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Abstract

We prove that the variance of the number of different letters
in random words of length n, with letters ¢ and probabilities
27% attached to them, is 1 + o(1). Likewise, the variance of
the insertion cost of symmetric Patricia tries of n random
data is given by 1 + o(1).
popular belief that such quantities must always contain

These two examples disprove
fluctuating terms.

1 Introduction

A surprisingly large number of results in analysis of al-
gorithms contain fluctuations. A typical result might
read “The expected number of ...for large n behaves
like log, n + constant + d(log, n).” Examples include
various trie parameters, approximate counting, proba-
bilistic counting, radix exchange sort, leader election,
skip lists, adaptive sampling; see the classic books
by Flajolet, Knuth, Mahmoud, Sedgewick, Szpankowki
[16, 11, 12, 14, 18] for background.

As one can see from Figure 1, §(x) has mean zero
(the zeroth Fourier coefficient is not there) and very
small amplitude. On the other hand, §?(x) is still
periodic with period 1, but its mean is not zero. Why
should we worry about a quantity apparently as small
as ~ 107127

The reason is the variance of such parameters, as
it naturally contains the term “—expectation®,” and
as such also —¢%(x). That might not be a sufficient
motivation for a casual reader if it were not the case
that often substantial cancellations occur. In order to
identify them, one has to know more about §2(z). If
one ignores these terms, one gets wrong results, and the
results are not wrong by ~ 107'2, but by an order of
growth! Path length in tries, Patricia tries, and digital
search trees [4, 10, 5] are such cases: the variance is
in reality of order n only, but ignoring the fluctuations
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Figure 1: §(z) and 62(x)

would lead to a (wrong) ~ n? result.

Size and node level in unbiased (=symmetric) tries
exhibit concentration of distribution but proving this re-
quires nontrivial modular form identities, as described
for instance in [8]. This in turn has impact on the stabil-
ity of certain communication protocols—in particular,
the tree protocol of Capetanakis—Tsybakov—Mikhailov
whose status remained partly unsettled for a few years:
see the papers by Berger, Gelenbe and Massey in [13]
and the special issue [15].

Now, questions like that occurred in several writings
of this author (together with various coauthors), as
can be seen from the references. The techniques are
extremely interesting, as one has to dig deep into
classical analysis. So far, it seems that the calculus of
residues, as used in the sequel, is the most versatile
approach in this context. Another approach is to
use (modular) identities due to Dedekind, Ramanujan,
Jacobi and others (which can often be proved by Mellin
transform techniques); however, often they do not quite
fit. The residue calculus approach directly addresses the



formula that is ultimately needed.

Many such considerations have been performed
about 10-15 years ago, but a new surprise showed up
in August 2003: There are two examples, where the
variance has no fluctuation at all (at least not in the
leading term). This does not seem to be intuitive by
any means, so we must rely on some analysis to exhibit
that phenomenon. The present paper is devoted to just
that.

The two sections that follow prove the following
theorem.

THEOREM 1.1. 1. Consider words x1...x,, where
the letters follow (independent) geometric random
variables X with P{X = i} = 270 for i =
1,2,3,.... Then the variance of the parameter
“number of different letters in a random word of
length n” is 14 o(1).

2. The wariance of the insertion cost of a random
Patricia trie constructed from n random data is
1+ o0(1).

The methods that are presented here also allow one
to simplify the Fourier coefficients of the fluctuations
in the variance even in such cases where the periodic
function persists. After all, the ultimate simplification
is to show that the Fourier coefficients are zero in the
two cases on which this paper concentrates.

2 Words and Compositions

In a forthcoming paper [1], words z ...z, are consid-
ered, where the letters follow (independent) geomet-
ric random variables X with P{X = i} = pg'~! for
1 =1,2,3,... and p+ q = 1. The parameter of in-
terest is the number of different letters in a random
word of length n which appear at least b times. Pawet
Hitczenko, who visited us in August 2003, reported that
he and Guy Louchard [2] had considered the special case
p=q= % and b = 1 in the context of random compo-
sitions. The variance of the number of part sizes is
given by 1+ o(1). Our general analysis however pre-
dicted a result of the form logy, 2 + dv (logg n) + o(1),
with @ = 1/¢ and a periodic function dy (x) of period
one. Such oscillations are quite common in analysis of
algorithms and enumerative combinatorics; see e. g., the
books [16, 18]. We were both right, and, indeed, in the
special case, the periodic function cancels out! This will
be demonstrated in the sequel.

After this surprise, I looked for other examples from
the past and periodic oscillations in the variance that
might actually not be there, and I found the instance
of (symmetric) Patricia tries, which I will treat in the

following section.!

For interest, the variance is computed from the
exponential generating function

U(zu) =[] (1+u(e? —1))

i>1

as

+ n'[z"]%\ll(z, w)

u=1
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The periodic function that our analysis exploits, is
given as a Fourier series,

§V(£U) _ Z ake27ril~cac7

k0
with
2 —Xk) +
ap = EF(_Xk) {W + g(x)
1
T2 Z L(=x;)0(=xx—j), k#0;
Jj#0,#k

here and in the sequel, we will use the abbreviations
L =log2 and i = 2”—le Not surprisingly, the sum
term originates from the square of a periodic function
which was contained in the asymptotic expansion of the
expectation. The function g(z) is defined by

g(z)=>_ (ch) ﬁ

1>1
and 9(x) is the logarithmic derivative of the Gamma
function. Our goal is to show that ay = 0 for all k € Z,
k # 0.
Let us rewrite the formula for aj, using not more
than the formula T'(—z)z(z — 1)...(x — j + 1) =
(—=1)T(—z + j):

L2ay, = 2T (—x&) (¥(—xk) +7)
1y
+20° ”((QZDUF(l — X&)
1>1

= > T(=x)T(=xx + x5)-

J#0, #k

Tt is not likely that significantly different examples can be

found.



The technique to rewrite the second sum (and sim-
ilar ones) accordingly was already presented in earlier
publications; let me just cite [9]: One considers

elz — 1
and its integral
1 %+ioo
L =— F(z)dz
271—1 %—’LOO

The choice of this function is driven by the fact that the
denominator has simple poles at z = x; for all j € Z,
and that the numerator produces the “right” residues.

The line of integration will be shifted to Rz = —%.
There are poles at z = —Yj, for each j € Z. Taking

them into account, one gets

I _
1= 211

+ ) T
J#0, #k
— 20 (—xx) (V(=xk) +7)-

F(z)dz

7—77,00

(—xk +X5)

Now one writes

and gets

L(2)T(—xx — 2)dz

27i —1—ico
1 ’“‘)OLF(—Z
 2mi
+ Z
J#0, #k
— 20 (=xx) (V(=xx) +7)-

The simple change of variable z := z + x; produces the
integral I; again, and one finds

L+ Y T

§#£0, #k
xe) (V(=xk) +7)-

What remains is the evaluation of the integral

I =—

)T (—=xk + 2)
elz — 1

k+XJ)

dz
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Figure 2: The path of integration.

This integral can be evaluated using the technique of
Barnes, as explained in [19, p. 286ff]. The line of
integration (see Figure 2) must be shifted to Rz = 0,
with the provision that the singularities of I'(—xx + 2),
i.e., z = x, must lie on the left of the path, and
the singularities of I'(—z), i.e., z = 0, must lie on the
right of the path. The first thing can be achieved by
subtracting the residue at z = xj, which leads to a
term I'(—xy); for the second thing, nothing must be
done. So,

1 100
i —100
Then,
1 100
— D(—xk + 2)[(—2)dz
271—2 —ico
+1)
= > HEED i p e = ().
1>0

Altogether, we have seen that I = 0. We note that the
integral is the sum of the (negative) residues right to

the line Rz = —%:

I —Xk) —I—Z

>0

l)
Xk + 1)[

On the other hand, integral

1 (2% TR0~y — 2)

L =— A L A=t
"o )y i ez —1  ~
1 (2% Doy + 2)[(—2)
=_— L dz
270 J1 oo elz — 1

can simply be evaluated by shifting the line of integra-
tion to the right, and collecting (negative) residues at [



for/ =1,2.... The result is

—1)'T'(— l
h :LZ( 2!(2(1 fxf)+ .

Putting the two different evaluations together, one sees

21, = QLZ X’“ +1)
1>1
= > T(=x)T(=xk + x5)
70, #k

— 20 (—xx) (V(—xk) +7),

and this is the identity we wanted to prove.

3 Patricia tries

The variance of the insertion cost of a random Patricia
trie constructed from n random data was computed in
[7] as

72 2 (—1)4-1
6L2 12 L Z m + oy (logyn) + o(1),
1>1
with?
oy(z) = 2 ZF<_1 — xp )2k
72
k+£0

2 .

-1z (L4 x6)T (=1 — x) (V(—1 — xx) + ) e>™Fe
k£0

2 wikx 2
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with the same function g(z) as before, and

5(r) = 7 3201+ X (-1~ x)eT.

k#0

For interest, the variance is computed from the recursion

n

Hy(u) =20y (Z) Hy(u) — 27" (u — 1) H (w),

k=0
n > 2, Hy(u) = Hy(u) =1, via
H'(1) | H'(1) (H 1)>2
n n n '
ZThere is a typo; the paper [6] contains the correct version.

This paper discusses M-ary Patricia tries, and only for the
instance M = 2 (binary Patricia tries) do the cancellations occur.

These results can be rewritten, using I'(z + 1) =
ol (z) and (z + 1) = (z) + L

7) = 25 ST (xw) (Bx) +7) e
k-0
+ % > T (—xk)g (k)€™ — (0p()),
k20

and
e2‘n’zkx.

(0) =~ T~

Szpankowski® obtained related results in [17].
Now if we look at the coefficient of e2™*** for k # 0,
we find

() ($(-x8) +7) + 2T(-x)g0)
1
-z 2T

J#0,7#k

—Xk—j)-

According to the analysis in the previous section, these
coefficients are all equal to zero. Let us finally consider
the constant term (for k = 0):

3@, %Zn—xk)n 0
k;éo
- 6L TR +L;l

This result appeared in several papers, e.g., in [8]. Let
us sketch how one can get it: Consider the function

F(2) = T (2)T(z)
and its integral
1 14ioo
L = ot . F(2)dz.

The line of integration will be shifted to Rz = —
There are poles at z = xy, for each k € Z, and so

1
5-

= = _
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k40
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3In the early years, we worked on such things independently,

not long after that, we became coauthors and friends. For
instance, we considered the path length in Patricia tries in [10].
Sure enough, cancellation phenomena showed up, but the variance
still contains a periodic fluctuation.



As before,

R
2L = 5 1.’ ZF(_Xk)F(Xk) — LI,
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This integral is the sum of the (negative) residues right

to the line Rz = f%, ie.,

IQ:Z(*TUZ:fL.

1>1

On the other hand, I; can be computed as the sum of
the (negative) residues right to the line Rz = %7 viz.

)
SR M v}

1>1

the two different evaluations give the identity.

Putting everything together, we find that the vari-
ance of the insertion cost of a Patricia tree constructed
from n random data is just 1+ o(1).

Patricia tries surprised this author in 1986 when it
turned out that the constant

T 1 2 (—1)-t
7T LT )

is just 1.000000000001237 ... . That was nicely ex-
plained by Johannes Schoiflengeier [3].

Now, thanks to Pawel Hitczenko, who made me
think about Patricia tries (and related material) again,
they offered a new surprise in 2003.

Acknowledgment. I thank Margaret Archibald
for the critical reading of an earlier draft.
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