s convenience we present the Zigzag al-
gorithm, which is used extensively in the rest of this paper to determine singular
expansions of Hadamard products. The validity of the algorithm was established
recently in [7], to which the reader is referred for further background discussion.

“Zigzag” Algorithm. [Computes the singular expansion of f ® g up to

O(I1 = 2[9). ]

1. Use singularity analysis to determine separately the asymptotic expan-

sions of f,, = [2"]f(z) and g, = [2"]g(z) into descending powers of n.

2. Multiply the resulting expansions and reorganize to obtain an asymp-

totic expansion for the product f,,gy.

3. Choose a basis B of singular functions, for instance, the standard ba-

sis B = {(1 — 2)?[In(1 — 2)]*}, or the polylogarithm basis B = {Lig x(z)}.

Construct a function H (z) expressed in terms of B whose singular behavior

is such that the asymptotic form of its coefficients h,, is compatible with

that of f,g, up to the needed error terms.

4. Output the singular expansion of f © g as the quantity H(z) + P(z) +

O(|]1 — 2|9), where P is a polynomial in (1 — z) of degree less than C.
The reason for the addition of a polynomial in Step 4 is that integral powers of (1—2)
do not leave a trace in coefficient asymptotics since their contribution is asymptoti-
cally null. The Zigzag Algorithm is principally useful for determining the divergent
part of expansions. If needed, the coefficients in the polynomial P can be expressed
as values of the function f ® g and its derivatives at 1 once it has been stripped of
its nondifferentiable terms.
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4. THE TOLL n%

The main theorems of this section are Theorems 4.5 and 4.6, which give limiting
distributions for the additive functionals corresponding to the tolls n® with « > 0.
Although the normalization required to produce a limiting distribution depends
on m, our results exhibit a striking invariance principle: The limiting distributions
themselves do not depend on the value of m (and thus in particular, have already
arisen when m = 2 in [8]).

4.1. Mean. We consider the mean for the toll b, = n®, where a > 0. Using s =1
in (2.6) we have

—a
o/

Until further notice, assume that « ¢ {1/2,3/2,...}. (The contrary cases are
considered later in this section.) We employ the Zigzag Algorithm outlined in
Section 3.3. A compatible singular expansion for 7[1(2) is given by

(4.1) (2"l (z) = 7l = b7, ~ 2" ( + n_l./\/> .

Ca
W

If o > 1/2, then using (3.10), (3.13), and (4.2) in (2.5) we obtain

(4 3) /J[l](z) ~ GOF(Oéf %) z—a _~_Z—a+%A+Z—a+1A+Z—1/2A+A
| 3w (m 1) ’

whence, by singularity analysis,
apl'(a — %)

2v/m(m - DI(a)

The singular expansion for 7,, at (3.4) then gives

Dla— 3z ot + 27 54+ A

(4.2) rl(z) ~ 3

Pnﬂg]Tn ~ no—1 —&-na_%./\/—l—n"_z./\/—i-n_lm./\/.

o apl (a — %)
™ Can(m — Dl (a)

On the other hand, if @ < 1/2, the dominant term in (4.2) is now the constant term
so that

nt2 4+ N +n® 2N + .

m—2
(44) () + Y wje! ~ Cot %F(a —DZ70%E 4 ZA4 7705 A,
§j=0
where
m—2 ‘ %) m—2 ‘
(4.5) Cas=r(p)+ Y wjp! = D7 p'nmt D i,
j=0 n=m-—1 j=0

Then, using (3.10) and (4.4) in (2.5) we obtain
(4.6)

C apl'(a — 1) 1
(5) ~ LZ—1/2+¥Z—Q+A+Z—Q+2A+Z‘a+1A+Z1/2A
W e ey - 1) ’
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whence singularity analysis and the singular expansion of 7,, yields

2a0Cq CLQF(O{ - %)

a+% et 047%
m-Da" " Cam 1@ TN N TN,

47 uhl~

If « € {3/2,5/2,...}, then logarithmic terms appear in the singular expansion
compatible with (4.1), so that

—aq 1

ot ot
Nﬁf(a—Q)Z t2 4+ Z7 2 A+ (log Z)A.

rll (2)
This leads to

(48) all(z) ~ SoLle =)

2V/m(m — 1)

and consequently

Z7O4 7705 A4 Z7 0 A+(Z7 2 log Z) A+(log Z) A

aol'(ar — %)

oc+% a ozfé
—al(m—l)F(a)n +n*N +n® 2N + (nlogn)N.

pil ~
Observe that the lead-order term and the order of growth of the remainder [O(|Z]~+2)]
in the expansion of ul'l(2) at (4.8) are the same as at (4.3).
Finally, we consider a = 1/2. Now, a singular expansion compatible with (4.1)
is given by

rll(z) ~ 2_\;% mZ '+ Cyjo+ (Zlog Z)A+ Z A,
where the constant term is
4.9 Ci/g = 125 il .
o = X (g
Thus
m—2 . _a
rlz) + 3 2yl ~ 5 “InZ '+ Oy + (Zlog Z) A+ Z A,
i=0 VT
where
m—2 )
(410) 01/2 = 01/2 + Z .Z‘jpj.
j=0
Using (2.5) and (3.10), we get
C/
Wiy % F-1/2p, 71 4 &Z%N
(4.11) S e W ey . “ar(m—1)

+ (log 2)A+ A+ (22 10g Z) A+ Z'/2 A.

Using singularity analysis and (3.4) we conclude
4.12 .. ___ % 4 1/2 1
( ) 1229 _alﬁ(m_l)nnn+nl/2n+n N+(Ogn)N+Na

where

27 [ap(y+2In2) n aOc{/z
LY Ra— 2m(m — 1) —aj/mr(m—1) )~
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4.2. Higher moments. We will use induction to obtain asymptotics for higher-
order moments. Throughout o := o + % We consider the case @ > 1/2 in
Proposition 4.1 and handle the remaining cases in Propositions 4.2 and 4.3.

Proposition 4.1. Let a > 1/2. Then, for s > 1, and € > 0 small enough,
pll(z) = D279 +3 4 O(| 77 +39),

where q :== min{a — %, 1} — € with

aol'(ov — 3)
D1 =,

2(m — 1)/

and, for s > 2,
s—1
ag m—1 s I(sa’ — 1)

413) D, = \D,D, 4+ —2 ") __p.
1) b= s 1t S (§)Pes i S e

Jj=1

Proof. We proceed by induction on s. For s = 1 the claim was proved as (4.3)
and (4.8). [Note that ul’l(2) = 7(2) ~ ag.] Suppose s > 2. We will first obtain the
asymptotics of 7[*l(2) at (2.6) by analyzing each of the terms in the sum there.

Suppose exactly k& > 1 of s1,...,8m, say si,...,8k, are nonzero. Then, by
induction,

m— s s —(s—sp)a’+E&
() gl () = O(| 7] ),
Moreover, if so = 0 then the contribution to rls(z) is O(|Z|75*'*2) unless k = 1
or k = 2. (Observe, however, that if K = 1 then sy cannot be zero as that would
imply s;1 = s.) On the other hand, if sg # 0, then using singularity analysis for
polylogarithms [10] and Hadamard products [7], we see that

b (2) @ [l (z) - bl ()] = O( 2| R ),

which is O(|Z|75*'+2~¢) unless k = 1 and sy = 1. (The € term in the exponent
avoids logarithmic factors that arise when —sa’ + %2 + g is a nonnegative integer.)

If all of s1,..., sy, are zero, then sy = s and, using (3.12), the contribution to
rlsl(z) is O(|Z|75%'+5+%) which is O(|Z|7*'*3).

Hence unless sy = 0 and exactly two of sq, ..., s, are nonzero or so = 1 and ex-
actly one of sy, ..., sy is s—1 in (2.6), the contribution to rl5(z) is O(| Z| 5" +2 ).

In the former case the contribution to r[s](z) is gotten by using the induction hy-
pothesis as

s—1
m m— —sa’ m— 8 —sa’
<2>p Lz a2y (j)DjDs_j+0(|Z ity
Jj=1

In the latter case, again using the induction hypothesis and singularity analysis for
Hadamard products we get the contribution to r*!(z) as

I'(sa/ = 1)

—Z—sa/-l-l =+ O(|z|—sa/+1+q).
L((s—1)a/ — %)

mpm_lagnflst,l
Finally, noting that the contribution from Z;ﬂ;oz ;v?zj to the numerator on the

right side in (2.5) is negligible, we complete the induction by using (3.5) and (3.10).
O
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For o < 1/2, it will be convenient to consider instead the “approximately cen-
tered” random variable

~ 9 T
(4.14) X, =X, — &0‘2 M
(m —1)a? (m—1a*

where C,, is defined at (4.5) and a* at (3.8). See (4.7) for the motivation behind
this definition. The choice of centering by a multiple of n + 1 rather than n is
motivated by the fact that with this centering X, satisfies the same distributional
recurrence (2.1) as X, [with appropriate initial conditions (Xo, ..., Xm_2)]. We

will use 75)(2), al*!(2), and [Af] to denote the analogous quantities for (X,,).

(n+1)=X, — (n+1),

Proposition 4.2. Let a < 1/2. Then, for s > 1, and € > 0 small enough,
ll(z) = D, Z 5% %z 4 O(|Z|*S”‘/+1*6) + ¢,
where cs is a constant and Dy is defined as in Proposition 4.1.

Proof outline. The basis of the induction is (4.6) and the induction step is identical
to the one in the proof of Proposition 4.1. We omit the details. (I

When o = 1/2, we define

2(1001/2
(m —1)a?
The constant C{/Q is defined at (4.10) using (4.9). The key result here is the
following.

(4.15) X, =X, — (n+1) =X, —

Proposition 4.3. Let a = 1/2. Define o, := —ay(m — 1)/(v/2ag). Then, for
s>1,

AM(z) = a0, 27 R Y DO, Z7Y) T 4 0(1 2],
r=0
where the constants Cs , do not depend on m.

Proof sketch. The form of the proof is the same as those of Propositions 4.1 and 4.2.
The basis of the induction is (4.11). [Note that without the centering we have
done we would be saddled with the Z~/2 term, whose coefficient depends on m,
in (4.11).] For the induction step, in estimating #(*/(z), unless

(1) sp =0, and exactly two of s1,..., s, are nonzero; or
(2) so =1, and exactly one of sy,..., S, is nonzero,

the contribution is O(|Z|~5T2~¢).
In case (1), by induction, the contribution to #l*/(2) is

s

—s( M m—1_m— —s —1\s—r —s+3—¢

CL%O’W <2>p 1a0 2Z +1ZFSJ’(IHZ 1) +O(|Z| +s )a
r=0

where the (F;,,) do not depend on m. Using (3.5) and the definition of o,,, we see
that the constant multiplying the lead sum is

m
a%ams(z)pmla?” = —a10,7 Y /V2.
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In case (2), the contribution is

s—1

7(110_;(571)mP7H71a’70n—1278+1 Z Gs,r(ln Zfl)sflfr + O(|Z|7S+%7E),

r=0
where the (G ) do not depend on m. Again, using (3.5), the constant multiplying
the lead sum is

—alo,;(sfl)mpmflagnfl = —ala;(sfl).

Summing all the contributions we get

#ol(2) = —ayo D Zz=sHINT Ho (InZ7 15 1 O(| 7|5 tE e
( ) 19m s, | )7

r=0
where the (H, ) do not depend on m. Recalling (2.5) and (3.10), and the definition
of 0,, once again, completes the induction. O

Remark 4.4. The significance of Proposition 4.3 is that the case m = 2 has al-
ready been considered in [8], allowing us to determine the desired limiting distri-
bution (Theorem 4.6) without computing the constants (Cs ,) in Proposition 4.3.

4.3. Limiting distributions. We can now use the method of moments to derive
limiting distributions for the additive functional.
Theorem 4.5. Let o # 1/2, and let X,, denote the additive functional that satisfies
the distributional recurrence (2.1) with b, = n®. Define o/ := o+ .
(a) If a > 1/2, then
Xy

(m—1)(ma*)/? =5 2 Yo

nOt

(b) if « < 1/2, then
(m — 1)(ma*)/? B pm =1 Cl
ne’ " (m—-1a*
with Cy, defined at (4.5) and o* at (3.8).

In either case we have convergence of all moments, where Y, has the unique distri-
bution whose moments are given by EY? = My = My(«). Here
[N(a—1
Ml = ( 2) )
V20 ()

(n+1)| £ Ya,

and, for s > 2,

s—1 . .
T r_ 1 T _ r_ 1 r
M, = 1 E: (5) (jo' — 3)I((s lj)a 2>Mst—j n MMS—L
4ﬁ =1 Vi F(Sal - §) \/§F(SO[, — 5)

Proof. If @ > 1/2, then by Proposition 4.1, singularity analysis, and the asymptotics
of 7, at (3.4), we have

N / /
EXS = [s] — s sa’ L O(pse —a),
n lu”n (_al)l—\(sal _ %)n (n )

Define o = 0, := —a1(m—1)/(v/2a0) = (m—1)(a*/m)*/2, where the last equality
uses (3.5), (3.7), and (3.8). Then, for fixed m, as n — oo,

n

X,1°
E[Uma,} — M,
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where, for s > 1,

05D 2/

In particular, M; = I'(a — 3)/[v2I'(«)]. Furthermore, using (4.13), we obtain the
recurrence for M.

Convergence in distribution follows from the fact that (M) satisfies Carleman’s
condition, as has been established in [8].

The same proof holds if & < 1/2, now by considering X,, defined at (4.14) and
using Proposition 4.2. O

The case a = 1/2 is covered by the following result. As alluded to in Remark 4.4,
we will use the known results for m = 2 to derive the distribution for all m.

Theorem 4.6. Let X,, denote the additive functional that satisfies the distribu-
tional recurrence (2.1) with b, = n'/2. Define

pm%C{ 2
do(m) = Ty

where 01/2 is defined at (4.10) using (4.9). Then, as n — oo,

n1 {oan — nlnn + [(21112 +9)+ \/27ramd0(m)} n)} £ Y12,

=
21
with convergence of all moments, where Yy /o has the unique distribution with mo-
ments my 1= EYlk/2 given by mg =1, my =0, and for k > 2,

1 T(k-1)
T A/mr(k -]
k 1 \"* T
X Z ( )mklmkg () T ko ks + 44 [ S hmg—1
ka b Thgmk ML R2 R Vam 2
k1,k2<k
Here

1
Jhy kg ks = / :ckr%(l - :1:)]”7% [zlnz + (1 —z)In(1—2)]" da.
0

Proof. Recall the definition of X, = X, (m) at (4.15). Using Proposition 4.3,
singularity analysis, and (3.4), we see that

il = o0 S G p(logn)*™ 4 O(n® 37,
r=0

where the (@’,«) do not depend on m. Thus, for all (integer) s > 0,

E [0, X (m)]* = B [02X,(2)]" + O(n*~5+9).
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It follows that

1 S
E {O’an T (n Inn+ [(2 In2+7)+ \/27romdo(m)} n)}
~ 1 s
=E {aan(m) - F[nlnn +(2In2+ v)n]}
T
= 1 ? 1
=E Xn(2) — —[nlnn+ (2In2+~)n +O(n*"2te
{ra(2) = Slntun+ @z} + 0+
1 * 1
=272 {Xn(Q) — ——=nlnn—Dinpy +O0(n* z7°)
va ’
the last equality using o5 = 2_1/ 2 and

D, = [21n2+7+\fd0( )]

T
Observe that
1

—0,, = <ﬁnlnn + Dm) —

Hence, for [ > 0,

T(n—i— DIn(n+1) —&-Dl(n—i—l)} O(logn).

B {Xn@) - %nlnn - Dln} S

—E[Xn( ) — (n+1)ln(n+1)— Dl(n+1)+5nr

f

) min® + o(n*)]O((logn)*~*)

[
Mm

o
Il

0
ms + o(1

where

my = lim E {n—l [Xn(Q) _ %(n 1) In(n+1)— Di(n+ 1)} }k

n—oo
But the my’s have already been determined [8, Proposition 3.8] and the claim
follows from there. O
5. THE SHAPE FUNCTIONAL

Recall that the shape functional X, is the additive functional on m-ary search
trees induced by the toll
n
b, =1
n n (m . 1) >

with (Xo, ..., Xm-2) = 0. By (2.5), we have

rll(2)
1 —mfz7(2)]m1’

i In (m” 1)2".

n=m-—1

(5.1) pkl(z) =

with r*!(2) given by (2.6), where
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It follows from Theorem 1 of [10] that b(z) is amenable to singularity analysis. In
the sequel we will make use of the following asymptotic expansion of b,, as n — oo:

(5.2) by ~ (m—1)Inn —In[(m — )] +n'N.
5.1. Mean. Using (3.14) and (5.2) we have

ni,.[1 _3/2 —n|(=a1)(m—1) —ai
[z }T[](z)wn / p Tlnnfln[(mfl)!] (M)

+ (n M nn)N + n_lj\/] i

A compatible singular expansion can be computed using (3.15):
r(z) ~ iy = (—ay)(m —1) 22 271
—{(=a1)(m — 1)[2(1 = In2) — 4] = (—a1) n[(m — 1)1]} 2"/2
+ ZA+ (Z23?1og Z) A+ Z3/% A,

where

- [1] _ G n n
Ci :=15(p) ;ﬁlp {ln (m 1)] Tp-

n

Now using (5.1) and (3.10) we get

() 0 Wl o1y
W ) m 1)

(5.3) —aplnZ7! —qq {(2(1 —In2)—~) -

In[(m — 1)!] (m —2)Ch,
m—1 3(m—1)
+ (22108 2)A+ ZVP A+ ZA+ (Zlog Z) A,
whence singularity analysis and (3.4) yield

uli) 240G
" (m=1a

n—2ym (as) n'/? + (logn)N + N +n~ 12N
—u1

5.2. Second moment and variance. As in the case of the toll n® when o < 1/2,
it will be convenient to consider the random variable

X, =X, —di(n+1),

where here
dy = 2aOC’ln
P (m =1

Thus, X, satisfies the same distributional recurrence (2.1) as X,, with initial condi-
tions (Xo,..., Xpm_2) = —di(1,...,m—1). Again, we use 7*(2), il*l(z), and ,&7[;(”] to
denote the analogous quantities for X,,. Then, noting that E X,, = E X,,—d; (n+1),
a singular expansion for il'l(z) can be obtained using (5.3), namely,

(5.4) i(z) = —agln Z7' — dy + O(|Z|279),

where
In[(m — 1)!] (m—2)Chy

d2 = ag (2(171112)77)7 m—1 - S(m—l) +(a070’2)d1
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We begin the variance computation by obtaining asymptotics for the second
moment ,&E ]. To that end, we calculate the contribution of the terms in the sum

LSRN S (R L ORI B S ORI Ol

Loy S
sottsm=2 vom
S1yeens 5m <2

When so = 0, exactly two of s1,..., s, equal 1. The contribution to 71%/(z) from
such terms is

M\ m-1_m—2 NN E
2(2)2 72 (2) [l (2)]
= m(m - 1)pm—1a6n*2 [a% n2z?! + 2a0ds In Z 14 d%] + O(|Z|%72E).

When s = 1, exactly one of sy,...,s,, equals 1. The contribution to 72 (z) from
such terms is obtained (after some routine calculations using the Zigzag algorithm)
using the expansion for Li; ; at (3.15) as

2mb(z) © [szlefl(z)ﬁm (z)}

_ m—1_m _L_l 2 r7—1 B 1) 1

= 2mp™ 'ay 5 In“Z7 "+ (y(m—=1)+In[(m—-1)!))InZ
—|—constant+0(|Z|%_e).

Finally, when so = 2 the contribution to r!/(2) is b9%(2) ® [z™~17™(2)], which
equals constant + O(|Z|2~¢).

Summing these contributions and using (5.4) and (3.5), we conclude (note the
cancellation of the ostensible lead term) that

72 (2) = 4ag(m — 1)(1 = In2) In Z7* + ds + O(|Z|77°),

where
ds := lim |r(2) — dag(m —1)(1 = In2)In Z71|.

z—p

This leads, using (3.10), to

4a? dsa,

55) iPlz)= 21 -m2)Z27VPmzty — 3977124 0(|2]79).
(6:5) i) = =2 (1-In2) S 121)
By singularity analysis

Pl = ﬂ(l —In2)n"Y2Inn 4+ dy;n~? + O(n=119)

noon —\/7?041 ’
where
4&% d3a0

dy =
4 —ﬁal

Using the asymptotics of 7, at (3.4) we get

(1-=In2)(y+2In2) +

Vr(=ar)(m — 1)

2
2,/7d
gEls(ao> (1 —-In2)nlnn + \f4n+o(n%+6).

™
ai —a
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Thus

~ 2
Var X, = Var %, = 2 - (i)
2
2 4dra?
=8 (Clo) (1 —-In2)nlnn + <\/7?d4 _ 7r2a0) n+ O(n%—ke)'
a1 —ay al
5.3. Higher moments and limiting distribution.

Proposition 5.1. For s > 2 and € > 0 small enough,
[s/2]

Ay =275 3 oy (lan/zj—j Zfl) +0(|z|" 50,
7=0
with
1 <2/ a2
5.6) Coo= Ca;0Ca1_2; 1>2; Coo=—2(1-1n2).
(5.6) 21,0 —2a1;<2j> 25,0021-25,0, Z 4 2,0 _al( n2)

Proof sketch. We proceed by induction. For s = 2 the claim is true by (5.5).
[Recalling (5.4), we note in passing that the claim is not true for s = 1.] In the rest
of the proof we will explicitly compute C, ; only when s is even and j = 0. The
rest of the coefficients will appear as unspecified constants.

For the induction step consider s > 3. In a manner analogous to the proof of
Proposition 4.1 we obtain the asymptotics of 7*! (z) by first analyzing the contri-
butions of the terms in the sum (2.6). As in that proof one can check that unless
(a) so =0 and exactly two of sq,..., s, are nonzero, or
(b) so =1 and exactly one of s1,...,8, is s — 1
in (2.6), the contribution to 7l5)(z) is O(|Z]| =22~ (s+1)e),

In case (a), the contribution to 7#*!(z) is

s—1
mY m—1_m-2 5 1 () gls—4)
5.7 (5)m 2 X (0)a @i,
Jj=1
In this sum unless j is 1 or s — 1, the induction hypothesis implies a contribution
of

(5.8)

. LR, - )

(5)ortap 2z 3 (0) e (w2 UE 0 2oz ),
=0

with A ;0 = Cj,0Cs—j,0. Notice that when s is even and j is odd, this contribu-
tion is O (|Z\*%+1 (lnLS/QJ_1 Zil)). In all other parity cases the contribution is
0 (121 5+ mle/2 7-1).

On the other hand the total contribution to 7#*/(z) from the terms where j is 1
or s — 1 in the sum in (5.7) is obtained using the induction hypothesis and (5.4) as

L272)
59) <2 )oY S 2 078,
7=0

where Es—l,O = CS—LO'
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In case (b), the total contribution to #[*)(2) is
msb(z) ® [Zm—le—l (Z)ﬂ[s_l] (Z)]
Now another application of the Zigzag algorithm yields this contribution to be
L=5+]

(5.10) sm(m — 1)pm—1a81—1z—§+1 Z D, Il T +1-i -1 +O(‘z‘—§+%—26)7
3=0

where D; o = Cs_1,0. Note that the lead term here is exactly the same as in (5.9)
but with opposite sign, so that (5.9) and (5.10) cancel each other to lead order.
Summing the various contributions, we find that 71*(2) is of the form

Ls/2]
() = 2750 3 Gy (m AT 271 w0 (j217 5 )
§=0

where, for s even,

~ M\ et e s
Cso = (2>P fag T Y (.)Cj,ocs—j,o-
0<j<s J

j even

Using (3.10), the result follows. O

It follows from Proposition 5.1, singularity analysis, and the asymptotics of 7,
at (3.4) that

il = 2VTCo0 Lz 1s/2] gy 4 s/ le/2 -1 ),

_alr( s;l)

whence for s > 1, as n — oo,

~ 2s
Xn 2ﬁ0250
VvV A% d E
[vnlnn] T Ca)T(s - 3) o

Solving the recurrence (5.6) for Cos o yields

=o(1).

~ 2s—1
Xn
vnlnn

—aiT(551) (29)! o _ —a1 (29)!25—=2)!
2/ 288! 2 28225 2l(s — 1)1

Coso =

where 02 := 8 (ag/a1)” (1 — In2). The method of moments (see, for example, [1,
Theorem 30.1]) implies then that the shape functional is asymptotically normal.

Theorem 5.2. Let X,, denote the shape functional for uniformly distributed m-ary
search trees on n keys. Then
Xn — d1 (n + ].) L

X,-EX,
L N(0.0%) and Sn_Zon £

N(0,1),
v/ Var X, — N1

where
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Remark 5.3. Tt is known [2, 9] that under the random permutation model the shape
functional centered by its mean and scaled by its standard deviation is asymptoti-
cally normal for 2 < m < 26 and does not have a limiting distribution for m > 26.
In contrast, under the uniform model we have asymptotic normality for all m > 2.

6. THE SPACE REQUIREMENT

The space requirement for m-ary search trees is the number of nodes in the
tree [17]. (For a binary search tree the space requirement for n keys is clearly n, so
in this section we assume m > 3.) The limiting distribution of this parameter under
the random permutation model has been considered by several authors [18, 16, 2, 9.
In our framework it is the additive functional X,, corresponding to the toll 1,>m,—1
with initial conditions (Xo, ..., Xm—2) = (0,1,...,1).

The sth moment ul*l(z) := E X? can be computed as usual using (2.5), where
now

(6.1) ez =m0y (SO S Sm)u[sﬂ(?ﬁ) ~-pulml(z)

S0+ t+sm=s

8150,8m <S8

since the toll generating function b(z) = (1 — 2)~! serves as the identity for Hadamard
products.

6.1. Mean. Substituting s =1 in (6.1) and using (3.1) and (3.3) yields

m—2 m—2

—|—sz = 2" —l—ZzJ =7(2) =1~ (ap—1)+a1 ZY*+ ZA+ Z%? A.

Then, by (2.5) and (3.10),

ao

+ZV2 A+ ZA.

(6.2)  u(z) ~ _“25‘&‘_11)) Z7Y? 4 [co(ao —1) -

Singularity analysis and the asymptotics of 7,, immediately lead to

2a0(ag — 1)
6.3 W 200 N
( ) Hap, a%(m_ 1)

6.2. Variance. As for jhe shape functional it is convenient to consider instead the
“centered” functional X,, := X,, — d;(n + 1), where now

2ag(ap — 1) _ m(1—pm7T)

aj(m—1) —  (m—1)a*

The “centered” space requirement satisfies the same distributional recurrence as
the space requirement with initial conditions

()203 cee 75(:m—2) = 7(d172d1 - ]-7 LR (m - 1)d1 - 1)

d1 =

We employ the same notation as Section 5, with 7¥1(2), al*!(z), and ,u[ : denoting
quantities analogous to r1*¥!(z), ul*l(z), and ,u[é]
By definition

(6.4) i (z) = plt(z) — d, Z n+ 17z
n=0
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Now
(6.5) > (n+ 1)1z = 27 (2) + 7(2) ~ _7“12—1/2 + (ag — a2) + Z? A+ ZA.
n=0
Thus using (6.2), (6.4), and (6.5) we find
(6.6) il (z) ~ By + ZV2 A+ Z A,
where, using (3.9), we have
a a
(67) B1 SZCO(aofl)fmfl7d1(a07a2):7mgl.
Using (6.1),
(6.8)

() = 2 antm = 1) (311(2)) 7200 + 2l 4 1)

Also,

m—2 m—2
(6.9) Bp) =di+ ) [+ Ddy + 1% =: 61

§=0 j=1
By (6.6)

2
(gm (z)) ~ B2+ ZV2A 4 Z A,
and, for k > 1,
TH(2) ~ af + kalra1 2V + ZA + 732 A,

so that )

(/j[l](z)) T72(2) ~ 2B + 22 A+ ZA.
Similarly

()T (2) ~ a T By + ZY2 A + ZA.
Using these expansions and (3.5) in (6.8) gives [recalling (3.13) and (6.9)]

m—2
, ~1
FPl(z) + ) a3 ~ [ma B? +2B; + % + 51} + ZV2 A+ Z A,

=0 0
whence
(6.10) i (2) ~ BoZ7V2 4 A+ 22 A,
where
(6.11)
ag m—1_, ag ag ag
B, := B +2B1+—+6| = o1 — .
2 —al(m—l)[ ag Ol 1Jrm+ 1} —al(m—l)[1 m(m—l)}
By singularity analysis and the asymptotics of 7, then
2B
B~ 2 4N
—ay
Recalling (6.3), we observe that [LL” ~ N so that
~ 2 9B
(6.12) Var X,, = Var X,, = a2 — (,1;”) ~ _—ajn +N.
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We pause here to remark that since Var X,, — oo as n — oo for m > 3 (see
Remark A.2 in the Appendix), we must have By > 0. We do not know a direct
proof of this fact.

6.3. Higher moments and limiting distribution.
Proposition 6.1. Fors > 1,
i) = B,z73 L 0(2175 ),
where By and By are given at (6.7) and (6.11), respectively, and, for s > 3,

s—1
—1
(6.13) By = — % LS (j) B;B,_; + sB,_1

—ai(m—1) | 2ag =

Proof Sketch. We proceed by induction. For s = 1 and s = 2, the result has been
established at (6.6) and (6.10), respectively.

Suppose s > 3. We will first obtain a singular expansion for 7[°/(z) by analyzing
the contributions of the terms in the sum at (6.1). As in the proofs of Proposi-
tions 4.1 and 5.1 unless

(a) so =0 and exactly two of s1,..., s, are nonzero, or
(b) so =1 and exactly one of s1,..., 8, is s — 1,

the contribution to 7/(2) is O(|Z|~372).
In case (a), the contribution to 7¥(2) is

s—1
m 1 m—2r_= s _s43
(2)#” lag TPz 1<j>Bstj+0<|Z| #+3),
p

In case (b), the contribution to 7¥(z) is
mp™ Lsay T Be_1 275 4 O(|Z]75E)
This leads to

m—2 s—1

s -1 s .

e+ 35 = | ZG)BJ’B”“BH 270|275,
j=1

whence (2.5) and (3.10) complete the induction. O

Now using (6.13) and (6.7) we have Bs = 0 and by induction Basy; = 0 for
s=1,2,.... Then [compare (5.6)]

-1

1 21
By = ByiBoy_2i, 1>2
21 —2@1;(2]) 25 D21-2j, = 4

with By given at (6.11). Now following the development leading to Theorem 5.2
we can conclude asymptotic normality for the space requirement.

Theorem 6.2. Let X,, denote the space requirement for uniformly distributed m-
ary search trees on n keys. Then

Xn—dl(n—i—l) L

X, -EX,
£ N(0,0%) and “n——Zn £
NG

N(0,1),
v/ Var X, — N1
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where )
mi—pmmT) g o2 =2 B2

(m—1)a* —ay

Here By is given by (6.11), with 01 defined at (6.9) and ag and a1 at (3.5) and (3.7),

respectively.

dy =

7. NUMBER OF LEAVES

Lastly we consider the number of leaves in an m-ary search tree. This is
the additive functional X,, corresponding to the toll 1,—,,_1 with initial condi-
tions (Xo,..., Xm—2) = (0,1,...,1). Under the random permutation model, the
number of leaves is asymptotically normal [9, Theorem 2.5]. We will establish an
analogous result (Theorem 7.2) under the uniform model.

The toll generating function is now b(z) = z™~!. Note that

R 1—2)"! s=0,
e <z>={im_1) .

Thus in (2.6)

(1) M=t Y <31 ”8.

S1+t+Sm=s
S15.0,8m <S
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Given the similarity of the calculations with those of Section 6, we will be brief.
The interested reader is invited to flesh out the development of this section along
the lines of Section 6.

7.1. Mean. Substituting s =1 in (7.1) and using (2.5) we get

-2
M[l](z) ~ Lmzilﬂ + mim + Zl/Q.A-‘r ZA
_almm—l 3mm—1
so that 5
a
,Ule] ~ 27077171-}-./\['\/ %n—?—/\f
almm/—l «

7.2. Variance. For the variance we consider again )}n = X, —di(n+ 1), where

now d; := 2. Then

a*”

il(z) ~ By + 2P A+ Z A,
where [compare (6.7)] By = 0. Substituting s = 2 in (7.1) we get

2
#P(z) = 2! [1 +m(m —1) (A (2)) T"“?(z)} ~ T ZA S ZPA,

Thus

i (2) ~ BoZ7V2 4 A+ 22 A,
where
(72) By — ao(p™ 1+ 61)

—a;(m—1)
with 0 defined as at (6.9) (but now with d; = p/a*). This leads to

m% m—1
Vaan~2an+N~pm 1([) +51)
—ay a*(m—1)

n+N.
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Clearly By > 0, and therefore Var X, grows at an asymptotically linear rate.

7.3. Higher moments and limiting distribution. The analog of Proposition 6.1
is the following. We omit the proof.

Proposition 7.1. Fors > 1,
ill(z) = B,Z273T5 + 0(|273 1),
where By =0, By is given at (7.2), and, for s > 3,

s—1

1 ]
Bs = __2a1 Z < > Bstf‘]

= M

It follows easily from Proposition 7.1 that the number of leaves is asymptotically
normal.

Theorem 7.2. Let X,, denote the number of leaves in a uniformly distributed m-
ary search tree on n keys. Then

Xp—L(n+1 X,-EX

# £ N(0,0%) and " £ N(0,1),

vn VVar X,
where
o2 = pm==1 (p" ! 4+ 6y)
a*(m—1)

APPENDIX A. GROWTH OF VARIANCE FOR NONDEGENERATE FUNCTIONALS

In Section 6.2 we claimed that the variance of the space requirement tends to
infinity as n — oo for m > 3. In this appendix we identify additive functionals that
are degenerate, i.e., for each fixed n have the same value for all m-ary search trees
with n keys, and provide a lower bound on the rate of growth of the variance of
any nondegenerate additive functional.

Theorem A.1l. Consider an additive functional (X,)n>0 [as at (2.1)] with toll (by)n>0,
with initial conditions (xq,...,Tm—2) = (bo,...,bm—2). Then the following state-
ments are equivalent:

(a) L(X,,) is degenerate for every n > 0.

(b) The toll satisfies

b — nby — (n — 1)by, n=2...,m-—2
" (m = 1) (b1 — 2b), n>m-—1.

(¢) X, =nby — (n—1)by for every n > 0.
Moreover, if (a) does not hold then o2 := Var X,, = Q(logn) as n — oo.

Remark A.2. Before we prove the theorem we apply it to the space requirement.
It is easily checked that, for this additive functional, condition (b) holds only when
m = 2. Thus the space requirement is not degenerate (and its variance tends to
infinity as n — oo) for m > 3.
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Proof of Theorem A.1. We will show below that (b) and (c) are equivalent.
To show the equivalence with (a), suppose first that (a) holds, so that X,, = z,,
deterministically for all n > 0. Then

(A1) Tpy(m—1) = Tn + (M — 1)T0 + bpp(m—1) forn >0
=Zp_1+ 21+ (M —2)20 + by (m—-1) for n > 1,

and so x, = p_1+(x1—20) = p_1+ (b1 —bp) for n > 1. Condition (c¢) then follows
by induction. Conversely, condition (c) trivially implies (a), and the equivalent (b)
shows that X, is indeed an additive functional.

We now show the equivalence of (b) and (c). If (c¢), holds then so does (A.1)
[because (X,) = (2,,) is an additive functional], from which [by solving for b, 4 (,—1)]
it is easy to check that (b) holds. Conversely, if (b) holds, then (c) is trivially true
for n =0,...,m — 2, and holds by induction for n > m — 1.

Suppose now that (b,) does not satisfy (b). Let ng be such that £(X,,) is not
degenerate. Then for any n > nj := ng + (m — 1), there is positive probability of
having a subtree containing precisely ng keys, so that by the law of total variance
we must o2 > 0.

Finally we show that if £(X,,) is nondegenerate for all n > nq, then 02 = Q(logn)
as m — oo. First, it is clear that in this case there exists ¢ > 0 such that o2 > €
for all n € [ny1,mn; + (m — 2)]. Now suppose n > mny + (m — 1). Then at least
one subtree must have size in the range [ny,n — (m — 1)] C [ny,n — 1], so that by
induction and the law of total variance we have o2 > ¢ for all n > n.

For n > ny + (m — 1), let p,, denote the probability that a tree of size n has its
first subtree of size n — n; — (m — 1), its second of size nj, and the rest of size 0.

Then by (2.2) and the asymptotics of 7,, (see Remark 3.1), as n — oo we have
py = Aoz Ty D 5
Tn
Also p, > 0 for n > ng + (m — 1), and so ¢ :=inf{p, : n >n; + (m —1)} > 0.

Define ag := nq, ag := mni+(m—1), and, for k > 2, oy, := mag_1+n;+(m—1).
We will show, for each k > 0 and any n > ay, that 02 > (1 + kd)e, and the
logarithmic-growth claim follows.

For k = 0 the result has been shown above. For k = 1, using the law of total
variance and p,, > ¢ the result follows (compare the case k > 2 to follow). Suppose
k>2andn > ag. Then n—(m—1) > may_1, so there must be at least one subtree
of size at least ay,_1. Hence 02 > (1+ (k —1)d)e. But with probability p,, > d, the

first two subtrees are each of size at least ni; then by the law of total variance we
have 02 > [1 + (k — 1)d]e + de = (1 + ké)e, as desired. O
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