INDIVIDUAL DISPLACEMENTS FOR LINEAR PROBING
HASHING WITH DIFFERENT INSERTION POLICIES

SVANTE JANSON

ABSTRACT. We study the distribution of the individual displacements in
hashing with linear probing for three different versions: First Come, Last
Come and Robin Hood. Asymptotic distributions and their moments are
found when the the size of the hash table tends to infinity with the pro-
portion of occupied cells converging to some «, 0 < a < 1. (In the case of
Last Come, the results are more complicated and less complete than in the
other cases.)

We also show, using the diagonal Poisson transform studied by Poblete,
Viola and Munro, that exact expressions for finite m and n can be obtained
from the limits as m,n — oo.

We end with some results, conjectures and questions about the shape of
the limit distributions. These have some relevance for computer applica-
tions.

1. INTRODUCTION

The standard version of hashing with linear probing can be described as
follows, where n and m are integers with 0 < n < m. (For a thorough
discussion, see Knuth [15, Section 6.4, in particular Algorithm 6.4.L].)

n items x4, ..., x, are placed sequentially into a table with m
cells 1,...,m, using n integers h; € {1,...,m}, by inserting
x; into cell h; if it is empty, and otherwise trying cells h; + 1,
h; + 2, ..., until an empty cell is found; all positions being
interpreted modulo m.

For our probabilistic treatment, we assume that the hash addresses h; are
independent random numbers, uniformly distributed on {1,...,m}. In other
words, each of the m™ possible hash sequences (h;)} has the same probability
m~".

If item z; is inserted into cell ¢;, then its displacement is d; := (¢; — h;) mod
m. This is the number of unsuccessful probes when this item is inserted, as
well as each time we later search for the item in the table. (The number of
probes to find the item in the table is thus d; + 1. This should be noted
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2 SVANTE JANSON

when comparing the results below with other papers.) The displacement is a
measure of the time (or cost) to find the item in the table; for simplicity we
say that the search time is the displacement.

We began our study of hashing with linear probing in [10], where we studied
the total displacement ) . d;. In the present paper, we will study the individual
displacements.

It turns out that the version of hashing described above leads to large varia-
tions among the displacements, especially for full or almost full tables. Several
people have therefore suggested variations of the basic algorithm. We will
study three versions of hashing with linear probing, differing in their insertion
policies when there is a conflict.

FC First-Come(-First-Served). The usual version described above where
the first item that probes a cell is inserted there and remains there.

LC Last-Come(-First-Served), see Poblete and Munro [22]. Each new item
is inserted where it arrives. If the cell is already occupied, the old
inhabitant is moved to the next cell. If that too is occupied, its old
inhabitant is moved, etc.

RH Robin Hood, see Celis, Larson and Munro [4] and [15, Answer 6.4-
67). When an item wants a cell that is already occupied by another
item, the item (of the two) with the largest current displacement is
put in the cell and the other is moved to the next cell, where the
same rule applies recursively. (Ties are resolved in either way.) Robin
Hood hashing minimizes the variance of the displacements for all linear
probing algorithms [3], [23].

Note that the insertion of a sequence of items results in the same set of
occupied cells in all three versions, and thus the same total displacement,
while the individual displacements may differ. As has been shown before, and
is seen by our results below, the Last Come and Robin Hood versions tend to
give more evenly distributed displacements, thus reducing extreme values that
may be annoying or dangerous.

Remark 1.1. It has been suggested [22, 23] that the displacements in the LC
and RH versions may be so concentrated around their mean that searches would
be quicker using centered probing, first probing cells at the mean displacement
from the hash address. This seems to be true for double hashing and random
probing, but we will see in Section 11 that for hashing with linear probing,
this is not the case.

The situation we consider in this paper is a computer program where a
large hash table is constructed once, and then used many times for finding the
items. We mainly consider successful searches, although we give results for
unsuccessful searches too, and we always assume that each item in the table
is equally likely to be requested. We therefore have two levels of randomness:
given a hash table 7', and its displacements (d;), the time to find a random
element in the table is a random variable d(7) = d;, where I € {1,...,n}
is a uniformly distributed random index. As the program runs with many
searches in the hash table, the search times are independent observations of
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this random variable. It is thus interesting to study the distribution of this
random variable and its properties such as its mean and variance, and perhaps
the probability of extremely large values. Note that this distribution depends
on 7.

On the other hand, the hash table 7 is itself random; another run of the pro-
gram yields another 7 and another set of displacements. Hence the distribu-
tion of the displacement d(7) is a random distribution and its mean E(d(7)|7)
and variance Var(d(7)|T) = E(d(7)*7T) — E(d(T)|T)? are random variables.

As has been noted earlier, see e.g. [10], the asymptotic behaviour of hashing
with linear probing when n and m and tend to co depend on the relative size
of m and n. We will in the present paper, for simplicity as well as for lack of
time and space, only consider the case n/m — a with 0 < o < 1. (This is also
the range of most interest for computer applications.) The case n/m — 0 is
more degenerate, with most displacements 0, and will be ignored. (It can be
treated by similar methods, cf. the discussion of the total displacement in [10].)
It will be seen below, that in this range, the dependency on 7 is negligible.
For example, the mean and variance above, which are functions of 7, converge
after suitable scaling in probability to some constants. In other words, we
observe essentially the same distribution of search times for every run of the
program.

The case n/m — 1 is mathematically very interesting, and we plan to treat
it in a later paper (jointly with Philippe Chassaing). There are two subcases,
again cf. [10]: If m — n > /n, the results are similar to those in the present
paper (but in some respects simpler); in particular, the random variation be-
tween different hash tables 7 is insignificant. On the other hand, in the almost
full case when (m—n)/y/n — ¢ for some ¢ > 0, the dependency on 7 is impor-
tant and e.g. the mean E(d(7)|7) has a non-degenerate limit in distribution.
Moreover, this is the Brownian phase, where the limits can be described using
Brownian motion and derivatives of it such as the Brownian excursion.

The paper begins with some definitions and other preliminaries in Sections
2 and 3. A general limit theorem is given in Section 4 together with some
variations.

In Section 5 we review these limit results in the context of the diagonal
Poisson transform introduced by Poblete, Viola and Munro [23, 28]. This
will show that the limit as m,n — oo with n/m — « of, for example, a
certain moment of the displacements in random hash tables, equals a certain
generating function (the Poisson transform) of the same moment. By inverting
the Poisson transform, we are thus able to derive exact expressions for finite
m and n from the limits as m,n — oo, a rather unusual situation!

The limit distributions for the different versions are found explicitly (more
or less) in Sections 6-9. The reader will observe that our results for Last Come
are much less satisfactory than for the other versions, and it is possible that
others will succeed to find simpler forms of the result.

To illustrate the limit distributions, some numerical probabilities are given
in Section 10.



4 SVANTE JANSON

Finally, the mode of the limit distributions are studied in Section 11, with
a mixture of theorems, numerically based conjectures and open questions.
nk:=n(n—1)---(n—k+ 1) denotes the falling factorial.

Acknowledgements. This paper is part of a joint project with Philippe Chas-
saing. I am also grateful to Alfredo Viola and Patricio Poblete for helpful
discussions. Many related results, including some of the results below, have
independently been found by Viola [29] by related but differently formulated
methods. The reader is invited to compare (and combine) the two approaches.

2. PRELIMINARIES

By a hash table 7 we mean not only the final table, but also its construction
history; moreover, we consider the three possible results and construction his-
tories under the three different policies together. Formally, a hash table can be
regarded as encoded by the numbers m and n and the sequence (hy, ..., h,) of
hash addresses. We always let m = m(7 ) be the number of cells and n = n(7)
the number of items in the table. Thus there are m —n empty cells. We always
have 0 < n < m. We sometimes exclude the cases n = 0 or n = m to avoid
trivial complications.

Our prime object of study is the random hash table 7, ,, with m cells and n
items (0 < n < m) and the hash addresses hy, ..., h, i.i.d. random variables,
uniformly distributed on {1, ..., m}. (This random hash table thus has a fixed
size. In the analysis below we will also meet random hash tables where both
the size and the number of items are random, see Section 3.)

We say that a hash table is confined if it leaves the last cell empty. We let
7., (n < m) denote a random confined hash table, defined as 7, ,, conditioned
on the last cell being empty. By symmetry, the sequence of displacements has
the same distribution for 7, as for 7, ,.

We denote the three insertion policies defined in the introduction by FC, LC
and RH, and use Z to denote any of these.

Given a hash table 7', random or not, and a policy = € {FC,LC,RH}, we
let dZ(7) be the (final) displacement of the i:th item, 1 < i < n, and

ng(T):=#{i:d&(T)=k}, k=01,...,

the number of items with displacement k. Note that
> ng(T) =n. (2.1)
k

The total displacement is

d(T) =Y dX(T) =) kni(T)
i=1 k=0
and the average displacement is, when n > 0,

n

d(T) := %d*(T) _! > dE(T).

n -
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As remarked above, d*(7") and d(7") do not depend on the policy Z.

Ifn > 0, we let =(7) denote a randomly chosen displacement in a given hash
table 7 using policy Z, i.e. the random variable d7(7") where I € {1,...,n}
is a random index with a uniform distribution. Thus, given 7, d=(7) has the
distribution

P(45(T) = ) = -nF(T) (22)

and the expectation
Ed=(T) = d(T).

Similarly, we let olJL-J (7) denote the number of occupied cells encountered in
an unsuccessful search starting at hash address j, 1 < j < m, and let dY(7)
denote the number of occupied cells encountered in a random unsuccessful
search, i.e. d(T) := dY(T), where J € {1,...,m} is a uniformly distributed
random index. (As for successful searches, the number of probes thus is one
more, d3(T) +1 and dY(7) 4+ 1.) We further let

ni(T) :=#{j : & (T) = k}, k=0,1,...,

and note that now, in contrast to (2.1),
> () =m. (2.3)
K

Thus, given 7, dY(7) has the distribution

P(dV(T) = k) = %ngm.

2.1. Blocks. A block in a hash table (with n < m) is a sequence of cells
{i+1,...,7} (modulo m) where i and j are two consecutive empty cells; thus
the last cell in a block is empty but all others are occupied. Clearly, 7 contains
m—mn blocks which form a partition of {1, ..., m}. We denote the block lengths
in 7 by 01(7), ..., lym—n(7T). (In the confined case, we take the blocks in the
natural order, but in the unconfined case we start at a randomly chosen block.
Otherwise, if for example in the unconfined case we would let the first block
be the block containing cell 1, we would introduce an unwanted bias.)

Note that by our convention, each block includes the final, empty cell. Hence
each block length is > 1, and a block of length 1 is just a single empty cell
(preceded by another empty cell). Further,

Each block may be regarded as an almost full confined hash table, with ¢
cells and ¢ — 1 items, where / is the length of the block.

The block lengths ¢; do not depend on the insertion policy.

If B is a block of length ¢ in 7, then the ¢ values of di(7) for j € B are
(—1,¢0—2,...,0. Hence, for k=0,1,...,

ng(T) = #{i : 6:(T) > k}. (2.4)
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We further see that d(7) and d”(7) do not depend on the insertion policy.

2.2. Profile. Let, for j =1,...,m, X, := {i : h; = j} be the number of items
with hash address j. Further, let H; be the number of items that make an
attempt to be inserted in cell j, whether they succeed or not. We extend these
definitions to arbitrary integer indices by interpreting the index 7 modulo m.
We call (H;)jL, the profile of the hashing. If H; > 1, then exactly one of the
H; items that try cell j ends up there, while the remaining H; — 1 items either
are rejected immediately or are admitted first but later thrown out; thus these
continue to cell j 4+ 1, and

Hjpy = Xja + (Hj — 1)4.

When n < m, this set of equations has a unique solution [15, Exercise 6.4-32],
[10, Lemma 2.1]

J

In particular, the profile does not depend on the insertion policy.
The profile has a simple relation to Robin Hood hashing.

Lemma 2.1. For Robin Hood,

e (T)=#{i i =k} =#{j: H; =k +1}.
In other words, the displacements (d?”)?zl are a permutation of the numbers
(H; — 1);’;1, ignoring the m — n negative values when H; = 0.

Proof. Consider a cell j and the X items that arrive at j. Under the RH rule,
the final order of the items in a block is the same as the order of their places
of arrivals. Hence, the (H;_; — 1), items that try cell j — 1 but are rejected
(immediately or later) and therefore continue and try cell j, will end up in cells
Js ooy j+(Hj—1 — 1), —1, and the X; items that arrive at place j will end up in
JHHj = 1), ..., j+(Hj1 — 1), +X;—1, Consequently, the displacements
of these X items are (H; 1 —1),, ..., (H1—1), +X; —1=H; —1. In
particular, these displacements are all different, and, if £ > 0, one of them
equals k if and only if H;_; —1 <k < H; — 1. Hence,

ngh=#{j H; 1 —1<k<H—1}

2.5

=#{j: Hj1 <k+1<H;} (2:5)
Consider the sequence { H;}, where the index runs through {1, ..., m} regarded
as a cycle, with 1 following m. The number of times H; increases across [k, k+1]
has to equal the number of times it decreases across the same interval, and
since H; — H;_; > —1 always, such a decrease can only be from k + 1 to k.



INDIVIDUAL DISPLACEMENTS FOR HASHING 7

Hence, (2.5) yields
ngt = #{j: Hy o <k +1<Hj}
—#{j H  =k+1<H}+#{j:H_ 1 <k<k+1<H}
=#{j:Hi1=k+1<H}+#{j:H_1=k+1>k=H}
=#{j: Hj.1=k+1}. O

3. RANDOM BLOCKS AND INFINITE HASHING

Let T'(z) be the tree function

> llflzl .
T(z):=) Tl <e (3.1)

=1

Recall the well-known formulas T(z)e 7 = 2 (]z| < e7h), T(ae™®) = «
0<a<l),
0 ji-2,1
TR T(z) — iT(z)? (3.2)
=1
and
() = — &) (3.3)

2(1-T(z))
We say, for 0 < a < 1, that a random variable B, has the Borel distribution
Bo(a) if
1 ll—l
T(ae=) 11
(B, always denotes such a variable.) The probability generating function of
the Borel distribution is

P(By =1) = Tal_le_la = (e™ ), 1=1,2,... (34)

- T(ae™®z) T(ae *z2)
EzB =Y P(B, =10 = = . 3.5
: lz:; ( )2 T(e=) e (3.5)

Moments are easily computed from this. In particular, see e.g. [10, §4],
1 1
EB, = - , 3.6
1-T(we ™) 1—« (36)
1

EB* = — . 3.7

As shown in [10, Lemma 4.1], for any a > 0, the sequence of block lengths
(T n) }izy™ of the random hash table 7., ,, or 7, , has the same distribution
as a sequence {X;} " of independent random variables X; with the common
distribution Bo(«), conditioned on Y ;" " X; = m. Moreover, conditioned on
the block lengths /¢;, the internal structures of the blocks are independent, and
the same as for a sequence of independent random almost full confined hash
tables 7,/ , ,i=1,...,m —n.

We let 7,,, where 0 < a < 1, denote the random hash table of random size
constructed by first selecting ¢ at random with the Borel distribution Bo(«),
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and then taking a random confined hash table 7/, ;. (Thus 7, is a confined
hash table.) The result just quoted then implies the following.

Lemma 3.1. The random confined hash table 7T, can be obtained by jurta-
posing m — n independent copies of 1., conditioning on the total size being
m. The random hash table T, can be obtained by first constructing T, ,
i this way, followed by a random cyclic shift. Here o is any number with

0<a<l. 0

Remark 3.2. There is a one-to-one correspondence between hash tables and
rooted forests, see e.g. [15, Exercise 6.4-31] and [5], and the lemma is essen-
tially equivalent to a result for random rooted forests by Pavlov [17, 19, 20].
Furthermore, Lemma 3.1 is closely related to results for generating functions
for the total displacement in [7, 16].

Next, let us observe that the Borel distribution arises in connection with
random walks. More precisely, let &1, &, ... be i.i.d. random variables with
the Poisson distribution Po(«), and let Sy, := 32 (& — 1) be a random walk
starting at Sy = 0 with increments & — 1. Then 7 := min{k : Sy = —1} has
the Borel distribution Bo(«) [11, 12]; see also [6, 21].

Remark 3.3. It is easily seen that this result has equivalent reformulations
in the theories of queues and branching processes: Bo(«) is the distribution of
the number of customers in a busy period in a queue with arrivals according to
a Poisson process and constant service time; Bo(«) is also the total progeny of
a Galton—Watson process where each individual has Po(«) children. For these
results and generalizations, see e.g. [2, 18, 13, 27, 25, 26, 6, 21].

Furthermore, let us use this random walk to construct a hash table 7 on
{1,...,7} by taking ¢, items with hash address i, 1 < i < 7, inserting them
in the table in random order. Then, for 1 < k& < 7, the number of probes at
cell k, i.e. Hy, is Sy + 1; thus the number of unsuccessful probes at k is .S} for
k < 7, and 7 is the first empty cell. It is easily seen that, conditioned on 7 = [,
the resulting table has a uniform distribution over all almost full confined hash
tables of length [, i.e. it is 7, _; Consequently, the random hash table 7" equals
(in distribution) 7. This yields the following description of the profile.

Lemma 3.4. Let 0 < o < 1. The profile (Hj)yl:(z—a) of 1, has the same

distribution as (S; + 1)7_;, where § € Po(a), Sy, and T are as above. O
This may also be expressed using the following random infinite hashing.
Consider a hash table with infinitely many cells 1,2, 3, ... and suppose that

items arrive to the cells according to independent Poisson processes with rate 1.

When an item arrives, it is placed in the cell if the cell is empty, otherwise

either the new or the old item (according to the chosen policy) is moved to the

next cell, and so on. All movements are instantaneous. Denote the resulting
table at time ¢t > 0 by 7.,(t). We define blocks in 7.(¢) as for finite tables,
starting at cell 1; we also consider an infinite string of occupied cells as a block.

There are either an infinite number of finite blocks, or a finite (possibly zero)

number of finite blocks followed by a single infinite block.



INDIVIDUAL DISPLACEMENTS FOR HASHING 9

Lemma 3.5. If 0 < o < 1, then the first block in To.(«) equals T, in distri-
bution.

Proof. Let & be the number of items arriving to cell 7 up to time a. Then &7, &,

. are i.i.d. Po(«) as above, and we define Sy and 7 as before. Thus, for k < 7,
the number of items probing cell £ up to time « is S, + 1, and 7 is the first
empty cell at time «, i.e. the length of the first block in 7, («). Conditioned
on 7 and &, ...,&, the 7 — 1 items that have arrived to {1,...,7} have come

in random order, and we are in the situation of 7 discussed above. 0

Remark 3.6. As a digression, let us study 7., («) further.

For a < 1, the random walk S) defined above has negative or zero drift and
thus a.s. hits —1, i.e. 7 < 0o (as is implicit in the discussion above). After cell
7, the same process starts again, and thus 7, (a) consists of an infinite string
of independent random blocks, each a copy of 7. In particular, the description
above of the blocks in 7, ,, is equivalent to the fact that if we condition 7, («)
on the (m —n):th empty cell being cell m, then the m first cells form a random
confined hash table 7], which easily is seen directly.

For @ > 1, the random walk {S;} has positive drift and thus has positive
probability of never hitting —1. This means that 7..(«) may have one or
several finite blocks in the beginning, but, a.s., eventually there is an infinite
block covering the rest of the table. As a consequence, the infinite hashing
works for time o < 1, but for o > 1 it fails because items are moved away to
infinity (in zero time) and lost. In other words, there is a phase transition at
time 1.

For a > 1, the probability of the first block being finite is o/ /a, where o/ :=
T(ae~®) < 1, and conditioned on being finite, the block has the distribution
of T,y. In particular, its length then has the Borel distribution Bo(«a') with
mean 1/(1 — o).

Hence, the number of finite blocks has the geometric distribution Ge(1 —
o/ /o) with mean o' /(o — o'). As a consequence, the expected number of cells
in the finite blocks equals af/a, ﬁ

Finally, we note that 7, («) is a discrete version of the queueing process
studied by Borel [2].

Remark 3.7. We can similarly define two-way infinite hashing with the cells
indexed by Z, all integers. This can be regarded as infinite unconfined hashing,
while the one-way infinite hashing on Z, is infinite confined hashing.

In this case, we have a similar structure as for the one-way infinite case. If
the time a < 1, the table consists a.s. of an infinite number of finite blocks.
On the other hand, for a > 1, the whole table is filled a.s.

4. A GENERAL LIMIT THEOREM

We begin with a general limit theorem for the distribution of the individual
displacements (in the case n/m — o, 0 < a < 1).

Recall that we first take a random hash table 7,,,, and then consider the
distribution of a random displacement for that hash table, i.e. we consider the
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conditional distribution of a random displacement given the hash table. We
are thus really studying a random probability distribution; the reader who
finds this too mind-boggling can instead think of the proportions n%(7,.,)/n
of items with given displacements in the table, which is the same thing by
(2.2).

Theorem 4.1. Suppose that m,n — oo with n/m — «, where 0 < a < 1, and

let = € {FC,LC,RH}.
(i) For every k=0,1,...,

B (To) = k| Tu) = 02(T) B (k) = - CEnZ(T), (1)

and p= = {pZ(k)}32, is a probability distribution on N.
(ii) More precisely, for every k =0,1,... and jointly for all k,

\/E(P(dE(Tm,n) =k | Tm,n) _pg/m(k>) =n"'/2 (n%(Tm,n> - npi/m(k)) - ZkEa

where Zi; are some Gaussian random variables with means EZ; = 0 and a
nondegenerate covariance matriz given by

(Cov(nf('];)a nlE(IJ))

— (1= ) Cov (nF(T2), m(Ty)) Cov (nF(Ta), m(To)) )
(4.3)

1l—«

Cov(Z, Zr) =

furthermore, all moments converge too. In particular, with Ny := nZ(Tp.n),
E Ny = npZ),, (k) + o(n'/?) = npi(k) + o(n),
(N, — E N;)/(Var Np)/% 4 N(0,1).

Remark 4.2. A more fancy formulation of part (i) of the theorem is that
the distribution of d=(7,,,) converges to p> in probability, in the space of all
probability measures on N, equipped with the weak topology (which coincides
with the ¢! topology on this space); see [1] for definitions.

We will find (more or less explicit) formulas for the limit probabilities pZ
in Sections 7-9. It seems possible that the variances and covariances can be
found by the same methods, but we have not attempted to find them.

The theorem says that a typical instance of the random hash table 7y, ,
has its displacements distributed approximately according to pZ, with some
normal fluctuations. In particular, different realizations of 7, have (with
large probability) almost the same distribution. Taking the expectation over
the possible choices of 7, ,, this yields the following, conceptually simpler,
corollary on the distribution of the displacement of a random item in a random
hash table.

Corollary 4.3. Ifn/m — o < 1 and = € {FC,LC,RH}, then
& (T ) < D,
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where D is a random variable with distribution
P(Dg = k) = pa(k). R

Proof of Theorem 4.1. Let cv, := n/m and let 71, 75, ... be independent copies
of 7,,. By Lemma 3.1, nF(7,,,) has the same distribution as > ;" " nZ(7;)
conditioned on )" " m(7;) = m.

We define X; := m(7;) and Y; := nZ(7;) and are thus led to study > ;" V;
conditioned on > " X; = m. We use, as in [10], the following conditional
limit theorem proved in [9].

Lemma 4.4. Suppose that, for each v, (X,Y) = (X(v),Y(v)) is a pair of
random variables such that X is integer valued, and that N = N(v) and m =
m(v) are integers. Suppose further that for some v and ¢ (independent of v),
with 0 < v < 2 and ¢ > 0, the following hold, where 0% := Var X, 0% := VarY
and all limits are taken as v — o0o:

(i) EX =m/N.

) .
(iii) For every integer r >3, E|X —E X|" = o(N"/*"1o%).
(iv) 0% = O(N*771).
v) ¢x(s) == Ee* satisfies 1 — |ox(s)| > emin(|s|?, s?0%) for |s| < .
(vi) 0 < 0% < 0.
(vii) For every integer r >3, E|Y —EY|" = o(N"/?>"1a}.).
(viii) The correlation p := Cov(X,Y')/oxoy satisfies limsup |p| < 1.
Let, for each v, (X;,Y;) be i.i.d. copies of (X,Y), and let Sy = SV X;
Ty =V Y and 72 := 02(1 — p?) = 03 — Cov(X,Y)?/0%. Then, as v — oo,
the conditional distribution of (Tyy — NEY)/N'Y21 given Sy = m converges to
a standard normal distribution. In other words, if U = U, is a random variable
whose distribution equals the conditional distribution of Ty given Sy = m, then

U-NEY 4

Nz N(0,1). (4.4)
Moreover, EU = NEY + o(N'/27) and VarU ~ N72, and thus also
U-EU 4
———— — N(0,1). 4.5
(Var U)1/2 - ( ? ) ( )
The limits (4.4) and (4.5) hold with convergence of all moments. 0

To apply Lemma 4.4, we consider a sequence (m,n) = (m(v),n(v)) tending
to infinity and let N := m — n. First, fix £ > 1 and let X := m(7,,,) and
Y := ni(Zn/m). By the remarks before the lemma, nf(7,,,) has the same
distribution as T conditioned on Sy = m, i.e. the same distribution as U in
the lemma.

We have to verify all conditions of the lemma. First, X € Bo(n/m) and
thus, by (3.6), EX =1/(1 —«,,) = m/N, which verifies (i). Next, n/m — a €

(0,1), and thus 7/, 4 T, and (X,Y) < (X,Y) = (m(7,),n% (7)), with

convergence of all moments. Further, N — oo, the distribution of X has span
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1 (because P(X = 1) > 0) and Y is not a.s. equal to a linear function of X
because both P(X = k+2,Y =0) > 0and P(X = k+2,Y = 1) > 0. It follows
easily, see [9, Corollary 2.1] for a general statement, that all other conditions
of the lemma hold for v = 2, with 72 = Var(Y) — Cov(Y, X)?/ Var(X).

We may thus apply Lemma 4.4. We have
l—n/m_, = =
Tré Eni (Tojm) = 1y m (k)
and (4.2) follows for a single k, with Var(ZZ) = lim(N/n)7? = ((1 — «)/a) 7>
(Note that we divide by n'/2 in (4.2) but N'/? in (4.4).) Furthermore, the same
argument applies with the Y above replaced by a linear combination Y :=
Zf arn (Tn/m), which by the Cramér—Wold device yields joint convergence
and, using (3.7), (4.3), see [9, Corollary 2.2] for details.

Again, no such Y is equal to a linear function of X, and thus every nontrivial
finite linear combination 25 arZi has nonzero variance.

Part (ii) of Theorem 4.1 thus follows from Lemma 4.4. Part (i) follows from
part (ii) and (2.1) and (3.6), which yields

NEY =n

SR =YY nE(T) = F Y En(T) = T E(n(T) 1) =

(07 (0%

O
We have similar results, with minor differences, for the unsuccessful searches.

Theorem 4.5. Suppose that m,n — oo with n/m — «, where 0 < a < 1.
(i) For every k=0,1,...,

(" (Tyun) = k | T = %nggm,n) 2 U(k) = (1 — ) B(By > k),

where B, € Bo(a), and pY = {pY(k)}32, is a probability distribution on N.
(ii) More precisely, for every k =0,1,... and jointly for all k,
1/2

V(B (Tn) = k| o) = P (R)) = —— (0 (Tonn) = mpl o (R) = 27,

where Z)) are some Gaussian random variables with means EZY = 0 and a
covariance matrix given by

Cov(2y, 2) = a(1 = a)(Cov(1[B, < k] 1[By < 1])
— (1= a)* Cov(1[Ba < k], Ba) Cov(1[Ba < 1], Ba));
furthermore, all moments converge too. In particular, with Ny := nQ(ZTm.n),
E Ny = mppm () + o(m'/?) = mpy (k) + o(m),
(N — ENy)/(Var Ni)2 % N(0, 1),

The case k = 0 is trivial, n§ (Tp.n) =m—n = mpg/m(O) and thus Z§ =0, but
the variables Z), k > 1, are linearly independent.
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Proof. We argue as in the proof of Theorem 4.1, now taking Y := ng(7;, /),

or a linear combination Y5 apny (7, m) of such variables. By (2.4), recalling
that 7, has a single block, np(7,,/m) = 1[m(Z,/m) > k] and thus

NEnY(T,) = m(1 = n/m) B(m(T, ) > k) = mp, (k).

and the result follows from Lemma 4.4 as above, if we recall that m(7,) €
Bo(a) so m(7,,) 2 B,, and use 1[B, > k] =1—1[B, < k. O

Corollary 4.6. Ifn/m — « < 1, then
() = D,
where DY is a random variable with distribution
P(DY = k) = pU (k). =

In the proofs above we used finite linear combinations Zé( apnz(T), but
we can just as well take infinite sums Y ° f(k)nZ(7), provided the func-
tion f grows subexponentially, ie. f(k) = exp(o(k)), which implies that
>oo” f(k)nZ(7,) has finite moments of all orders. In fact, this was done in
[10] to study the total displacement d*(7,,,,), which is obtained by the choice
f(k) =E.

We obtain the following result, leaving the formulas for the asymptotic vari-
ances to the reader.

Theorem 4.7. Let f be a function of subexponential growth on N, for example
a polynomial. Suppose that m,n — oo with n/m — «, where 0 < a < 1. For

every = € {FC,LC,RH},

= k=0
- if(’f)ff(’f) = - — Ei FlmE(T) = =2 EH(ZT:) FdE(TL))
and, similkar(;y, with B, € Bo(a), - Z
= if(d?(fmn» - %kf;ﬂk:)nk (T
25 F0 = (- ) E S 1)

The convergences hold in LP too, for any p < oo; in particular, the erpecta-
tions of the left hand sides converge to the right hand sides. Moreover, the
random variables on the left hand side are asymptotically normal, with vari-

ances O(n™1). O
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Corollary 4.8. Suppose that m,n — oo with n/m — a, where 0 < a < 1,
and let = € {FC,LC,RH,U}. Then

E(d®(Tonn) | Tnn) — E D, (4.6)
Var(d=(Ton) | Ton) — Var D=. (4.7)

The expectations of the left hand sides converge to the same limits.
Proof. Apply Theorem 4.7 with f(k) = k and f(k) = k. OJ

Note that if = € {FC,LC,RH}, then E(d%(Z,.) | Tonm) = d(Tonn), the
average displacement. We thus have the orthogonal decomposition A= (Ton) =
(d5(Ton) — d(Trnn)) + d(Tpn) and the decomposition of the variance

Var(dE(Tmm)) = Var(dE(Tm,n) — J(Tm,n)) + Var(a?(’fmm))
= E(Var(d*(Tun) | Tn)) + Var(d(Znn))
— Var(DZ).

The second term, i.e. the part of the variance that comes from the variation
between different hash tables is of order O(n~!) only by Theorem 4.7, and thus
much smaller than the first term which is the part of the variance coming from
the variation between different items in the table. This, again, shows that the
variation between tables is insignificant in the sparse range.

A similar result holds for dV. Furthermore, we obtain similar results for
higher moments by taking f(k) = k", » > 0. In particular, we can sharpen
Corollaries 4.3 and 4.6.

d

Corollary 4.9. If n/m — a < 1 and = € {FC,LC,RH, U}, then d=(7,.,) —
D= with all moments, i.e.

E(d(Tn,)) — E(DZ)",  r>0. O

We have so far treated all three insertion policies together. In Sections 6—
9, we will study them one by one (beginning with unsucessful searches) and
identify the limit distributions pZ, i.e. the distributions of the limit random
variables DZ.

5. EXACT DISTRIBUTIONS

Although we are mainly interested in asymptotic result, we make in this sec-
tion a digression and consider exact formulas for the distributions of d=(7,.,,)
and, in particular, their moments. For simplicity, we consider only = &
{FC,LC,RH} in this section, and leave the case of unsuccessful searches to
the next section. Using results by Poblete, Viola and Munro [23, 28], we
will see that the moments of D5 not only are the limits of the moments of
d=(Tm.n) as m,n — oo with n/m — «, they can also be regarded as Poisson
transforms of the moments of d=(7,,,). The same is true for the probabilities
P(d=(7,,,) = k) and for the probability generating function. This provides an
interesting relation between the values of these moments (probabilities) and
their limits. Moreover, it is possible to invert the Poisson transform and thus
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derive exact formulas from the limits. This yields interesting connections with
earlier results by various authors.
We denote the probability generating function of DZ by = and have by
(4.1), for 0 < o < 1, at least for |z| <1,
—_ = °© —_ ]_ — °© —_
S(z) =EzPa = "z (k) = "Eng(Ta). 5.1
Valz) =Kz k 2pa(k) = — %Z ni (7o) (5.1)

0
Recall that the probabilities p=(k) can be obtained by differentiating 1= (z)
at z = 0, and that the (factorial) moments are obtained by differentiation at
z = 1.

Remark 5.1. Since no displacement is larger than the size of the table, we
have the bound E nf(7,) < E(m(7.)1[m(7,) > k]), which together with (3.4)

easily implies that the sums in (5.1) converge at least for |z| < (ael_o‘)_l.

Hence, for each a < 1, 9%(2) is analytic in a disc with radius greater than 1,
and (5.1) is valid there. The same applies to various formulas for generating
functions below; they are always valid for |z| < 1, and actually in some larger
open domain (possibly depending on parameters such as a and Z), but we will
usually ignore mentioning this restriction on z.

Furthermore, for 1 < n <m, let
goqann(z) = E 2% (), (5.2)

the probability generating function of d*(7,,). When n < m, d*(7,,) has
the same distribution as d=(7,,.,), see Section 2, and thus the same probability
generating function ¢, ().

Let, for £ > 1, ®F(z) be the sum of 2% ) over all /-2 confined almost full
hash tables of length ¢, and all i € {1,...,] — 1}. Thus ®F(z) = 0, and for
(> 2, 7 (z) = (£ — 1)l" %p7,_,(2). Further,

O (2) = 1K § 5 Te) = 2R i n(T),_1)2". (5.3)
i=1 k=
Hence, by (5.1), the definition of 7, and (3.4), 0
VEG) = LSO R - Y R, - 0 eE()
k=0 =1
=(1-a) ; %@f(z) (5.4a)

> (i a)ie—(i+2a
=(1-a) Z ek ) 901':+2,¢+1<Z>- (5.4b)

7!
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In terms of the transforms defined in Poblete, Viola and Munro [23], (5.4b)
shows that ¢7(z) is the diagonal Poisson transform D[S, ;.

Before proceeding, we note that (5.4b) also shows that 1= (z) is an analytic
function of « too (in a suitable domain).

Fix z and let f,,—1 = gpfw(z), 0 <n < m. (Thus f,,, refers to a hash
table of size m with n + 1 items; we follow here the notation in [23].) This is
the expectation of a random variable that depends on a randomly chosen item
and the block it belongs to. Poblete, Viola and Munro [23, §4.1] show that
for such quantities f,, ., it is easy to express f,, (n < m —1) in terms of the
values for almost full tables fi s, see [23, (28)].

Using this formula [23, (28)] as a definition of f,,, for n > m — 1 too, it is
further shown in [23, (29)] that the diagonal Poisson transform Ds|f,12.,; 2]
equals the Poisson transform Pp,|fm.n; x|, which is defined as E f,,, y where
N € Po(maz). (In particular, the latter transform is independent of m.) This
leads to the following result.

Theorem 5.2. For every m > 1 and = € {FC,LC,RH}, cpfmn can be defined
for n.>m too such that for 0 < a <1

VEE) = Pulgfan(ial = S M s ) e)
and
n—1)! - ln—1)k -
() = O Py eroyz ) = 3 O Wiz

Note that the functions ‘wa that appear here only have a formal meaning
when n > m. At least, we do not know any probabilistic interpretation of
them in this case, and they are not always probability generating functions.
(For example, it follows easily from Theorem 5.2 and Theorem 8.1 below that

2

e (2) = 324+ 32— 2.) It would be interesting to find such an interpretation,

and a probabilistic proof of Theorem 5.2.
Proof. We have already shown (5.5), with ¢7, ,(2) = fmn—1 given by [23, (28)]
for n > m.

To invert the Poisson transform, we multiply (5.5) by e
coefficient of o™, which yields

me and extract the

n! = n! o~ m"F =
Fran(2) = o V) = 10 32 s 05 C)
n nk
= )

One subtle problem remains: The argument in [23] leading to [23, (28)] uses
confined hash tables, and is thus restricted to f,,, for n +1 < m. Hence, the
¢, (%) that appears in (5.5) and (5.6) is indeed given by (5.2) for n < m, but
it remains to show that this is true for n = m too. In order to see this, fix z
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and n, and note that the right hand side of (5.6) is a polynomial in 1/m. We
claim that the same is true for gofn,n for all m > n; since the equality is verified
for m > n, it then holds for m = n too, and the theorem is completely proved.

To verify the claim, define a graph on the set {1,...,n} where i and j
are joined by an edge if items ¢ and j conflict over the same cell sometime
during the construction of the hash table (using the policy =), and call the
components of this graph strict blocks. It is easily seen that any partition of
{1,...,n} into strict blocks together with some given internal structure in the
strict blocks has a probability that is a polynomial in 1/m for m > n, and the
result follows. O

We can take derivatives at z = 1 in Theorem 5.2 to obtain the corresponding
result for fractional moments, and then take suitable linear combinations to
obtain the moments. Similarly, taking derivatives at z = 0 we obtain results
for the point probabilities. Alternatively, we can argue as above using moments
or probabilities for f,, . We thus obtain the following result.

Corollary 5.3. Let m > 1 and = € {FC,LC,RH}. Then, for every r >0,

B(DZ) = PulB(d (Tpi))'s0) = 7 3 0L (a7, )y
and, for k >0,
B(DF = k) = Pu[B(d (Tr) = 0] = 3 PO B (T, ) = k)

where B(d=(Tpnt1))" and P(d=(Tny1) = k) only have a formal meaning for
n+1>m. Conversely, for1 <n <m,

An important example is provided by the transform (1 — «)~"!, which has
the inverse Poisson transform

n! n! <~ m"* [(r+k
A ma(| _ —r—l) _ =Q, ’ 7
(=) = S s () = en
the @ function defined in [15, Theorem 6.4.K]. Here r may be any real number.
Note, in particular, that @_;(m,n) =1 and Q_s(m,n) =1 —n/m.
Consequently, we have an explicit formula, covering several cases below.
(We use the simple, well-known, identity [16, (5.8)] for @,(m,n —1).)
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Corollary 5.4. Let r > 1 and = € {FC,LC,RH}, and suppose that
E(DF) =Y ¢l-a)”, O0<a<l,

jet

for some finite set J C Z and numbers c;. Then, for 1 <n <m,
E(d*(Tnn))" =Y ¢Qj1(m,n —1)
jed
m
= > ¢i(Qj-1(m,n) — Q;-a(m,n)). 0
jed

Of course, the converse of this corollary is immediate.

6. THE LIMIT DISTRIBUTION FOR UNSUCCESSFUL SEARCHES

By Theorem 4.5 and (3.4),

W) =(1—a)P(Ba>k) = (1-a) (1 -y —okle*la). (6.1)
=1
In particular, p2(0) =1 — «, p2(1) = (1 — a)(1 — e™®) and
@) = (1— a)(1 - e — ae).
We have the following further results.

Theorem 6.1. The probability generating function of DY is

W) —E 2 “_Zz _1-a T(ae” ‘l)—T(ae*az).

«Q 1—2z

The first moments are given by

200 — a?
ED] =———=31-a)"—-1

« 2(1 —Oé)2 2( Oé) 29
60z—|—30z — 402 4+ o

U -4 2 -3 1 -2, 1
12a — 602 + 40> — ot

Uy _ _ —4 -3

Var(Dy) = 0 o) =31-a)?*-21-a)? - L.

Proof. By Theorem 4.5 and (3.4), or Theorem 4.7 with f(k) = 2* (for |z| < 1),
together with (3.5),

(o) o) Ba—1
:szpg(k): F1—a)P(By>k)=(1-a)E Z z
k=0 k=0
1 — 2P 1 —T(we “2)/cx
—(1-a)E —(1- .
(1-a)Bt 2 ot

The moments are computed by calculating the derivatives of ¥V (z) at z = 1.
(A computer algebra program is helpful.) O
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To obtain exact formulas for moments of d¥(7,,,,), we cannot directly apply
the results of Section 5, since dV is defined by taking a random new hash
address rather than a random item. We circumvent this by defining d"(7) to
be dY(7T) conditioned on being nonzero; this equals the remaining length of
the current block at a random item, and the arguments above apply. The limit
random variable is D", defined as DY conditioned on being nonzero. We have,
using Theorem 6.1 and P(DY > 0) = 1 — pY(0) = «,

2 —«

EDy=a'EDy = -——
o= 21— a)

=;01-a)?+3(1-a)! (6.2
and Corollary 5.4 yields, since P(d"(7,,,) > 0) = n/m,

Ed"(Tpn) = — Ed*(Tnn)
= §(@i(m.n) = Qo(m.n)) + 5(Qolm.n) = Q-1(m.))
= %Ql(m, n) — %,

in accordance with [14], [15, Theorem 6.4.K] (where dY + 1 is studied). Simi-
larly,

E(D)? = a1 E(DY)? — 6+ 3a — 4a? + a?
“ “ 6(1—a)t (6.3)

~ (=) =) =) 1~

and Corollary 5.4 yields

E(d(T) = L E(d(T,,))’

= Q3(ma ’I'L) - %Qg(mﬂ’b) - %Ql(ma TL) + %7

in accordance with the formula for E(dY(7,,,) + 1)2 in [15, Answer 6.4-28].
We finally observe from Theorem 6.1 that the radius of convergence r!(«)
of ¥¥(2) equals (ael_o‘)fl, which is the radius of convergence for E 2% too.

7. THE LIMIT DISTRIBUTION FOR FC

Theorem 7.1. The distribution of DFC, 0 < a < 1, is given by

k
1 [ a /=2

FC(1\ FC_ 7y _ & U 1@ 11 _—la

pFC(k) = P(DF, _k)_a/o Pe(k)de=1— 2 z:: e (1)
The probability generating function is
> 1— T(zae_a))2 - (1- Oz>2

FC — DZC — k, FC k) = ( ] 9
YEC(z) = B 2P = 3 () (e (72)

k=0
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The first moments are

(6] _
EDSC :m:%(l—()é) 1—%, (73)
3a — o _ _
6a — 302 + o _ _
Var(DF¢) = 201 = a)? =i(l-a)?-31-a)? -+ (7.5)

Proof. In a random hash table 7, ,, using the FC rule, the insertion of ¢:th item
can be regarded as an unsuccessful search in the table 7,,;_; constructed so
far; hence

(T ) £ dY(Ti),  1<i<n, (7.6)

and

Enf(Tpn) = Y P(df(Tn) ZIP’ Trni1) = k).
=1

Consequently, using Corollary 4.6 and dominated convergence,

1 ~m
~E = § P(a" = V(T =
" n Tonn) d( =k) / mz)) = k) dz

— l/ P(DY = k)dx = —/ po (k) d,
0 @ Jo
which by Theorem 4.1 yields pi©(k) = L [ p¥(k) dx, which is the first part of
(7.1). The final equality in (7.1) is verified, using (6.1), by multiplying the last
expression by a and differentiating.
As a consequence of (7.1) and (3.2),

o0 a ll_2
YFC(2) Z FpFC( Z L <1 _ 5) _ Z L - ol le—la
k=0 1<I<k<o0 ’

1—a/2 l 2 ~1,-la
1=z 1—zZ

1—a/2 T(zae™®)— %T(zae @)2

1—2z (1-2) ’
which can be rewritten as (7.2). The moments are obtained by differentiation.
O
For example, pic(0) = 1 — 1a, pf¢(1) =1 - Lta—e, pfC(2) =1 - 1a -
e~ — lge 20
5 .

From (7.3) and Corollary 5.4 we obtain the well-known formula [14], [15,
Theorem 6.4.K]

]EdFC(’Tm,n) =1Qo(m,n—1)—1

2 2°
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Similarly, (7.4) and Corollary 5.4 yields

))2 _ TZQQ(m,n) —2Q@Q1(m,n) — 3Qo(m,n) + 3 1

E(d"(7,, ,
' n 6 6

in accordance with [15, Answer 6.4-67].

It can be seen from the form of ¢ in (7.2) and (3.3) that every integer
moment E(DFC)" is a polynomial in 1/(1 — «), and thus Corollary 5.4 shows
that every moment of d"“(7,,,,) can be expressed in @ functions. We leave
it to the reader as an exercise to find explicit formulas for, say, the third and
fourth moments.

Similarly, we can obtain an exact formula for the distribution of d"(7,,.,).

Theorem 7.2.

k
—1 I=2(n — D)= (m — 1)
P(dF(7,,., —k)=1-" .
( ( ) ) ) 2m = l[ mn—l

Proof. By Corollary 5.3 and (7.1), the probability equals

k —
(n_l)![anfl] (ema_ & o ll ? -1 (mfl)a>

and the result follows. O

We finally observe from Theorem 7.1 that the radius of convergence r™(«)
of YFC(z) equals mV(a) = (aelfa)_l. Hence, pf¢(k) decrease geometrically
roughly as 7F¢(a)~* as k — oo. More precisely, we have the following asymp-
totics.

Theorem 7.3. Let 0 < a < 1 be fixed. Then, as k — o0,
1
V2m(et! — a)

Proof. A simple consequence of (7.1) and Stirling’s formula. We omit the
details. ]

pEC(k) ~ k52 (ael_“)k.

8. THE LIMIT DISTRIBUTION FOR RH

For Robin Hood hashing, we have the following explicit formula for the
generating function of the limit distribution in the sparse case.

Theorem 8.1. The probability generating function of DRM, 0 < a < 1, is

e 1 — a(l—z)_1 1 — az _ ,«
() = EPN = N k) = —= - = -

k=0

a 1 — zeal=2) a ze® — g%’
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The first moments are
Q

EDSH :m:%(l—a)_l—%, (81)
003, 0) e S T B S JT{ R S G S P O
o« T Tl -—a)2 2 3 6 TN :
6a — ba? + 2a3
Var(DRM) = G (l—a)?=t1l-a) " =5 +ia. (83)

12(1 — a)?

Remark 8.2. The probabilities pR" can be obtained from the generating func-
tion ¥RH. For example,
e —1
p0) = (1- ) T, 8.4
W= 1—a

pR(1) = (1 —a)e

Moreover, as pointed out by the referee, there is a connection with Eulerian
numbers [15, Section 5.1.3], [8, Section 6.2]. Indeed, from the formula above
for RH(2) and [8, (7.60)] or [15, 5.1.3-(20)] follows easily

PR (k) = g(l — a)al_1<li>/l!.

This shows the curious fact that DX" has the same distribution as the number
of descents in a random permutation of random length L, where L has the
geometric distribution P(L =1) = (1 — a)a!™1, 1 > 1.

Proof. Let F(z) be the generating function Y -, Enf™(7,)2"; thus ¢ (z) =
(1 — @)/a)F(2) by Theorem 4.1. By Lemmas 2.1 and 3.4,

- (8.5)

T—1 T—1 T—1
F(z) = Esz$H = EZij*l = EZsz,
i=1 j=1 j=1

where S; and 7 are as in Section 3.

Recall that the random walk S; starts with Sy = 0 and ends with S; = —1.
We also consider the shifted random walk S; + r, starting with » > 0, which
we run until it hits 0, i.e. until 7, := min{j > 0: S; = —r}. We define

G.(z):=E Z 25
=1

and note that Go(z) = 0 and G(z) = zF(2) + 1.

If » > 1, then 7 = 7y is the time the shifted random walk first hits r — 1,
and S, 471, S.41+71,...,S;, +ris arandom walk starting at » — 1 and stopped
when it hits 0, i.e. a copy of So+ (r —1),...,5,._, + (r —1). Hence,

G (z) = EZ PRALEE ) Z 25T = "G (2) 4+ Gy (2),
j=1

Jj=7+1
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and thus

1-2
1—2
Moreover, taking r = 1, we start at S; + 1 = 1 and the next element is

S1+ 1 =¢& € Po(a), so the remainder of the random walk is a random walk
started at &;. Conditioning on &;, we thus find

ZIP&—T 2+ G ZP&—T)(Z +11_ZG1( ))

Go(2) = (214 +1)Gi(2) =

G1(2), r > 0.

1 1
—e a1~ @ ) — G
( ——Gi(2)) + 7—G1(2)
with the solution
e 1—=z
1(2) 1 — zea(1-2)
Hence,
Gh(z)—1  eal=2) _ 1
F(z) = z 1 — zex(1=2)"
The formula for )R follows, and the moments are obtained by differentiations
at z = 1. 0
Note that EDRH = E DFC as we already know since the average dis-

placement is the same for any insertion policy. Similarly, Ed"(7,,,) =
E d™(Tn,) = 2Qo(m,n—1)— 3. For the second moment, (8.2) can be written

ED) =11-a)?-21-a)'+i-1(1-0q),

and Corollary 5.4 yields, using Q_o(m,n) =1 —n/m,

1 n-1
E(dRH(Tm,n))Q = in(m; n — 1) — ng(m,n — 1) -+ 6 + 6m
m3Qi(m,n) —7Qy(m,n)+4 1 n-1
= — + =+ ,
n 6 6 6m

which easily is shown to be equivalent to the formula in [15, Answer 6.4-67].
It is easily seen that each integer moment of DR is a rational function in
with denominator a power of 1 —«a. Hence each integer moment E(dRH(Tmm))T
can be expressed in ) functions (allowing negative indices; these terms form
a polynomial in n/m and 1/m).
We can also find exact formulas for point probabilities. For example, by
Corollary 5.3 and (8.4),

B(™(T,0,) = 0) = " Do) (eme "2 (e 1))
1

—((m—i—l—n)(l—k%)n_l —(m—n)).

n
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By the formula in Theorem 8.1, 9)RH(2) is a meromorphic funcion of z in the
entire complex plane. The poles are the roots of z = e**~D  except z = 1.
Since the Taylor coefficients pRH are non-negative, the pole closest to the origin
lies on the positive real axis; moreover, it is easily seen that all other poles
have strictly larger absolute values. The following theorem follows easily.

Theorem 8.3. Let 0 < a < 1. The radius of convergence rf™(a)) of YRH(2) is
the unique root r > 1 of r = e*"=V_ If o > 1 satisfies a*e~* = ae™®, then
rf(a) = a*/a. Moreover, as k — oo,

(I —a)(e" —a) gy
aa*(a* —1)

()7

PR (k) ~

Note that r®"(a) > 1/a > rF¢(a); another expression of the fact that large
deviations are less likely for RH than for FC.

9. THE LIMIT DISTRIBUTION FOR LC

The Last Come policy seems to be the most difficult to analyse, and we are
not able to give as explicit results as for the other policies. The simplest form
of the probability generating function that we have been able to find is the
following. It is quite possible that others may simplify the result, but the ex-
pression for the variance shows that this case is intrinsically more complicated
than the two other policies considered here.

Theorem 9.1. Define

1 B e?
z4+ (1 —2)eef (1 —2)(e> —eP) + ef’

v(0,8,2) 1= (e, 8,2)0 7 =

_ [ ula,y,2)
w(a, B, 2) .—/B - T(U(oz,%z))d%

u(a, B, z) =

Then, for 0 < a <1,

_ l-a /a 6zw(a,ﬁ,z)TU<a7ﬁ7 Z) ﬁ - T(U((X?ﬁ? Z)) dﬁ
0

LC(,) —
Vg (2) a (v(a, B,2)) 1—u(a,p,z)

_ 1l -« ¢ zw(a,ﬁ,z)M ! / i -B
a /06 T(v(oz,@z))/o T'((1 =t + tu(a, B, 2)) Be )dtcii.w
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The first moments are

« 1 1
ED" = 21—a) 2(1—a) 2 (92)
E(DIC_,C)Q - 2(1 i a)g - 6(1 1_ Oé) - ‘ 3; ! - 660( (El<1) - El(l — a)) + %7
(9.3)
Var(DLS) = 1 i e - 3 1_ o ea?); L eg(; (Ei(1) - Ei(1 — a)) — o
(9.4)

Here FEi is the exponential integral function, Ei(1) — Ei(1 — «) = f117a < dx.

Proof. We build heavily on the analysis of the first two moments by Poblete,
Viola and Munro [23, 24, 28], who proved (9.3) and (9.4) (in a different form).
We use (5.3) and (5.4a). To keep track of the displacements and obtain
formulas for ®¢(2), we keep track also of the positions of the items in their
blocks (in the final table). Thus, let [;(7) be the number of items with final
position before item ¢ in the same block in the hash table 7 with the LC rule,
and consider the bivariate generating function ®,(z,y) equal to the sum of
24 Dyl(T) gyer all -2 confined almost full hash tables of length ¢, and all
i € {1,...,/—1}. Hence, in the notation of (5.3) and (5.4a), ®5°(2) = ®y(2,1).
In the notation of [23],

Op(zy)= > 2 FL(2) (9.5)

(the factor 27! is because [23] studies the number of probes, i.e. 1 + the dis-
placement); moreover, their Cj(2) := >, _; Fi,(2) = 2®;42(2,1) = 205, (2).
Further, define the trivariate generating function (note that ®(z,y) = 0)

e )\z+1
Z y7 Z il 'L+1 z y Z (2+1> (I)i+2(27y)
) l /\l+r+1 (9.6)
> B

The sums converge at least for [z| < 1, |y| < 1, |A\| < e™!, and ¥ is continuous
in that domain and analytic in its interior. By (5.4a) and (9.6), we have

00 /-1
11—«
Pe(2) - § f—)l Dy(2,1) = 5 eV (z,1,ae™®). (9.7)
(=1
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Poblete, Viola and Munro [23, (70)] give the recursion formula, for all {,7 > 0
with the convention that F;, =0ifl <0 orr <0,

Fio(2)=2 ) <l Z T) b+ 1) 1 +r — K+ 1)kt

0<k<Ll+r

+ (7” — ]{Z)le,r,kfl(Z)).

Hence, using (9.6), with 1/:! =01if ¢ <0,

)\l-l—r
I+

2(9\1/(2, Y, A) _ Z

) ),yF r(2)

1,r>0
=z ) L(m D* Y1+ — k4 1)kt
(I+7—k)k
r>k>0
>0

)\l—f—r
+Zm(k+1) Fioj-1,0(2) (9.8)

)\l—i—ryl k1
+ z g: m(k’ + 1) lﬂ—l,r—k(z)
- )\H»r l k1
_i_;m(knLl) (r —k)Fr—k-1(2)
=251+ St + 281 + Sy

To evaluate the sums Sy, Sy, Sirr, Srv, we first rewrite (3.1) as

> (j _|_ 1 JZJ+1 (j 4+ 1)I7 1+
Z - Z | (9-9)
=0 =0 I
and further differentiate to obtain, using (3.3),
(17 : T(z)
=2T"(2) = 10
2 ;! (2)=1= T(2) (9.10)
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We now change summation indices, using j = [ + r — k, and obtain by (9.9)

)\j-i—k l .
Si=Y Lk )Gy

- JrE!
Jj21>0
2k N ] — gt
=Y kDG 1Y 11—y
i J: -y
1 A k—1 N — (yA) i—1
Zmzk:—!(kﬂ) P VAN U
J
L TV TN =T
11—y A A
Similarly, using also m =1 —k — 1 and (9.10), (9.6),
N kg mtk+1
S]] = Z %(lﬂ + 1)ka,j—m—1<2)
o LE!
g Ayt N o
=\ ! Z Ll (]{7 + 1)k Z F’y m,j,mfl(Z)
k ’ jm 77
4 T(yN)
=\ 1T@)\>Z\D(Z,y, )\),
Gyl
S[[[ = Z 70 (]{I —+ 1)k*1l17l 1]71(/2)
3.kl J R
T(A N
-1, 5 U F(2)
gl
T(A) 0

)\j+k?/l k—1/ -
Sy = Z Tl (E+1)"( = DFj-a(2)

o 0 N
Nox V) 2 9 Faa(e)

gl

)\a)\ — y(%) (z\lf(z, Y, )\)>

<
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Summing up, (9.8) yields

mj(g’f’ N _ )\2(11_ T (T(N) = T(yN) + %%\P(z Y, \)
P20 (e, 0) + %T(A)zyQ—a\p(g’y v )
+T(A)3‘I’(2,Ayd) B %T(A)W(;yy, A)’
which after multiplication by A can be rearranged to
A1 =) FEEA L 7)1 — g T
_ (T(A)yz + %)\I}(z Y A) + T(A)W (9.11)

We simplify a little by the change of variable A = ae™®. We then have a = T'(A)
and 0/0a = (1 — a)e=*0/OX. We write ¥(z,y,a) = V(z,y, ae”®), noting for
later use that this conveniently also appears in (9.7), which can be written

11—«

YEC(2) = eV (z,1,0). (9.12)
Returning to (9.11), we obtain after substitution, and division by «,
0V (z,y,q) 0V (z,y,q)
2\ 1 — yz) 0 %)
5 Tyl —yz) 9y
T (yae @) - a—T(yae™®)
— (yz + )xp g a) X2V )9 q3
(yz a(l - T(yae=)) (2,9,0) ae™®(1 —y) (9.13)

valid at least for |z| < 1, |[y] < 1 and 0 < a < 1. Note that this partial
differential equation contains no d/0z; hence we may regard z as a constant.
We solve the differential equation in the standard way: The characteristics of
(9.13) are given by
dy
— =y(1 - 9.14
T = Y1 —y2) (9.14)

da_ 1 1 z

or

dy  y(l—y2) y 1-yz

with the solutions
a—a;=Iny—1In(1—yz)+In(1 - 2),
where « is a constant (the value of @ when y = 1), or, equivalently,
1

24 (1 —z)ex—«

Assume that 0 < z < 1and 0 < oy < 1 and define y(«) by (9.15). Then (9.13)

gives, renaming « to [3,
d¥(z,y(5), 5)

dg

y= =u(ay, a, 2). (9.15)

= g(B)¥(z,y(B), B) + h(B) (9.16)
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with, where y = y(3) = u(ay, 3, 2),
T (yBe™?) B T(v(ay, B, 2))

9(B) = yz + B(1—T(yBe 7)) ye+ B(1—T(v(a,B,2)))
and
— M _ [ - e’

The solution to (9.16) is, because W(z,,0) = ¥(z,y,0) = 0 by (9.6),

(2 y(a). a) = / " GO-CO(5) dg (0.17)

where G’ = g. Since, by (9.14),
d
35 WB)8e™7) = y(1 —y2)pe™ +ye? —yfe? = y(1 - yzB)e
we have, using (3.3), with T = T(yBe~?) = T(v(a1, 3, 2)),
d 5 T oy(l— yz3)e
%T(?J(ﬁ)ﬁe ) T1_T7 yBe—?

-7 (5 #) =90 et 1)

Hence, we can choose

G(ﬁ) - T(U(ala ﬁ7 Z)) - Z’lU(CYh ﬁa Z)
and (9.17) yields, with & = a3 and dropping the subscript,

\I/(Zj 17 a) _ /a eT(v(a,a,z))7T(v(a,ﬁ,z))+zw(a,6,z)h(ﬂ) dﬂ

0
Finally, we use (9.12) and the facts that T'(v(e, a,2)) = T(ae™) = a and
e T =9 /T(v). The formula (9.1) follows.

In principle, the moments can be computed by repeated differentiation of
(9.1) with respect to z (under the integral signs) and then letting z = 1, noting
that u(a, 8,1) = 1, v(a, 5,1) = Be P and w(a, 3,1) = In(1 — 8) — In(1 — «).
However, the expressions become very complicated. Indeed, even to verify the
trivial ¥5(1) = 1 from (9.1) takes a little effort. We have verified the first
moment (9.2) this way, using computer algebra (Maple), but failed to obtain
the formulas (9.3), (9.4) for the second moment. (No doubt, a more skillful
person would succeed.)

A much shorter proof is to simply refer to the asymptotic formulas in
Poblete, Viola and Munro [23], in particular [23, Theorem 28], together with
Corollary 4.9.

We will, however, give a third proof, which is closely related to the proof
in [23] but formulated using the functions and equations used above; we hope
that this may illuminate the arguments used in [23] and their connection to
the present paper.

As a warm-up, we begin with the mean (9.2), although we already know the
result because E DLC = E DF¢ = E DM, We let D,,, D., D, denote the partial
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differential operators. Applying D, to (9.13) and then setting z = y = 1 we
find

. 3 . 1 .
D. D, ¥(1,1,a)-D, ¥(1,1,a) = ¥(1, 1,a)+<1—|—1—> D, (1,1, a). (9.18)
—

For convenience, we define

F(z,y,0) = (1 —a)e "¥(2,y, )
and write f(a) == F(1,1,a), f.(o) := D, F(1,1,), f,(a) := D, F(1,1,a),
f-(a) :=D? F(1,1,a), and so on. Then (9.18) yields, after simple calculations,
the ordinary differential equation in the three functions f(«), f.(a), f,(a)

Do faa) = fy(a) = f(a). (9.19)
(It may be more natural to consider a'F, cf. (9.12), which for fixed « is a

bivariate probability generating function, but the extra factor a simplifies the

differential equations.)
Note that, by (9.12), ¥5(2) = a"'F(z, 1, a), and thus

f(a) = avte(1) = a,
f.(a) = aD.YL(1) = aE DL, (9.20)
fo(@) = aD2YLC(1) = a EDLS(DEC — 1), (9.21)

and so on.
To solve (9.19), we first have to find f,(c). One possibility is to use the
definition of ®, or (9.5) so see

£2€_1 1 el -y
D(L,y) =7 Zyz_ =" 1oy
i=1

and thus, by (9.6) and (3.1)

\I/(L Y, )‘) = Z (ZAil)'Zz—2 1- yz* — 1 <T()\) T()‘?/))

— l—y  1—y\ X Ay
which leads to T
1 _ —
F(l,y,a) = a(l— (ae y))
-y ay
A calculation using (3.3) yields
3a? — 208
fy(O{) = Dy F(]_, 1,0[) = m

Alternatively, we may observe that if we as in Section 6 use the superscript
u for unsuccessful searches conditioned on starting at an existing item, (5.3)
yields

h(y) = yPu(1,y).

Beneath our formalism, this simply reflects the fact that the number of items
in a block to the right of a distinguished item has the same distribution as the
number of items to the left; the factor y is because the distinguished element
is included in the count defining d" but not for @, (z,y).



INDIVIDUAL DISPLACEMENTS FOR HASHING 31

By (5.4a) and (9.6), we thus have

_1- - - 1— -
¥4 (y) - “Z (y) = y——e"¥(1y.a)
=1
and so
yF(1y,a) = aig(y). (9.22)
Applying D, we find at y = 1, using (6.2),
9 _
f@)+ fy(@) = aDyviy) = aB Dy = a5i— 5. (9.23)
We can now integrate (9.19), noting F'(z,y,0) = 0 and thus f,(0) = 0:
«a a2
r@) = [0+ 1) ds = 355 (9.24)

which by (9.20) yields (9.2).
For the second moment we argue similarly. We apply D, D, to (9.13) and
obtain for z =y =1

) ) - 1
DZDzDa\IJ—QDZDy\IJ:QDZ\I/+<1+1 >DZDZIII
—

which implies
Do fox(@) = 2foy(a) = 2f.(a). (9.25)

In order to solve this, we first need f,,(a), which we find in the same way. We
apply D, D, to (9.13) and obtain for z =y =1

D,D.D, ¥ —D.D, ¥ —D2¥ —2D, ¥ =

(1

) D+ (1 +
and hence

Do 4(0) = Fofe) + fle) +35,(0) + (1 + =) f-0) + (). (026)

To solve this, we first need f,,(«). We find from (9.22) and (6.2), (6.3)

1602 — 19a* + 6a°
3(1—a)t
(9.27)
(Alternatively, it is possible to continue in the same manner as above by ap-
plying Dz to (9.13) at z = y = 1; this yields a differential equation for f,,(a)
that can be solved. The same applies to f,(«) above, which also can be found
by applying D, to (9.13).)
We can now put everything together. Noting that (9.27) and (9.23) imply
fyy(a) +3f,(a) + f(a) = aE(D;)2, we find the solution to (9.26), using (6.3)

fu(a) = aE(D:~1)(D4~2) = aE(DY)*~3a E Di+20 =
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and (9.24),
a “ —t u) 2 1
fzy(a) =€ /0 (& <tE(Dt) + <1+m>fz(t) dt
B 1 7 7 5 a e
T3i—aP 12(1-aP 12(-a) 6726
- %ea‘l(Ei(l) — Ei(1 — o).
Next, (9.25) is solved by, using (9.26),
for(@) = 2fy(0) + 2/0 (r-t0 == = (14 7= L)) de
1 7 2 “ 1 o :
212 6(1-a) Fligem g e (i(1) ~ Bi(1 - a)).
Finally, (9.3) and (9.4) follow from (9.21) and (9.2). O

Remark 9.2. The reader who wants to make a detailed comparison with [23]
should note that, by (9.6) and the definitions in [23], their

1—z)e™ - 1
Gz, 2) = ﬁz@(z, lLz)=—2F(z,1,x),
x x
1— - ~ 1
() = LD )21, ) = LoDy 41) (2,1, 2),
xr xr

ho(2) = D do(a,1) = %(DZ +1)(D, +1)F(1, 1, )

L@+ £+ 1)+ @),

In principle, expressions for the probabilities P(DL¢ = k) can be obtained
from (9.1) by differentiating at z = 0 (or making Taylor expansions). However,
even for the simplest case k = 0, we obtain a rather complicated formula. We
leave it to the reader to find a simpler formula, and to treat £ > 1.

Theorem 9.3. For 0 < a <1,

PC(0) = B(DLC = 0) = yLC(0) = L= / T D1 = (908

o a ea—te*™t _ 1

Proof. Taking z = 0 in Theorem 9.1 we have u(c, 3,0) = %~ and v(a, 3,0) =
Be~“. Hence (9.1) yields
WEC(0) = l—-« /O‘ eﬁ_f B — T(ﬁf_a)
o T(Be—) 1—eb~

The change of variables t = T'(fe™®) yields § = te® " and d3/dt = (1 —t)e*™*
and (9.28) follows by simple calculations. O

dg.

Various substitutions are possible, but none seems to give a simpler integral.
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10. SOME NUMERICAL VALUES

Numerical values of p7(k) and pR"(k) for given a and k are easily computed
from the formulas in Theorems 7.1 and 8.1, see Remark 8.2. As examples we
give some values (computed by Maple) in Table 1. The last line gives the sum
for all £ > 10.

Note that the fact that FC gives higher probabilities than RH for zero dis-
placement hardly is an advantage, as might be believed. Since the average
displacements are the same, this is compensated by higher probability for
large displacements, which is worse.

k| i (k) | 5 (k) | poS(k) | pgo (k)
0[0.750 0.649 | 0.550 |0.162
100143 |0.245 |0.143 |0.153
20051 |0.076 |0.069 |0.128
310.024 |0.022 |0.042 |0.104
410.012 |0.0062 |0.029 |0.085
510.0070 | 0.0017 | 0.021 |0.069
6 | 0.0042 | 0.00050 | 0.016 |0.056
710.0026 | 0.00014 | 0.013 | 0.046
810.0017 | 0.000041 | 0.011 | 0.037
9|0.0011 | 0.000011 | 0.009 | 0.031
10 | 0.0007 | 0.000003 | 0.008 | 0.024
> 11 | 0.0018 | 0.000001 | 0.090 | 0.106

TABLE 1. Some numerical values

In principle, p-¢(k) can be calculated similarly from (9.1), but we have only
done so for £ = 0. We find, for example, by Theorem 9.3 and numerical
integration, p5$(0) = 0.686 and p5S(0) = 0.212.

11. MONOTONICITY PROPERTIES OF THE LIMIT DISTRIBUTIONS

For FC, it follows immediately from (7.1) that the probabilities pf¢(k) de-
crease, prc(0) > pFc(1) > .... Moreover, we have monotonicity for finite
m and n too; it follows from (7.6) that for each m and n, the probabilities
P(df(Zn,,) = k) are non-increasing in k.

This has the practical consequence that searching in a hash table constructed
by the FC rule is best done in the standard way, probing at h, h + 1, h + 2,
and so on, where h is the hash address of the searched item.

It has been suggested that for RH and LC hashing, where the variances of the
individual displacements are smaller, the displacements might be concentrated
about their mean Ed so that it would be more efficient to start probing at
locations close to h + E d. This seems to be the case for random probing and
double hashing, see [3, 22]. However, we will see that this hardly is the case
for linear probing. It would be the case (for a large table) for an insertion
policy Z if pZ(k) is larger when k is close to E d than when k is close to 0, so
we study these probabilities.



34 SVANTE JANSON

First, for Robin Hood hashing we have the following precise result; we post-
pone the proof.

Theorem 11.1. Let a; = 0.931 be the unique positive root of
e —(2+a)e*+1=0

If a € [0, 4], then pRH(0) > pRH(1) > pRH(2) > ...
Conversely, if a € (ay, 1), then pRH(0) < pRH(1).

Hence, it is only for « close to 1 that a different probing sequence might
be better. However, even for @ > ay, small displacements seems to be more
likely than displacements close to Ed. One reason is that it follows easily from

Theorem 8.1 that as a — 1, (1 — ) DM < Exp(1/2). Hence, for a close to
1, the distribution of DR is approximatively exponential. Although this does
not imply corresponding asymptotics of individual probabilities, it implies that
the average of the values of pRH(k) for k in a suitable interval close to Ed is
about e~! times the average of the values for k& in an interval close to 0. This
suggests that the standard probing sequence is close to optimal when « is close
to 1, when the differences between different methods ought to be greatest.

Nevertheless, it is interesting to ask for the mode of the distribution of DRH,
i.e. the value of k that maximizes pR™(k). Theorem 11.1 shows that the mode
is 0 for a < a1, but not for larger «.

Numerical calculations with Maple suggest the following; we have, however,
no rigorous proof.

Conjecture 11.2. The mode of DR is

(

0 <a<a =0.9308

a; < a < ag = 0.9888

, gy < a<ag=0.9989

, a3z < a<ag=0.999995
, oy <a<l.

=W NN = O

\

Of course, these results have merely theoretical interest; hashing with linear
probing with n/m > .93 should probably be avoided. (In particular, this
applies to the last case; if a > ay, then the expectation of the displacement
is over 100000.) Moreover, the differences are rather minor in this range;
according to numerical calculations, no probability is ever more than 16.4%
higher than pRH(0), and the absolute differences pRH (k) — pRH(0) are less than
0.004. Hence, even when another probing sequence is better, the difference in
performance seems to be small, and probably out-weighted by the additional
steps required in the program.

It is somewhat surprising that the conjectured sequence of modes stops at
4. However, we have a another asymptotic result explaining this.
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Theorem 11.3. Asa — 1, (1 —a) *pR*(k) — Lyy1 for every k > 0, where
Ly, have the generating function

[e's} _
L 1 —e? 1
E LkZ :Zl—.
eFm —z
k=1

Proof. Theorem 8.1 implies that as a — 1, at least for |z| <1,

el=2 — 1 1 —e*
(1= a) (=) — T = - ZLW

261 z
and the result follows. O

This generating function equals the one in Knuth [15, 5.1.3-(25)], and thus
the limits Ly coincide with the numbers L, defined there as the average lengths
of the successive increasing runs in a random sequence. As shown in Knuth
[15, Section 5.1.3|, these numbers Lj converge rapidly to 2 as k — oo, but
the convergence is not monotone; the smallest is L; = e — 1 = 1.718 and the
largest is Ls = 2.00006. This and Theorem 11.3 strongly suggest (although
do not strictly prove) that for a close to 1, the largest value of pRH (k) is for
k+1=25,ie k=4, as asserted in Conjecture 11.2.

Proof of Theorem 11.1. By (4.1), we can study EnR(7,,) instead of pR*(k).

Let £ > 0. By Lemmas 2.1 and 3.4, En{"(7,) and Enl (7,) are the
expected number of visits of the random walk S; to k and k£ + 1, respectively.
We compare these numbers by studying the excursions of {S;} above k — 1.
Since the only negative step is —1, every such excursion ends at k. At each
visit to k, the probability of exiting is e™®, and if the random walk does not
exit, it will sooner or later (perhaps immediately) return to k. Consequently,
the number of visits to k in an excursion has a geometric distribution with
expectation 1/e”® = e®.

Furthermore, at each visit to k, the probability of going to £+ 1 or higher is
P(Po(a) > 2) =1—e"*—ae % each such step leads, by the argument above,
to an average of e visits to k + 1 before the first return to k. In an excursion
beginning at k, there are thus on the average

eo‘(l —e % — ae’o‘)eo‘ = e (eo‘ —-1- a)

visits to k£ + 1.

In an excursion beginning at [ > k41, there are on the average an additional
e® visits to k + 1 before the first visit to k£, and thus in total e (e"‘ — a) visits
to k+ 1.

The average number of excursions above k — 1 starting at [ > k is

k-1

Pl =1+1)+ > Enf(T)P(& =1-j+1). (11.1)

J=0
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For k = 0, we thus find, in agreement with (4.1) and (8.4), (8.5),

Eng"(To) = P(§ > 1)e® = e — 1, (11.2)
Enf*(To) = P(§ = 1)e*(e” = 1= a) + P& > 2)e (" — a) = ¢*(e" — 1~ a),

(11.3)
and hence

Enf(T.) — Enf¥(T.) = P& = 1)A - B(& > 2)B

with A == e*(2+a —e€%) > 0 and B := e*(e® — 1 — a) > 0. Consequently,
Enf¥(T.) > Enf(T,) if and only if B¢, > 2)/P(é = 1) < A/B.
Similarly, for £ > 1, using (11.1),

b (7o) —Eng (o)

(EnfNTo) +1[j = 0)) (P& =k —j + DA —P(& >k — j +2)B).

k—

=0

<.

(11.4)

For a Poisson distributed variable &, P(§ = j + 1)/P(§ = j) is a decreas-
ing function of j, and thus so is P(¢ > j + 1)/P(¢ = j). Consequently, if
Enf(7,) > EntH(7,), then for each j > 2

PE=7+1)/PE=j) <P(=2)/P(E=1)<A/B,

and thus, by (11.4), EnfH(7,) — Enff! (7.) > 0 for every k > 1.
Finally, by (11.2) and (11.3),

EnfN(7,) —Eng"(To) = € — 2+ a)e” + 1.

Denote this function by f(a). It is easily seen that f(0) = 0, f(0) < 0
f(1) > 0and f"(a) > 0 for a > 0. Hence f is a convex function on [0, 1] with
exactly one zero a; > 0, and f(a) < 0 for 0 < a < oy while f(a) > 0 for
ap < a < 1. The result follows. O

For LC hashing, we do not have any similar exact results, in view of the
complicated expressions in Theorem 9.1. However, as will be shown in a sequel
to this paper, as a@ — 1, the difference between RH and LC becomes negligible;
in particular, just as for RH, (1 — a)DL¢ RN Exp(1/2). This suggests that the
standard probing sequence is almost optimal for LC hashing too. Moreover, it
follows from Theorem 9.3 that as o — 1,

1 t 17t
(0 (1-1)
(1 - Oé ! Io_z - 61 tel t _ 1

dt = 2.647.

This limit is larger than the correspondmg limit L.; = e—1 for RH found above.
Hence, for a close to 1 at least, p-<(0) > pR"(0), which suggests that 0 may
be the mode of DLC too for a wide range of . It would be interesting to have
any results on the mode of D'C. We conjecture, in contrast to RH, that it is 0
for all a.
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