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Introduction

1 Introduction

Sorting is present in our everyday lives and at least since the development of computers, it has
become an important field of research. Thus, over the last decades, lots of different sorting
algorithms have been developed. One of the most efficient and most widely used algorithms
is Quicksort. Published by Tony Hoare in 1961, Quicksort is a divide-and-conquer algorithm
which puts an input sequence* in increasing order and works as follows: First, we select an
arbitrary element p of the list—the so-called pivot. The main idea of Quicksort is to partition
the remaining elements into two groups: the elements smaller than p and the elements larger
than p. After this partitioning step, the pivot p is at its final position and the partitioning
strategy is then recursively repeated on both parts. A possible implementation of classic
Quicksort can be found in the appendix (Algorithm 2). If we consider the input sequence to
be a random permutation of its elements, classic Quicksort needs on average 2nlog(n)+O(n)

comparisons and %nlog(n) + O(n) swaps, see e.g. Sedgewick [19, p. 334].

In order to make the sorting procedure more efficient, numerous variants of classic Quick-
sort have been developed over the last decades. One modification is to use k > 2 pivots
instead of one single pivot and to partition the remaining elements into k + 1 groups. The
case k = 2 is called dual-pivot Quicksort and uses two pivots p and ¢ (where we assume p to
be the smaller pivot). The remaining n — 2 elements are then partitioned into three parts: the
elements smaller than p (small elements), the elements between p and ¢ (medium elements)

and the elements larger than ¢ (large elements).

OO0 01000

<p p<o<gq >q

FI1GURE 1: Example of the dual-pivot Quicksort procedure after the first partitioning step.

In contrast to standard Quicksort, where each of the n — 1 remaining elements has to
be compared once to the pivot, the number of comparisons for dual-pivot Quicksort depends
on the concrete partitioning strategy. In his Ph.D. thesis [20], Robert Sedgewick suggested
a dual-pivot Quicksort variant which uses on average %n log(n) + O(n) comparisons and
0.8nlog(n) + O(n) swaps and therefore is inferior to standard Quicksort. Also other studies
(e.g. Hennequin [9]) suggested that the multi-pivot approach would not lead to significant
improvements in comparison to classic Quicksort. For this reason, multi-pivot Quicksort did

not receive much attention in the following years.

However, in 2009, Vladimir Yaroslavskiy proposed a dual-pivot Quicksort variant which he

had developed together with Jon Bentley and Joshua Bloch. In the following, we will denote

* For our analysis, we assume the input to consist of n distinct elements. Nevertheless, Quicksort also works
for non-distinct data.
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this version by Yaroslavskiy-Bentley-Bloch (YBB) Quicksort. As running time experiments
had suggested a very good performance of YBB Quicksort, it has been used as standard
sorting method for Oracle’s Java 7 runtime library since then. In 2012, Wild and Nebel [24]
proved that a slightly modified version of YBB Quicksort (Algorithm 3 in this work) uses
on average 1.9nlog(n) + O(n) comparisons and 0.6nlog(n) + O(n) swaps. Moreover, Wild,
Nebel and Neininger [25] analyzed the number of Java Bytecode instructions and found out
that YBB Quicksort executes about 20 % more Java Bytecodes than classic Quicksort. Thus,
they conjectured that the superiority of YBB Quicksort in practice is not caused by a smaller

number of instructions but by “advanced features of modern processors” ([25], p. 25).

In 2014, Kushagra et al. [12] suggested an explanation for the superiority of YBB Quick-
sort: They conjectured that the running time improvements of YBB Quicksort are due to its
better cache behavior. More precisely, they considered another cost measure, the number of
“cache misses”, and came to the conclusion that YBB Quicksort needs significantly less cache
misses than classic Quicksort. Furthermore, they suggested and analyzed a three-pivot Quick-
sort variant with promising results in theory and in practice. However, the number of cache
misses is machine-dependent and not convenient to analyze. For this reason, Nebel, Wild and
Martinez [15] introduced a different but closely related cost measure, the number of scanned
elements, which is defined as the total distance covered by all scanning indices. They show
that YBB Quicksort needs much less element scans than classic Quicksort (1.6nlog(n)+O(n)
vs 2nlog(n) + O(n) on average) which is, together with the results mentioned before, a con-

vincing explanation for the superior performance of YBB Quicksort in running time studies.

In their article [1], Martin Aumiiller and Martin Dietzfelbinger studied and analyzed
several Quicksort versions. Among other strategies, they suggest a partitioning method
“Count” (Strategy C in [1, Section 6]) with the aim of minimizing the expected number
of key comparisons among all dual-pivot Quicksort variants. They show that this minimum
is 1.8nlog(n) 4+ O(n) and that the algorithm “Count” (Algorithm 7 of [1]) achieves this lower
bound. In their experimental study, YBB Quicksort and the three-pivot Quicksort algorithm
of Kushagra et al. [12] belong to the fastest algorithms, whereas classic Quicksort and the
algorithm “Count” are noticeably slower. To be more precise, Classic Quicksort is about 8 %
and “Count” Quicksort about 15 % slower than YBB Quicksort (see [1, Section 8.2]). They
try to explain the observed differences by looking at the average instruction count and the
cache behavior of the algorithms and come to the conclusion that “neither standard measures
like the average comparison count or the average swap count, nor empirical measures like the
average instruction count or the cache behavior predict running time correctly when considered

in isolation” (Aumiiller and Dietzfelbinger [1, p. 26]).

In this work, we will analyze the dual-pivot Quicksort version “Count” which was sug-
gested by Aumiiller and Dietzfelbinger [1, Section 6 and Algorithm 7]. Aumiiller et al. [2]

have already derived an exact expression for the average number of key comparisons and
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proved that the strategy “Count” minimizes the expected number of comparisons among all
algorithmic dual-pivot strategies. The aim of this master’s thesis is to identify the asymp-
totic distributions of both the number of comparisons and the number of swaps when using
the dual-pivot strategy “Count”. To be more precise, we will derive exact and asymptotic
expressions for the average number of swaps in the dual-pivot Quicksort algorithm “Count”.
Moreover, we will show that both the number of key comparisons and the number of swaps
converge—suitably normalized—to a limit law. The limiting distributions can be identified
implicitly by stochastic fixed point equations from which we can compute asymptotic vari-
ances. In particular, we will see that for large n, both the number of key comparisons and

the number of swaps are concentrated around their mean.

This work is organized as follows: After introducing some notation and the input model
in Section 2, Section 3 describes the dual-pivot Quicksort algorithm “Count”. In Section
4, we give a short overview on the main results which are proven in Sections 5-9. Finally,
Section 10 compares the obtained results to other Quicksort variants and presents the results

of simulation studies.

2 Preliminaries

2.1 Some Notation

¢ As is common, we write

1, if expression is true,
]l{expression} = ) i .
0, if expression is false.

o For a random variable X, we denote by £(X), E[X] and Var(X) its distribution, expec-
tation and variance, respectively. Furthermore, we write X 2 Y if the random variables
X and Y have the same distribution. The covariance between two random variables X
and Y is denoted by Cov(X,Y’) and the correlation coefficient by Corr(X,Y).

o We say that a random variable X is Ly-integrable (1 < p < oo) if and only if E[|X|?]
is finite. In this case, let [ X]|, := E[|X[?]'/? denote the L,-norm for X. A sequence

(X7 )n>1 of random variables is said to converge in L, to a random variable X (denoted
by X, RZN X) if and only if lim || X, — X||, =0.
n—00 p
o We define the Wasserstein metric £ on the space of probability measures on R? (d > 1)
with existing second moments by
O(p,v) =inf {| X =Y, : L(X)=pn,L(Y)=v}.

The space of the centered probability distributions on R¢ with existing second moments

is a complete metric space with regard to the fs-metric. Furthermore, a sequence
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(Xn)n>0 converges in 5 to X if and only if (X,,),>0 converges in distribution and with

second moments to X (see Bickel and Freedman [4]).

o The multinomial distribution with n trials and (non-negative) success probabilities

Pi, .-, Pk (With p1 + -+ -+ pr = 1) is denoted by M(n;p1, ..., pk).

¢ We use the common asymptotic notation, i.e. for functions f,g: N — R with g(n) # 0

for n large enough, we write

> f(n) = O(g(n)) if there exist positive numbers C' and ng such that |f(n)| < C|g(n)|

for all n > ny,
> f(n) =o(g(n)) if % — 0 asn — oo,

g
Df(n)wg(n)if%—)lasn—)oo.

o We always denote by “log” the natural logaritm to base e and set

— 1 alt (=1 odd — Lk oda
Hn:k;lf, H,, :;;T and H, :;;T
o The following asymptotic expansion is well-known (see e.g. Section 9 of Graham, Knuth

and Patashnik [7]):
1
Mo =log(n) +7+0 (=),

where v = 0.5772156649 . .. is the Euler-Mascheroni constant. Furthermore, we have

(see Lemma 8.1 of Aumiiller et al. [2]):
alt 1
H2*' = —log(2) + O <n> .

2.2 Input Model

When analyzing different cost measures of the dual-pivot Quicksort algorithm “Count”,
we will assume that the input sequence A = (A[l],...,A[n]) is a random permutation of
{1,...,n} (meaning that each of the n! permutations of {1,...,n} has equal probability 1/n!
to become the input). In this setting, we can choose the two outer elements as pivots, i.e.
p:=min{A[l], A[n]} and ¢ := max {A[1], A[n]}.

For the analysis of the limiting distribution of the normalized costs, it will be more con-
venient to assume that the input consists of a sequence Uq,...,U, of n independent and
uniformly on the unit interval [0, 1] distributed random variables. In this case, the input
elements are pairwise different almost surely and their ranks form a random permutation of
{1,...,n} (see e.g. Mahmoud [14, Section 1.10]).
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3 The Dual-Pivot Quicksort Algorithm “Count”

3.1 Description of the Partitioning Strategy “Count”

As already mentioned in the introduction, the number of comparisons depends on the concrete
partitioning strategy. This is different from classic Quicksort, where the number of key
comparisons during the first partitioning step is always n — 1 (since each of the n — 1 non-
pivot elements has to be compared once to the pivot). When using two pivots instead of one
single pivot, some of the n — 2 remaining elements have to be compared to both pivots. More

precisely, the following elements have to be compared to both p and g:
¢ each medium element,
¢ each small element which is compared to the larger pivot ¢ first,
¢ each large element which is compared to the smaller pivot p first.

Therefore, in order to minimize the number of key comparisons, small elements should be
compared to p first and large elements should be compared to ¢ first. Of course, we do not
know the type of an element before having it classified. Hence, we need a strategy to determine
whether the next element should be compared to the smaller pivot p or to the larger pivot ¢
first. A simple strategy would be: “Always compare to the smaller pivot p first”. However,
this strategy does not take into account that we could include the types of the previously
classified elements in our decision. For example, if all of the previously classified elements
were large, this increases the probability that the next element is also large. We will now
present the strategy “Count” which is described in Section 6 of Aumiiller and Dietzfelbinger
[1]. The basic idea of this strategy is that the next element is compared to the larger pivot
q first if and only if we have seen more large than small elements so far. We set sg =g =0
and denote by s; (I;, respectively) the number of small (large, respectively) elements among
the first ¢ classified elements (i > 1).

Strategy “Count”: If s;_1 > Il;_1, compare the i-th element to the smaller pivot p
first. Otherwise, compare to the larger pivot q first.

It can be shown (see Theorem 15.2 of Aumiiller et al. [2]) that this strategy minimizes the

expected number of key comparisons among all algorithmic dual-pivot partitioning strategies.

3.2 The Dual-Pivot Quicksort Algorithm “Count”

The following algorithm (Algorithm 1) is—slightly modified—taken from Aumiiller et al. [2,
Algorithm 1] and gives a possible pseudocode for the strategy “Count”. The only difference,
marked in blue, is that Algorithm 1 of Aumiiller et al. [2] additionally ensures that p = A[le ft]
and g = Alright] by swapping A[left] and A[right] if A[right] < Alleft].
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Algorithm 1 Dual-Pivot Quicksort Algorithm “Count”

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:

procedure COUNT(A, left, right)

if right < left then

return
if A[right] < A[left] then

p < Alright]; q < Alleft]
else

p < Alleft]; q < A[right]
i< left+1; k< right —1; j < i
d+0
while 7 < k do

if d > 0 then

if A[j] < p then
swap A[i] and A[j]

// in [2]: swap A[left] and A[right]

// in [2]: p < Alleft]; q < A[right] instead of lines 6 and 7

11+ j—j+1;,d<d+1

else
if A[j] < q then
j—i+1
else
swap A[j] and A[K]
k< k—1,d<d—-1
else

if A[k] > ¢ then

k< k—1,d+<d-1
else

if A[k] < p then

// Perform a cyclic rotation to the left, i.e.,
// tmp « A[k]; A[k] < A[j]; A[j] < Ali}; Ali] < tmp

rotate3 (A[k], A[j], Ali])
1+ i+1;d—d+1
else
swap A[j] and A[k]
jj+1
Alleft] < Ali — 1] and Afi — 1] «p
Alright] < Alk + 1] and A[k + 1] < ¢
COUNT(A, left, i —2)
COUNT(A4, i, k)
COUNT(A, k + 2, right)

// in [2]: swap Alleft] and A[i — 1]
// in [2]: swap A[right] and Alk + 1]
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The above algorithm uses three pointers i, j and k, whereby ¢ and j start at the left end
and k starts at the right end. Thus, we have the following initial state (if we assume that
Alleft] < Alright], i.e. p = Alleft] and ¢ = Alright]):

7] ? 4]
0 J k

e -+

The idea is to move the pointers so that :—1 marks the position of the rightmost small element,
k + 1 marks the position of the leftmost large element and that the elements A[j],. .., A[k]

are not classified yet. Hence, the array always has the following form:

p[ <p [p<o<a] ~

i j k

— _ -

Recall that our partitioning strategy “Count” is: “Compare the next element to q first if and
only if we have seen more large than small elements so far”. Considering that, we use a
variable d storing the difference of the number of small and large elements. When classifying

the next element, there are two possibilities:

(1) We have classified as least as many small as large elements so far (i.e. d > 0). In this
case, the next element to be classified is A[j]. According to our strategy “Count”, we
first compare A[j] to the smaller pivot p and then, if necessary, additionally to g.

> If A[j] is small (i.e. A[j] < p), it has to be swapped with A[i].
> If A[j] is medium (i.e. A[j] > p and A[j] < ¢), no swap is needed.
> If A[j] is large (i.e. if A[j] > p and A[j] > q), we need to swap A[j] and A[k].

(2) We have classified more large than small elements so far (i.e. d < 0). In this case,
the next element to be classified is A[k]. According to our strategy “Count”, we first
compare A[k| to the larger pivot ¢ and then, if necessary, to p.

> If A[k] is large (i.e. A[k] > ¢), no swap is needed.

> If A[k] is medium (i.e. A[k] < g and A[k] > p), it has to be swapped with A[j].

> If A[k] is small (i.e. if A[k] < g and A[k] < p), we perform a cyclic rotation which
has the same effect as swapping A[k] and A[j] and then swapping A[j] and A[].

In each of these cases, the pointers have to be moved as described in the algorithm. As soon
as j > k, all elements have been classified. We then swap the pivots to their final positions

and sort the three sub-arrays recursively.

10
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4 Summary of the Results

In this section, we give a short overview on the main results of this master’s thesis.

In Section 5, we will consider a Pélya urn with initially three balls of different types (one
small, one medium and one large ball). In each step, we draw a ball uniformly at random
from the urn and return it to the urn together with an additional ball of the drawn type.
We will derive some elementary properties of this modified Pélya urn model (Section 5.1)
and discuss its relation to the dual-pivot Quicksort strategy “Count” (Section 5.2). The main

result of Section 5.1 (Theorem 5.2) is the following:

Conditioned on the event “more large than small balls during the first i draws”, the

probability of drawing another large ball in the next step is exactly % forallt > 1.

Applied to the dual-pivot Quicksort strategy “Count”, this implies that once an element is
compared to the larger pivot ¢ first, there is a 50 percent chance that this element is indeed

large (see Section 5.2).

Section 6 deals with the contraction method and establishes a distributional recurrence
for the costs when sorting a random permutation with the dual-pivot Quicksort algorithm
“Count”. We then define the normalized costs by subtracting the expected values and di-
viding by n. In the following section (Section 7), we use the contraction method in order to
identify the limiting distribution of the normalized number of key comparisons in the dual-
pivot Quicksort algorithm “Count”. More precisely, Theorem 7.3 and Corollary 7.4 state the

following result:

&L%E[C"] of key comparisons in the dual-pivot Quicksort

The normalized number C;, =
algorithm “Count” when sorting a random permutation of {1,...,n} converges in
distribution and with second moments to a random variable C* whose distribution
L(C*) is implicitly characterized by a stochastic fized point equation. Moreover, as

n — 0o, we have
Var(C,) ~ o2 n?,

where o3, = 189 — 2172 4 3 ]og(2) = 0.241691110. . ..

The results concerning the Pélya urn model of Section 5 are used in Section 8 to show that the
average number E[S,] of swaps in the dual-pivot Quicksort algorithm “Count” when sorting

a random permutation of {1,...,n} is
3 3
E[S,] = anog(n) + An + 1 log(n) + O(1),

where A = —% + 3y — & log(2) = —0.40174561 ... and n — co. In fact, we even obtain an

exact result for the average number of swaps (see Theorem 8.1). We then use the contraction

11
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method again in order to obtain a limiting distribution of the normalized number of swaps
from which we can compute asymptotic variances (see Theorem 8.3 and Corollary 8.4):

The normalized number S, = S”+E[S"} of swaps in the dual-pivot Quicksort algorithm
“Count” when sorting a random permutation of {1,...,n} converges in distribution
and with second moments to a random variable S* whose distribution L(S*) is im-
plicitly characterized by a stochastic fixed point equation. Moreover, as n — 00, we

have
Var(S,) ~ o2 n?,

where 0% = 4% — 27? + 2 log(2) = 0.118873802. . ..

Subsequently, in Section 9, we analyze the correlation between the number of key comparisons

and the number of swaps by using the bivariate contraction method and obtain the following

result (see Corollary 9.2):

The covariance between the number C, of key comparisons and the number S, of
swaps in the dual-pivot Quicksort algorithm “Count” when sorting a random permu-
tation of {1,...,n} is

Cov(Cn,Sy) ~ oc,51%,

where oc,5 = g—g - %7‘(’2 + % log(2) = 0.0506397663 ... and n — co. Moreover, we

obtain that the correlation between C, and S, s, as n — oo,

Cov(Cp, Sn)
Corr(C,, S,) = ~ 0.208755. ...
orx( ) /Var(Cy)/Var(Sy)

Finally, we will compare our results to classic Quicksort and YBB Quicksort and we will

perform a simulation study in “R” in order to experimentally validate our results.

12
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5 A Related Pélya Urn Model

In this section, we will establish a connection between dual-pivot Quicksort and a (modified)
Pélya urn model. Thus, we can obtain results concerning dual-pivot Quicksort by analyzing

the Pélya urn model.

5.1 Description of the Model and First Results

Imagine the following (modified) Pélya urn model. At the beginning, the urn contains three
balls: one small, one medium and one large ball. We now draw a ball randomly from the urn,
return it to the urn and additionally add a ball of the drawn type to the urn. We then repeat
this selection procedure. For each i > 0, let S;, M; and L; denote the numbers of small,

medium and large balls added to the urn during the first ¢ draws (i.e. So = My = Lo = 0 and

S; + M; + L; = i for any i > 0).
O XY
OOOOO OOOOO OOOOO

FIGURE 2: A possible evolution of the Pélya urn during the first four steps. The corresponding drawn
types in this example are large (®), small (), small () and medium (®), which means
that we have (Sy, My, Ly) = (2,1,1).

By a short combinatorial argument, the distribution of (S;, M;, L;) is easily determined:

LEMMA 5.1. For any i, s, m, £ € Ng with s + m + £ = i, we have

2
P(S; =s,M; =m,L; =1{) = G+ D(+2)

i.e. (Si, My, L;) is uniformly distributed on the set {(s,m,0) € N3 |s+m +{=i}.

Proof. There are ( ;n ) = ﬁ'w ways of arranging s small, m medium and ¢ large elements.

Any fixed order occurs with probability

1-...-8-1-....m-1-...-¢ slm! el
3-4-...-(i1+2) T (i+2)

Hence, we conclude

(i+2)!  (i+1)(i+2) =

) 1) P!
P(SZZS,MZ:m,LZ:£)2< ? ) Smﬁ 2

s, m,

13
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The main result of this section is the following: Conditioned on the event “more large than

small balls after ¢ draws”, the probability that the next ball is large is exactly %

THEOREM 5.2. For any ¢ > 1,

1
P(Li-i-l :Li—i-l‘Li > Sz) = 5

The proof of Theorem 5.2 is prepared by the following two lemmas. We first compute the
probability that the urn contains more large than small balls after ¢ > 1 draws. Clearly, this

probability should be near % if the number ¢ of draws is large.

LEMMA 5.3. For anyi > 1,

P(Lz > SZ) = {2(7»:‘1)’ ZfZ 18 even,
2(2;;12)’ if i is odd.

Proof. First, by Lemma 5.1 and the law of total probability, we have

m=0

T—m

:mzz:OIP’<M,-:m,SZ~:Li: 5 )

i
2
= Z IL{zfm even} 7= | 1\/7 1L o)
= (i4+1)(i+2)

. 2 2 _ 1 . ..
:{Hz—'(zdrl)(HQ)_iJrl’ if 4 is even,

. 1 2 o 1 . . .

%.m_m, if 7 is odd.

Due to symmetry, we obtain

1 SR if 4 is even,
P(L; > S;) == P(L; # S;) = 2G+T)
2 ey if 4 is odd,
which finishes the proof. O

The following lemma computes the probability of the event “we have more large than small

balls after ¢ draws and the next ball is large”.

14



A Related Pélya Urn Model

LEMMA 5.4. For anyi > 1,

if i is even,

i
P(Liy1 = L; +1,L; > S;) = {4(z+1)

4(’;‘:12), if 1 is odd.

Proof. Since {L; > S;} = O U {Si=s,M; =i—s—{,L; =1}, we obtain from the law of

s<€ 1
total probability

(‘\

]P)(Li+1:Li—|—1,Li>S Z Z 1+1:Li—l—l,si:S,Mi:l’—s—g,Lizg)

/=1 s=0
s<l—1

)

= Z P(S;i=s,M;=i—s—0,Li=0)P(Liy1 =L; +1|S; =s5,M; =i—s—{,L; =)

s=0
s<€ 1
< (41
= z—i—2) i+3
s<€ 1
L (5 0 3
= = . (0+1)+ (t—0+1)(+1)
@+ 1)@ +2)(i+3) =[i/2)+1

L if ¢ is odd.

{4(1.11), if 7 is even,
4(i+2)°

The last step follows from the well-known identities Z k= ( ) and Z k? = w
k=1 k=1
for n > 1. ]

Proof (of Theorem 5.2). The desired equality now follows directly by combining Lemma 5.3
and Lemma 5.4. O

Hence, we have shown that conditioned on the event “more large than small balls after i
draws”, the probability that the next ball is large is exactly % In addition to this, we will
also need the probability of the event “we have more large than small balls after i draws and

the next ball is small”.

LEMMA 5.5. For anyi>1,

]P)(LZ > Si, Si+1 = Sl + ]_) — 112(z+1)(1+3)7
12

if © is even,

if © is odd.

15



A Related Pélya Urn Model

Proof. Just as in the proof of Lemma 5.4, we obtain from the law of total probability

7 i—0
P(Li > Si,Sis1=Si+1)=>_ > P(Si=sM=i—s—0,Li=1{S841=25+1)
6213%791
7 1—f
= YN P(Si=sMi=i—s—0Li=0PSi1=8+1S=s,M=i—s—LLi=10)
/=1 s=0
s<t—1
7 1—f
_ 2 s+1
= = i+ 1)(i+2) i+3
s</—1

2 W2 pe+ 1) (il D)(i—+2)
(i+1)(i+2)(i+3)(z IR 2

=1 e=li/2)+1
i(i4+4 o
_ W, if ¢ is even,
%v if ¢ is odd.

5.2 Relation between the Pdlya Urn and Dual-Pivot Quicksort

For a fixed n > 2, let V) = ((S}, M, L;))ng’gn—2

evolution of the numbers of small, medium and large elements when partitioning a random

denote the stochastic process describing the

permutation of {1,...,n} with the strategy “Count”. To be more precise, we denote by S,
M/ and L] the numbers of small, medium and large elements after having classified ¢ elements
with the strategy “Count” (0 < ¢ < n —2). Then, the process V,, has the same distribution
as the stochastic process V;, = ((S;, M;, Li))0<i<n—2

of types in the previously introduced Pdélya urn model with n — 2 draws. The idea is that in

describing the evolution of the numbers

both models, the probability of a concrete path v, = ((si,m;,¢;)) depends only on

0<i<n—2
the final values s,,_9, m,_2 and £, .

LEMMA 5.6. For v, = ((si,m4,4;)) € (N3)" 1, we have

0<i<n—2

Proof. T vy, = ((si,mi,4i)) geye,,_o 18 @ possible realization of V,; (meaning that the probability

P(V,) = v,) is positive), we have

P(Vé = Un) = P(( 7,7,—2, 7,1—2, ;—2) = (5n72amn—2,€n72))

’ ]P)(V’ri = Un | ( ;7,—2a 7,7,—2a L’//'L—Q) = (Sn*% mn727£n*2))'

As (S),_o, M) _5, L, _5) = (Sn—2, Mn—2,ln_2) is equivalent to “the pivots are s,_o + 1 and

16



A Related Pélya Urn Model

Spn—2 +mu_o+ 27 the first factor equals ﬁ Moreover, once we condition on the final values
2

Sp—o = 8n—2, Mj,_5 =myu_2 and Lj,_y = {,_5, every of the possible (, " =, ) paths

is equally likely. Hence, we get

1 1 _olmy, 9! ¥, _5!
]P’(Vlzvn)zf- :25n2mn2 n2.

=3
" g) (sn727 7:74171727 Z71,72) n'

On the other hand, the proof of Lemma 5.1 shows that

Sp—2!mp_a!l, 5!

P(Vy, = vp) = 2

n!

as well. Thus, both processes have the same distribution. ]

We note that the proof of the preceding lemma uses arguments similar to those in the proof
of Lemma 3.1 and Lemma 11.2 in Aumiiller et al. [2]. Also Section 2.4.7 of Wild’s Ph.D.
thesis [23] characterizes the relation between dual-pivot Quicksort and the Pélya urn model.
In the remainder of this section, we will apply the results from Section 5.1 to the dual-pivot

Quicksort strategy “Count”.

For n > 2, let S;f, M,} and L} denote the numbers of small, medium and large ele-
ments compared to ¢ first when partitioning an input sequence of length n with the strategy
“Count”. Recall that we compare an element to the larger pivot ¢ first if and only if we have

classified more large than small elements so far. The following graphic (Figure 3) illustrates
the definition of S;'.

difference of large
and small elements

4 4

e

number of
classified elements

'
= O = N W
L

FIGURE 3: Path describing the sequence of classified types: Small elements correspond to down-steps,
medium elements to horizontal steps and large elements to up-steps. The next element is
compared to ¢ first if and only if the path is above the horizontal axis. Thus, S,I counts
every down-step above the horizontal axis (colored in pink).

The following lemma shows that the expected value of S;" + M, equals the expected value of
L;}. This means that on average, we have just as many large elements which are compared

to ¢ first as small or medium elements which are compared to ¢ first.

17



A Related Pélya Urn Model

LEMMA 5.7. For any n > 2, we have

E[S} + M} — L] = 0.

Proof. The relation of Lemma 5.6 between dual-pivot Quicksort and the Pdolya urn implies

n—3
+ 4
Sn - Z :H'{Li>si7 Sit1=25;+1}>

=1

n—3

+
Mn Z :H'{Li>S¢, M1 =M;+1}>
=1

N

n—3
+ 4
Ln - Z :H‘{Li>5'7;, Li+1 :Li—‘rl}'

i=1

Thus, using Theorem 5.2, we obtain

E[Sy + M, — L]
n—3
= Z P(L; > Si, Sit+1 =95+ 1) + P(Li > Si, Miy1 = M; + 1) — P(Li > S, Liy1=L;+1)
=1
n—3
=Y P(Li > 8)(P(Lips = Li| Li > 8;) = P(Liy1 = Li + 1| Li > S5))
=1
= 0.

LEMMA 5.8. For any n > 2, we have

Proof. Using Lemma 5.5, we obtain

n—3
E[S;] =E [Z :H'{Li >S5, Sig1=25;+1}
=1
n—3
= ZP(LZ‘ > Si, Sig1 =5 +1)
=1
n—3 .0
i(i+4) 1 )
=> (1y . . + 15 odd} =
{i even} {i odd}
2 ( 1200+ 1)(i + 3) 12
1 7 1

—n— + .
12 24 8(?’L - ]l{n even})

Note that the last step follows easily by induction on n. O
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The Contraction Method

6 The Contraction Method

Introduced in 1991 by Uwe Rosler [17], the contraction method is a useful tool when analyzing
random recursive structures and algorithms. As the application of the contraction method to
dual-pivot Quicksort has already been worked out in Section 4 of Wild, Nebel and Neininger

[25], most results of the remainder of this section can be found there.

6.1 A General Convergence Theorem

This section presents a convergence theorem which we will frequently use in the following
sections. The results can be found in Rosler [18] for the univariate case and in Neininger [16]

for the multivariate case.

Let X be a centered, square-integrable random variable in R% (d > 1). We assume that
there exist K > 1, square-integrable random d x d matrices Aj,..., Ax and a centered,

square-integrable d-dimensional random vector b such that

K
XL34,.x0 1p, (1)

r=1

where X X&) and (Ay,...,Ak,b) are independent and X ) is distributed as X for

all 7 € {1,..., K}. We denote by [|B|,, := sup [ Bzl the operator norm of a matrix B and
[l =1

by B! the transposed matrix. Then, Lemma 3.1 in Neininger [16] implies the following result.

K
THEOREM 6.1. If }© E[||ALA,[|,,] < 1, then there is a unique solution L(X) to (1) among
r=1

all centered, square-integrable distributions.

The idea is to see the stochastic fixed point equation (1) as a map within the space of
probability distributions on R%. Restricted to the space of all centered, square-integrable
distributions, this map is a contraction with respect to the £s-metric. A proof of this assertion
can be found in Neininger [16, Proof of Lemma 3.1]. As the space of the centered probability
measures on R? with existing second moments is a complete metric space with regard to the

fo-metric, the Banach fixed point theorem implies the existence of a unique fixed point.

Now, let (X,,)n>0 be a sequence of random variables in R or R? satisfying the distributional

recursion
K
d
Xty APX, 0 0> n, (2)
for some ng > 1 and K > 1. We assume that 1™ = ( fn), . .,Igg)) is a vector of random
integers in {0,...,n}. In the univariate case, A™ and b™ are real-valued random variables

)

and in the bivariate case, Aﬁn is a 2 x 2 matrix for all » € {1,..., K} and b(™ is a random

vector in R2.
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The Contraction Method

Moreover, we assume that the following conditions are satisfied:

o (X](-l))ogjgn, cey (XJ(K))OSan and (Agn), . .,A%),b("),f(”)) are independent for all
n > ng.

o Xj(r) has the same distribution as X for all r € {1,..., K} and j > 0.

o X, Aq(an) and b("™ are square-integrable for all n and r € {1,..., K}.

o For all n >0, X,, and b(™ are centered, i.e. E[X,,] = E[b(™] = 0.

Under these assumptions, we have the following general convergence theorem, see Theorem
4.1 of Neininger [16]:

THEOREM 6.2. Let (X,,)n>0 satisfy the distributional recursion (2). In addition to the

preceding assumptions, we assume the following conditions:

(A1) (A, AW b0y 25 (A Ak b) asn— oo

K
(42) T E[JALA],) <1

(n)yt 4(n)
(A3) E{l{lﬁ’l)ge}u{ﬁ"):n} H(Ar ) Ar Op} —0asn— o0, for{ >0 andre{l,...,K}.

Then, the sequence (Xp)n>0 converges in by to some random variable X, where L(X) is the
(among all centered, square-integrable distributions) unique solution of (1). In other words,

the sequence (Xy)n>0 converges in distribution and with second (mized) moments to X.

6.2 Preliminary Considerations

In the following sections, we will assume the input to be a sequence Uy, ...,U, of n inde-
pendent and uniformly on [0,1] distributed random variables. This is in accordance with
our input model as the ranks of Uy, ..., U, form a random permutation of {1,...,n}. Note
that the order given in the input sequence is not necessarily the order in which Algorithm 1
processes the elements. However, we do not change the distribution of the costs if we assume
Uy and Us to be the outermost elements and if we assume Us, Uy, ..., U, to be the sequence of
the remaining elements in the order in which they are read by Algorithm 1. As in the previous
sections, the two outermost elements U; and Us are chosen as pivots, i.e. P = min{Uy,Us}
and @ = max{U;,Us}. We now denote by D = (D1, Dy, D3) the “spacings” between the

pivots on the unit intervall. More precisely, we set (see Figure 4)
D = (Dy,D2,D3) = (P,Q — P,1-Q),

which means that D contains the probabilities for an element to be small, medium or large,
respectively. Obviously, we have Dy + Do 4+ D3 = 1, so that Ds is determined by Dy and D».
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It can be proven (see e.g. David and Nagaraja [5], p. 133f) that (D;, D3) has the following
density:

2, forz,y>0and z+y <1,
f(Dl,D2)<x7y) =

0, otherwise.

For a measurable function g : [0, 1]> — R with E[|g(D1, D2, D3)|] < 0o, we therefore have

1 11—z
Elg(D1, Do, D3)] = 2/0 /0 9(z,y,1 -2 —y) dy da. (3)
Dy Dy Ds
r . —
0 P Q 1

FIGURE 4: The Definition of D = (D1, Do, D3)

In what follows, we denote by 1" = ( 1(n), Izn), én)) the numbers of small, medium and large

elements of the input sequence. It is easy to determine the marginal distribution of I fn), 12(”)

and Ién).

LEMMA 6.3. The sizes I§n), I2n) and Ién) of the three subproblems are identically distributed

with
_n—k:—l

(3)
forr e {1,2,3} and k € {0,...,n —2}. Furthermore, we have

n—2
3

E[("] =

for allr € {1,2,3}.

Proof. We just consider the case r = 1 as the cases » = 2 and r = 3 follow similarly. The
number I £n) of small elements is determined by the rank of the smaller pivot element P. More
precisely, {IYL) = k} = {rank(P) =k + 1} = {rank(P) =k + 1,rank(Q) € {k+2,...,n}}
for k € {0,...,n — 2}. Hence, there are (;L) possibilities to choose the two pivots and n—k—1
possibilities to choose the pivots such that we have exactly k small elements. The rest follows

directly by using the fact that I{n) + Ién) + I?(’”) =n-2. O

As already mentioned, given D = (dy, d2, d3), the probability that an element is small, medium
or large is di, dy or ds, respectively. Since the random variables Uy, ..., U, are independent,
we get: Given D = (di,da,ds), the vector I™) is multinomially M(n—2;dy,ds,ds) distributed.
We write

L(I™Y) = M(n —2; Dy, Dy, D3).
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Since we will use the contraction method in the following sections, we already state two

convergence lemmas.

LEMMA 6.4. For any r € {1,2,3}, we have

™
n

— D,

as n — 00, both almost surely and in Lo.

Proof. Recall that given D = (dy, da, d3), I is multinomially M (n—2;dy, do, d3) distributed.

Therefore, conditioned on D = (di,ds, d3), L converges to d, almost surely by the strong

e

law of large numbers (r € {1,2,3}). It follows for r € {1, 2,3}:

"
P( lim - D, | =E|1 - —E E{n )
n—oo m { tim Z—=p,} { tim Z—=p,}

n n

(n)
From the dominated convergence theorem, we also get Lo-convergence (note that both I’ﬁ
and D, are in [0, 1]):
. " 2 e 2
s e | (55 -0)] =2 (55 )| =0 .

LEMMA 6.5. For any r € {1,2,3}, we have

1
log ( ) — D, log(D,)
n n

as n — 0o, both almost surely and in Lo.

Proof. The almost sure convergence directly follows from Lemma 6.4 and the continuity of
the function z — xlog(x) on [0, 1] (with the convention 0log(0) := 0). The Ls-convergence
follows as in the proof of the previous lemma from the dominated convergence theorem (note
that the function = — zlog(z) is bounded on [0,1]). O

6.3 The Dual-Pivot Quicksort Recurrence

In what follows, we will analyze different cost measures of the dual-pivot Quicksort algorithm
“Count”. Let C,, denote the costs when sorting a random permutation of {1,...,n} with
the dual-pivot Quicksort algorithm “Count” and let 7;, denote the costs during the first

partitioning procedure. We have

C, =T, + costs for the three subproblems.
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Let I(™ = (Iln), én), 3(,")) denote, as previously, the sizes of the three subproblems. Hen-

nequin [8] showed the following implication:

If the input is a random permutation of {1,...,n} and if every key comparison
involves a pivot element of the current partitioning step, then the subproblems are

also random permutations of their elements.

This implies that the ranks of the elements of each subproblem again form a random permu-
tation. Moreover, conditional on their sizes, the three subproblems are independent of each

other. Thus, for n > 2, we obtain the following distributional recursion:
d N )
T
Cn = Z C[(m + T, (4)

r=1 "

where (C](-l))ogjgn, (03(2))035”, (Cj(g))ggjgn and (T, I™) are independent and CJ(-T) is dis-
tributed as C; for r € {1,2,3} and j > 0.

6.3.1 The Recurrence for the Expected Costs

In particular, for n > 2, we get the following recursive form for the expected costs:

iM]+JEu%L

3
E[C,] = >_E[CD)] + E[T,] = 3 E[C,
r=1 "

Conditioning on the size of the first subproblem and using Lemma 6.3 yields

n—2 n—2
E[Cy0] = E[E[C,m 1] = 3 B = K)E[Cy] = Y- " — ‘(ff)‘ “E[Cy].
k=0 k=0 2

Hence, the expected costs satisfy E[Cp] = E[C] = 0 and the following recurrence for n > 2:

n—2
E[C,] =~ 3" (n— k ~ )E[CY] + E[T,)].

n(n—1) =
This recurrence has already been derived and analyzed before (see e.g. Section 4.2 of Wild’s
master’s thesis [22]). In Section 4.2.1 of [22], Wild presents an elementary derivation of the
closed form of E[C},] and obtains the following result for n > 4:

1G] =5 32 (3) 2 (Bl - 2E5Eml + 20 )

Jj=3

(E[T4] 4 ;E[Tﬂ) .
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6.3.2 The Recurrence for the Normalized Costs

We now define the normalized costs as Cj = 0 and

C, — E[C),]

Cr =
" n

for n > 1.

Thus, (C})n>0 is a sequence of centered, square-integrable random variables. Using (4) leads

to the following distributional recurrence for C} (n > 2):
x d *(r
o Z AT + 0,

where (C;(l))ogjgn, (C;(Q))ogjgn, (C*(g))0<]<n and (b(™, () are independent and C*(r) i

distributed as C7 for r € {1,2,3} and j > 0,

n) 3
n Ir n ]- n
AP == and b0 =~ (Tn — E[C.] + §_1:E[C],gn>u£ >]> :

In order to use the contraction method (Theorem 6.2) later, it will be necessary to determine

the limit of b(®). Therefore, we will need the following result.

LEMMA 6.6. If there exist constants A and B such that E[C,] = Anlog(n) + Bn + o(n) as

n — oo, then

3 3
n L
- (—E[Cn} +> :E[C’Iﬁmlﬁ >]> % AY" D, log(D,).

r=1

3
Proof. Using that e {0,...,n — 2} and the fact that ) i =n— 2, we obtain

r=1
1 3
- <—E[Cn] + D ElC;m |Ir(")]>
r=1
1 3
= <—An log(n) — Bn —o(n) + Z (A]T(n) log(I™) + BI(™ 4+ o([ﬁn)))))
r=1
= —Alog(n +AZ M)y 4 o(1)
3 n) (n) 3 r(n)
I Iy Iy
= —Alog(n )—I—AZTlog( n) + o(1)
r=1
3 7(n) (n)
r I;
_A?; - log )+0(1).
The assertion now follows from Lemma 6.5. L]
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7 Analysis of the Number of Key Comparisons

We will first analyze the distribution of the number of key comparisons. For this, we denote
by C, the number of key comparisons of the dual-pivot Quicksort algorithm “Count” when
sorting a random permutation of {1,...,n} and by T¢(n) the number of key comparisons

during the first partitioning step.

7.1 The Average Number of Key Comparisons

Theorem 12.1 of Aumiiller et al. [2] contains an exact result for the expected value of C,, for

n > 4:
9 1 89 67 3 83 (—1)"
ElC.] == - alt 2 gqalt P2 N
(Cnl =gnHn = gny” = gent ot = oM ~ 500 T 1o

l{n even} 1 3 ]l{n odd} 3 1
320 <n—3+n—1>+ 320 <n—2+n>'

Plugging in the asymptotic expansions of H,, and H¥, we obtain the following result.

THEOREM 7.1. The average number of key comparisons in the dual-pivot Quicksort algo-

rithm “Count” when sorting a random permutation of {1,...,n} is

9 67
E[C,] = gnlog(n) + An + 0 log(n) + O(1),

where A = 2y + Llog(2) — 52 = —2.38238236... and n — cc.

7.2 Distributional Analysis of the Number of Key Comparisons

As discussed in Section 6.3, the number C,, of key comparisons satisfies the following distri-

butional recurrence for n > 2:

3
Co = Z (n) +To(n

where (C](-l))ogjgn, (CJ('Q))OSjgna (Cj(g))ogjgn and (Tc(n), I™) are independent and ij is

distributed as C; for r € {1,2,3} and j > 0. We now set C; = 0 and

Cn — E[C,]
n

C, =

n

for n > 1.

Just as in Section 6.3.2, we obtain the following distributional recurrence for the normalized

number C of key comparisons (n > 2):

it ZA“”C o 06,
r=1
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where (C;(l))OSjgm (C;(z))ogjgn, (C;(S))ogjgn and (bg?),f(")) are independent and C;(T) is

distributed as C; for r € {1,2,3} and j > 0,

(n) 3
n I n ]- n
A =T and b = - <To(n) —E[Ca] + Y E[C |1 >]> .

r=1
In order to apply Theorem 6.2, we have to check the following three conditions:

(A1) (A, A5 A by L5 (Ay, Ay, As,be) as n — oo,

(A2) S E[A?] <1.

r=1
(A3) E{l{l(mq}u{[("):n}(A’(”n))ﬂ — 0 for £>0,r€{1,2,3} and n — .

n ()
(A1l): As we have already shown in Lemma 6.4, A = ]TT

converges in Lo to A, := D,
for r € {1,2,3} and as n — co. Furthermore, according to Lemma 6.6 and Theorem 7.1, as

n — 00, we have

1 5 . 9
- (—E[Cn] + Y ElC, oI >]> REN - > D, log(D,).

It therefore remains to show the convergence of %Tc(n). Recall that S;F, M,F and L;}} denote
the numbers of small, medium and large elements which are compared to the larger pivot ¢

first. The number T(n) of key comparisons during the first partitioning phase includes
¢ 1 comparison for the pivots Uy and Us,

o 2 [2(n) comparisons for the medium elements (each medium element has to be compared
to both pivots),

o Ifn) + S, comparisons for the small elements (each of the S, small elements which are

compared to ¢ first have to be compared to both pivots),

o 21'3()”) — L comparisons for the large elements (each of the Ig(,n) — L large elements

which are compared to p first have to be compared to both pivots).

Altogether, using I{n) + Ién) + Ién) =n — 2, we obtain

Tem)=1+T1" +21 421 45— Lt =n—1+ 1" + 1" + S — L}

and

Te(n) n—1 IV +I§") LSEo L
n n n n n n

(n)
From Lemma 6.4, we get the Lo-convergence ITT — D, as n — oco. The convergence of the

.. + + . . . .
two remaining terms ST” and LT" is examined in the following lemma.
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LEMMA 7.2. Asn — oo, we have

S

n

Ly

L
o —2> ]1{D3>D1} D3.

L L
=2 H{D3>D1} Dy, Tn = ]l{D3>D1}D2 and

Proof. We define the stochastic process W = (W;);>0 by Wy := 0 and

(2
Wi = Z (]l{the j-th classified element is large} — ]l{the j-th classified element is small})
j=1
for ¢ > 1. In other words, W; holds the difference of the number of large and small elements
after having classified ¢ elements. Given D = (d;,ds2,ds), W is a random walk on Z with the

following transition probabilities for ¢ > 0, =,y € Z:

dq, ify=x-—1,

d27 1fy =z,
P(Wit1 =y |W; =2,D = (di,d2,d3)) =

ds, ify=ao4+1,

0, otherwise.

The following graphic (Figure 5) shows a possible realization of the first steps of W.

difference of large
and small elements

4 4

.~

number of
classified elements

'
= O = N W

FIGURE 5: A possible evolution of W. Given D = (di,ds2,ds), W goes one step down with probability
dy, stays at its current state with probability do and goes one step up with probability ds.

We now distinguish between two cases:

(1) If dy < ds, the random walk W has a positive drift. From the strong law of large
numbers, we obtain that in this case, W drifts to 400 almost surely. We conclude that
on {D3 > D}, there exists almost surely some random ny € N such that W; > 0 for all
i > no (which means that from index ng on, we always compare to ¢ first). Therefore,
the following estimates hold on {Ds > D, }:

I}n) —no S+ Il(n)

n n n

Since both the term on the left-hand side and the term on the right-hand side converge

+
to D almost surely, we get that 57" converges to D; almost surely on {D3 > D1 }.
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(2) If dy > ds, the random walk W has a negative drift and, by the strong law of large
numbers, drifts to —oo almost surely. Hence, on {D; > D3}, there exists almost surely
some random ng € N such that W; < 0 for all ¢ > ng. As a consequence, the following

estimates hold on {D; > Ds}:
S

n

S+

no

0< <

Z-
+
Hence, we obtain that 57" converges to 0 almost surely on {Ds > D1 }.

Finally, we conclude that

S-l— + -l— +
~ = Upyspiy -+ Lpg<nyy -+ Lipg=pi} = = Lipg>pyy D1

almost surely as n — oo. The Lo-convergence again follows from the dominated convergence
theorem. With the same arguments, we also obtain
M L, LY 1

Tn — 1{D3>D1}D2 and 7 =2 1{D3>D1}D3' O

It follows as n — oo

TC n) L .
TE) —% 14 D2+ D3 + 1p,>py D1 — Iyp,>p,y D3 = 1+ D2+ min {Dy, D3} .

Remark: Intuitively, the limit is not very surprising. Every element needs to be compared
at least once, each medium element has to be compared twice and the term min {Dy, D3}
contains the additional comparisons for the small and large elements which are compared to
the “wrong” pivot first: If D3 > D;, almost all elements are compared to ¢ first and we have
additional comparisons for almost all small elements. If Dy > Dg, on the contrary, almost all el-

ements are compared to p first and we have additional comparisons for almost all large elements.

Altogether, we obtain as n — oo

(A(ln),Aé”),A( n) b(n)) Ly (Dl,DQ,Dg, ZD log DT)+1+D2+min{D1,D3}).

(A2): The “spacings” D1, Dy and Dj are identically distributed with distribution function
P(D; < 2) = P(min {U;,Uz} < z) =1 — (1 — 2)? = 22 — 22 for x € [0,1]. Thus, D; has the
density function 2(1 — )1 ,¢(0,1]). We therefore have

3
1
> E[A7] =3 E[D} —3/21—3:) 2dx—§ < 1.

r=1

(A3): For any £ > 0 and r € {1,2,3}, we have (A( )) < 1 and therefore, as n — oo,
B[ 0 cepo ) (A7) S PU <0 0
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We can therefore apply Theorem 6.2 and obtain the following result.

THEOREM 7.3. The normalized number C; = C"+E[C”] of key comparisons when sorting a
random permutation of {1,...,n} with the dual-pivot Quicksort algorithm “Count” converges
in distribution and with second moments to a random variable C* whose distribution L£(C*)
is the (among all centered, square-integrable distributions) unique solution of the following

equation:

3 3
¢+ 43" D,c 4 i; D, log(D,) + 1+ Dy + min {Dy, Dy},

r=1

where C*V), ¢*@) ¢*) gnd (D1, Do, D3) are independent and Cc*(") s distributed as C* for
re{1,2,3}.

Considering that the convergence holds as well for the second moments of C;;, we can asymp-

totically compute the variance Var(C,) of the number of key comparisons.

COROLLARY 7.4. Asn — 00, we have
Var(Cy,) ~ & n?,

where o3, = 18 — 272 4 3 log(2) = 0.241691110. . ..

Proof. By definition of C;;, we have
1 1 * * *\2
3 Var(Cp,) = 3 Var(nC; + E[C,]) = Var(C})) = E [(Cn) } ,

which converges to E[(C*)?] as n — oo by Theorem 7.3. In order to compute E[(C*)?], we set

3
bo = % 21 D, log(D,) + 1+ Dy + min {Dy, D3} and obtain

- )
E[(C*)?] =E (Z D,C*") 4 bc> ]
r=1
[/ 3 2 3
—E (Z D,,c*<7”>> +2E |be > D,C*" | +E[bE]
r=1 r=1
r3 3
=E Y DX +E | DD, | + 23 E[D,bc]E[CTM)] + E[bE]
Lr=1 r#Ss r=1

E[DJIE[(C*")?] + E[b¢]

I
NE

1

E[(C*)?] + E[bZ].

M\Hﬁ
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Solving for E[(C*)?] and using (3) and a computer algebra system, we find

3 2
E[(C*)?] =2 E[pZ] =2 E (i > D,log(Dy) + 1+ D + min {Dl,D3}>
r=1

1609 27 , 3
= 2e 0 y00(9) = 0.241691110 .. .
300 50" T 10082 ’

which provides the above result. O

7.3 The Existence of a Smooth Density

In this section, we will show that the limit C* of the normalized number C;; of key comparisons
has a bounded and infinitely differentiable density function. To this end, we use a general
theorem of Leckey [13] which is based on techniques of Fill and Janson [6]. Note that the

limit C* satisfies the following distributional equation:

c* L3 4,650 b,

r=1

where ¢*M, ¢*2) . and (A1, Ag,...,bc) are independent, Cc*(") is distributed as C* for
r>1, A, = D, forr € {1,2,3}, A, =0 for r > 4 and bo = %ZleDrlog(Dr) +1+4+ Dy +
min {D;, D3}. Following Definition 4.1 of [13] with m = 1, we denote by o/™** and a**° the
two largest elements in (A, ),>1 and say that conditions (B1)—(B5) hold if for all r > 1:

(B1) P(a™®* > a) =1 for some constant a > 0,

(B2) P(a*° < z) < Az for some A\, v > 0 and all > 0,
(B3) P(4, <1) =1,

(B4) P(C* =¢) < 1 forall c € R,

(B5) P (2 Tia e > 1) > 0.

Theorem 4.2 of Leckey [13] with m = 1 then implies:

THEOREM 7.5. If conditions (B1)—(B5) hold, then C* admits a bounded density function
feC*R).

As can easily be seen, the above conditions are satisfied:

(B1) We set, for example, a = % As D1+ Dy + D3 = 1, we obtain that

1
P(a™® > a) = P(max {D1, Dy, D3} > g) = 1.
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(B2) We set, for example, A = 12 and v = 2. Since Dy + Dy + D3 = 1, we also have
min { D1, Dy, D3} + o 4+ max { D1, D2, D3} = 1 and obtain for z € (0, %)

P(a**° < z) < P(max {Dj, Dy, D3} > 1 — 2x)

:]P)({Dl > 1—2%}U{D2 > 1—2%}U{D32 1—21’})

<3P(D; >1—2z)

=3 P(min {U1,Us} > 1 — 2z) = 3(22)* = 122% = ",

For = > %, the inequality holds trivially.

(B3) Obviously, we have A, <1 for all r > 1.
(B4) For all ¢ € R, we have P(C* = ¢) < 1 since the variance Var(C*) is positive.
(B5) follows directly from the fact that D, Dy and D3 are in (0, 1) almost surely.

Thus, Theorem 7.5 implies the following result.

THEOREM 7.6. The limit C* of the normalized number C; = C"+E[c"] of key comparisons in
the dual-pivot Quicksort algorithm “Count” admits a bounded density function fo € C°(R).

8 Analysis of the Number of Swaps

We now come to the analysis of the number of swaps. Usually, the term swap describes the
exchange of the values of two variables. Recall that in addition to the swap-operations (see
lines 13, 19, 31, 33 and 34 in Algorithm 1), we also use rotate3-operations in order to move

elements around (see line 28 in Algorithm 1).

1: procedure SWAP(x, y) 1: procedure ROTATE3(z, y, 2)
2: tmp < x 2 tmp < x
3: Ty 3: x4y
4: Yy < tmp 4 Y <=z
5 zZ < tmp

This raises the question of how we should count the number of rotate3-operations in terms of
the unit swaps. As Wild suggested in his Ph.D. thesis [23, Section 3.2.2], we could consider
a different unit of cost—the number of write accesses to the array—instead of counting the
number of swaps. One swap exactly needs two write accesses whereas a rotate3-operation
needs three write accesses to the array. In the following, we will therefore count a rotate3-

operation as 1.5 swaps.
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Remark: Instead of using the rotate3-operation in line 28 of Algorithm 1, we could also use
two swap-operations. However, this would increase the number of write accesses to the array

since two swap-operations need exactly four write accesses.

For any n > 0, let Tg(n) denote the number of swaps during the first partitioning step and
let S,, denote the total number of swaps in the dual-pivot Quicksort algorithm “Count” when

sorting a random permutation of {1,...,n}.

8.1 The Average Number of Swaps

For n > 2, the number Tg(n) of swaps during the first partitioning step includes

oI fn) + % S, swaps for the small elements (since there is one swap for each small element
compared to p first and a rotate3-operation, i.e. 1.5 swaps, for each small element

compared to ¢ first),

o 13()") — L;} swaps for the large elements compared to p first,
o M,T swaps for the medium elements compared to ¢ first and

© two swaps at the end in order to bring the pivots to their final positions (both line 33

and line 34 of Algorithm 1 need two write accesses to the array).

Adding this up, we obtain
n n 1
Ts(n):zﬂf)+I§)+§S:+M;—L,t. (5)

It therefore follows from Lemma 5.7, Lemma 5.8 and Lemma 6.3 that, for n > 2, the expected

number of swaps during the first partitioning step is

n n 1
E[Ts(n)] = 2+ E[I"] + E[I5”] + E[S; + M, — Lf] - SEIS;]
_op 22 g (L, T :
- 3 3 2\ 12" 7 24 T 8(n — 1 oven})
1 1
= nt - (©

8 16 16(” - ]1{71 even}) .

We can now derive an exact expression for the expected number of swaps in the Quicksort

algorithm “Count”:

THEOREM 8.1. For n > 4, the average number of swaps in the dual-pivot Quicksort algo-

rithm “Count” when sorting a random permutation of {1,...,n} is
3 1 4 3 1 23 1
ElS. 1 =2 - alt = e - alt_i_i_ln
[Sn] =M+ gt = gt Mo+ o5~ 150~ 30V
Lneveny 3 1 Linoddy (1 3
320 (n—1+n—3>+ 320 <n+n—2)'
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Proof. Recall that the expected number E[S,,] of swaps for the sorting procedure and the ex-
pected number E[Ts(n)] of swaps during the first partitioning step are linked by the following
equality for n > 2:

6 n—2

——— " (n—k — 1) E[Sy] + E[Ts(n)).
n(n —1) =

E[Sn] =

Thus, we have to solve the above recurrence with E[Sy] = E[S1] = 0. In his master’s thesis
[22, Section 4.2.1], Wild presents an elementary derivation of the closed form of E[S,] and

obtains the following result for n > 4:

n S\ 1—2 . ](]_1) .
T > ( > ng ( [Ts(j +2)] — jE[TS(J + 1]+ MME[TSU)])
n+1

T

(BMmso) + JETs2)). (7

Note that E[S,] is linear in E[Ts(n)], such that we may compute the contributions for each
summand of E[Ts(n)] separately. Using the representation (6), we have that E[Tg(n)] has

the form an + b — IGWIMH} (with @ = 2 and b = 13). Due to linearity, we have that

E[S,] = E[Sx» (1)] %E[&s )], where E[&(@l)] and E[Sy, (2 )] denote the contributions of the terms
an + b and m
have the form an + b has already been analyzed in Section 4.2.1.1 of Wild [22] and, for n > 4,

we obtain

to E[S,], respectively. The case that the expected partitioning costs

E[s(V] = §n7—[n - ﬁn + §7-ln _

4 40 " 4 160° (8)

1

In order to compute the contribution IE[ST(ZZ)] of the non-linear part, we set p, := T y—

for n > 2. Considering (7), we have to compute the double sum
1 & (i "‘2< 2j i -1
Ty P2 =~ 1y 1+..u~).
Z>§<4>;, T T GG+
Plugging in the values of y;, p1j41 and pj42 yields for ¢ > 5

-2

~.

2j i — 1) 3
(Mj+2 +2M;+1+—(]+2)(]+1 )—Z::

— _4?_[?11: +

j=3
2(-1)" 17
i 6’

where the last equality follows easily by induction on i. Furthermore, we get for n > 4 (e.g.
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by induction on n) that

i—2 , i
2] jg—1 n+1 1
(Mj+2 ottt oy ( . ) )Mj> T <M4 + M2>

i=5 =3 j+2 G+2)G+1 2
= 2o - 2 S 2y
g (reas) R () 0
Considering that E[S,| = E[Sy (1)] E[ST(LQ)], the claim follows from (8) and (9). O

An alternative proof of Theorem 8.1 uses generating functions and can be found in the ap-
pendix. From the preceding theorem, we can now derive an asymptotic expansion of the

expected number of swaps.
COROLLARY 8.2. The average number of swaps in the dual-pivot Quicksort algorithm
“Count” when sorting a random permutation of {1,...,n} is

3 3
E[S,] = anog(n) + An + 1 log(n) + O(1),

where A = —2 + 3y — L log(2) = —0.40174561 ... and n — oo.

Proof. The result follows directly from Theorem 8.1 by plugging in the following asymptotic
expansions (see Lemma 8.1 of Aumiiller et. al [2] and Section 9 of Graham, Knuth and
Patashnik [7]):

M — _log(2) + O <1> ,
n
1
’anlog(n)+7+0(n>. O

8.2 Distributional Analysis of the Number of Swaps

As already shown, the total number S, of swaps satisfies the following distributional recursion
for n > 2:

"—Zs(n>+TS
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where (S](l))ogjgn, (8}2))033”, (SJ(B))OSjgn and (Ts(n),I1™) are independent and SJ(T) is
distributed as S; for r € {1,2,3} and j > 0. We now define the normalized number of swaps
by S5 = 0 and

R Sn_jw for n > 1.

Then, (S} )n>0 is a sequence of centered, square-integrable random variables with
d *
5 4 ZA SO+, n>

where (8;(1))0§j§n, (S;@))ogjgn, (S;(3))0§j§n and (b(sn),f(”)) are independent, S;(T) is dis-

tributed as S; for r € {1,2,3}, > 0 and

(n 3
n Irr n n
Al = and b = - <Ts( ) — E[sn]+§_1jE[smu,£ >]>.

Just as in the previous section, we check the following three conditions in order to apply
Theorem 6.2:

(Al) (Agn)a Aén)wAi(’)n)v b,(s‘n)) & (A17A27A37 bS) as n — oo.

(A2) ¥ E[A2] <1

r=1
(A3) E{]l{l(n)q}u{ﬂn):n}(Ag"))ﬂ — 0 for £ >0, r €{1,2,3} and n — oo.
(A1): We already know (see Lemma 6.4) that A = # converges to A, := D, in Ly for

r € {1,2,3} and as n — oo. Furthermore, according to Lemma 6.6 and Corollary 8.2, as

n — 00, we have

3
ZD log(D

»Moo

3
<—E[Sn] + Y B[Sl L") )

r=1

It therefore remains to show the convergence of %Tg(n). Using representation (5), we have

Tsn) _ 2, LY LY Sp, MP L

n n n n 2n n n

Lemma 6.4 and Lemma 7.2 now imply as n — oo:

Ts(n) L

1
—> Dl —|—D3 + ]1{D3>D1}( D1 —|—D2 — Dg)

3
= 1{D3>D1}( Dy + D2> + Lpy<p,} (D1 + Ds).

35



Analysis of the Number of Swaps

Remark: Once again, the limit is not very surprising: If D3 > Dj, almost all elements are
compared to ¢ first and thus, we need one swap for almost every medium element and a
rotate3-operation (1.5 swaps) for almost every small element. If D3 < Dj, on the contrary,
almost all elements are compared to p first and we have one swap for almost every small or

large element.
The conditions (A2) and (A3) follow just as in the previous section. Theorem 6.2 then
implies the following result.

THEOREM 8.3. The normalized number S; = S"+E[S"] of swaps when sorting a random
permutation of {1,...,n} with the dual-pivot Quicksort algorithm “Count” converges in dis-
tribution and with second moments to a random variable S* whose distribution L(S*) is the

(among all centered, square-integrable distributions) unique solution of the following equation:

1
S*4 d ZD S¥r) L 2 ZD log Dr)-i-Dl+D3+1{D3>D1}(§D1+D2—D3),

r=1 7“1

where S*1) | §*2) | §*G) gnd (D1, Dy, D3) are independent and S*(") is distributed as S* for
re{1,2,3}.

Just as in the previous section, we can asymptotically compute the variance of the number

S, of swaps.

COROLLARY 8.4. Asn — oo, we have
Var(S,) ~ 0% n?,
where 0% = 5% — 2% + 3 log(2) = 0.118873802.. ..

Proof. With bg := 0.75 Z D, log(D,) + D1 + Ds + H{D3>D1}(%D1 + Dy — D3), we have
r=1

2
1
E[(S*)?] =2 E[t3] = 2 E ( ZD log(D +D1+D3+IL{D3>D1}( D1+D2—D3)>

3
= - a4 —1og( ) = 0.118873802....

In combination with Theorem 8.3, the claim follows. [

Just as in Section 7.3, we obtain the existence of a smooth density function of the limit S*.

THEOREM 8.5. The limit S* of the normalized number S = S"+E[S"] of swaps in the
dual-pivot Quicksort algorithm “Count” admits a bounded density function fs € C°(R).

Proof. The existence of a smooth density follows directly from Theorem 7.5 as conditions
(B1)—(B5) are satisfied (see Section 7.3). O
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9 The Correlation between Key Comparisons and Swaps

In order to analyze the correlation between the number of key comparisons and the number

of swaps, we will use the multivariate version of Theorem 6.2. We set

Xo = 0 and X, = Co forn>1,
0 S

where C;; = C”%E[C”} is the normalized number of key comparisons and S;; = S”+E[S“] the

normalized number of swaps. Thus, (X,),>0 is a sequence of centered, square-integrable

random variables in R? satisfying the distributional recursion
iy 1), o
T n
Xn = Z:IAS”)XM) +by
r—=

for n > 2, where (Xj(l))ogjgn, (X]@))Ogjgn, (Xj(-g))ogjgn and (bg?),f(n)) are independent, X](r)
is distributed as X; for r € {1,2,3}, j > 0 and

3
IO w1 [ Te() —ElCd + 3 EIC,m 1)
and by’ =~ 5
n
ElSp]+ 2 E
r=1

Aln) — —

" n\o 1™ Ts(n) — E[S,] [S 1]

We again check the three conditions (A1)—(A3) of Theorem 6.2.

(A1): The results of the previous two sections directly imply the convergence
(A7, 457, A B)) 225 (Ar, Az, Ay by)

D 0
asn — oo, with 4, = [ " for r € {1,2,3} and
0 D,

3
AN

— T

1
3
3% Dylog(Dy) + Dy + D3+ Lip,~p,y (D1 + D2 — D3)

(A2): We have [|AJA, |, = D} for r € {1,2,3} and therefore

3 ) 1
. :ZE[DT]:§<1.
P r=1

23:1@ {HA;EAT
r=1

Condition (A3) follows just as before. Using Theorem 6.2, we get the following result.
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THEOREM 9.1. The normalized bivariate random vector X,, converges in distribution and
with second mized moments to a random variable X whose distribution L(X) is the (among
all centered, square-integrable distributions) unique solution of the following equation:

3

3 (D 0) o, 9 3~ D, log(D,) + 1 + Dy + min {Dy, D3}
D,

x4y r=
r=1

9

1
ZlD rlog(D,) + D1 + D3 + 1ip,~p,3(5D1 + D2 — Ds)
1

where XM X2 x6G) gpd (D1, Do, D3) are independent and X ) s distributed as X for
r e {1,2,3}.

We can now analyze the asymptotic covariance Cov(C,,,S,) between the number of key com-

parisons and swaps.
COROLLARY 9.2. As n — 00, we have
Cov(Cn,Sy) ~ oc,51%,
where ¢, = @ — —77 + 1 " log(2) = 0.0506397663 . ... Moreover, concerning the correlation

coefficient between Cn and Sy, as n — oo, we obtain

Cov(Cp, Sn)
V/Var(C,,)/Var(S,)

~ 0.298755. ...

Corr(Cp, Sp) =

Proof. By Theorem 9.1, we have as n — oo

1 ]' * * * *
ECOV(C»,“ Sp) = ECov(nCn + E[Cy], nS;, + E[S,]) = Cov(C;,S;)
where X7 and X9 denote the first and second component of the limit X from Theorem 9.1.

From the preceding theorem, using that X W, x@ X6 and (D1, D9, D3) are independent
and that X, X@ and X®) are centered, we get

3
E[X; X5] = KZ D, x{" + bc> (Z DX + bg)
r=1
lz p2x (" x{"

— E XlXQ] + E[bc bs]

E[bc bs]

N —
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Solving for E[X; X2] and using (3) and a computer algebra system, we obtain

43 9 5 7
E[X1X5] =2 E[be bs] = 20 10" + 0 log(2) = 0.0506397663 .. ..
The rest follows by Corollary 7.4 and Corollary 8.4. O

Remark: The computed asymptotic variances and correlations hold as well for the version of
“Count” Quicksort given in Aumiiller et al. [2]. However, if we had replaced the rotate3-
operation in line 28 of Algorithm 1 by two swap-operations, we would have obtained slightly

different results. To be more precise, we would have had
Ts(n) =2+ 1™ + 18" + §F + M} — L.

Thus, due to Lemma 5.7, the expected number of swaps during the first partitioning step would
have been
n—2 n—2 2 2

E[Ts(n)] = 2+

Using Wild’s results [22, Section 4.2.1.1], we would have obtained that the average number of

swaps in the (modified) Quicksort algorithm “Count” when sorting an input sequence of length

n is
E[S,] = 0.8nlog(n) — An + 0.8log(n) + O(1),
where A = 7% + %*y = —0.498227... and n — oco. Furthermore, we would have had
T
STgn) ﬁ) Dy 4+ min{Dy, D3} + 1{D3>D1}D2

as n — oo and we would have had the following asymptotic results: Var(S,,) ~ 0.11966...n%,
Cov(Cp,Sp) ~ 0.044810.. .12 and Corr(C,,S,) ~ 0.26349 .. ..
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10 Conclusion

The main results of this work are summarized in Table 1. For the sake of comparison, Table

1 also contains the corresponding results about classic Quicksort and YBB Quicksort.

cost measure error Classic Quicksort YBB Quicksort “Count” Quicksort
Comparisons
expectation | O(log(n)) | 2nlog(n) —1.51223n*  1.9nlog(n) — 2.45829n%  1.8nlog(n) — 2.38238n/
std. dev. o(n) 0.648277n1 0.508930n 7 0.491620n
Swaps
expectation | O(log(n)) | inlog(n) +0.08129n*  0.6nlog(n) — 0.12367n%  0.75nlog(n) — 0.40174n
std. dev. o(n) 0.023725n1 0.328365n7 0.344780n
Correlation
Coefficient o(1) —0.86404* —0.051217 0.29875

TABLE 1: Summary of the results: asymptotic means, standard deviations and correlation coefficients
for the number of key comparisons and the number of swaps.

As already analyzed by Wild and Nebel [24] and Aumiiller and Dietzfelbinger [1], respectively,
YBB Quicksort needs 5 % and “Count” Quicksort 10 % less key comparisons than classic
Quicksort in the asymptotic average. The asymptotic standard deviation of the number of
key comparisons when using YBB Quicksort or “Count” Quicksort is more than 20 % smaller

than the corresponding asymptotic standard deviation in classic Quicksort.

However, when considering the number of swaps, it is just the other way around: YBB
Quicksort needs 80 % more swaps and “Count” Quicksort even 125 % more swaps than classic
Quicksort in the asymptotic average. While the number of swaps in classic Quicksort is highly
concentrated around its mean, the asymptotic standard deviation when using YBB Quicksort

or “Count” Quicksort is much higher.

Regarding the asymptotic correlation coefficient between key comparisons and swaps, it
is striking that the number of comparisons and the number of swaps are positively corre-
lated in “Count” Quicksort, whereas they are almost perfectly negatively correlated in classic
Quicksort. Wild, Nebel and Neininger [25] give the following explanation for the negative
correlation in classic Quicksort: “A “good” run w. r. t. comparisons needs balanced parti-
tioning, but the more balanced partitioning becomes, the higher is the potential for misplaced
elements that need to be moved.” (Wild, Nebel and Neininger [25], p. 24).

see e.g. Sedgewick [19, p. 334] or Table 1 of Wild [22].

see e.g. Hennequin [8, p. 330] or Section 3.3.3 of Wild [22].

see Table 1 of Neininger [16].

see Theorems 3.8 and 3.9 of Wild, Nebel and Neininger [25] with M = 1.
see Theorems 4.3, 4.4 and 4.6 of Wild, Nebel and Neininger [25].

see Corollary 12.2 of Aumiiller et al. [2].

A o o+ =k

40



Conclusion

In order to empirically validate the obtained results, we performed some simulation stud-
ies and compared the asymptotic results with sample means, sample standard deviations and
sample correlation coefficients. We use the “R” implementation given in Appendix A.3 and 500
random permutations of {1,...,n} for eachn € {0.5-10%,10%,1.5-10%,2-10%,2.5- 10,3 - 10%}.
Figure 6 shows that the sample means are very close to the asymptotic expressions, whereas
the sample standard deviations and correlations in Figure 7 are more irregular. Nevertheless,

the depicted results match our computed values from Table 1.

Comparisons Swaps
5010° ° .
2010°
4710° . .
3010° 4 o
[ S5 [ ]
200° 10
[ ] [ ]
105 -
[ ] [ ]
0 0
T T T T T T T T T T T T
10*  2mo0* 3mo* 10*  200* 300
n n

FIGURE 6: Comparison of sample means of C,, and S,, with the asymptotic results of Table 1 (the
asymptotic results are shown in blue). For each n, the input sample consists of 500 random

permutations.
Comparisons Swaps Correlation
0.55 — 0.4 -
0.36
[ ] [ ) [ ) °
054 ©® ° ° .
e 0.3 U
[ )
0.34 — o o °
[ ) ]
0.45 — .
° 0.2
0.32
T T T T T T T T T T T T T T T T T T
10*  2m0* 3mo* 10 2mo* 3mo? 10*  2m0* 3mo*
n n n

FIGURE 7: The two images on the left compare sample standard deviations of C;; and S;; with the
asymptotic results of Table 1. The rightmost image compares sample correlations and the
asymptotic correlation coefficient from Table 1. For each n, the input sample consists of
500 random permutations. The asymptotic results are shown in blue.

In the previous sections, we have seen that both the normalized number C’ of key com-

parisons and the normalized number S; of swaps converge in distribution to random variables
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with bounded and smooth density functions. To get an idea of how these density functions
may look like, Figure 8 shows histograms representing the relative frequencies of the values
of C; and S, for a sample of 1000 random permutations of size n = 10000. In order to
examine the relation between the number of comparisons and the number of swaps, Figure 8
additionally shows a scatter plot: Each of the 1000 datapoints is displayed as a dot, where the
normalized number of key comparisons determines the position on the horizontal axis and the
normalized number of swaps determines the position on the vertical axis. In accordance with
our results of Section 9, the scatter plot suggests a positive correlation between the number of
key comparisons and the number of swaps. For comparison, Figure 9 shows the corresponding

results when sorting with classic Quicksort (Algorithm 2).

Comparisons Swaps Scatter plot

1 - M-

0.5
0.5

*

FI1GURE 8: Histograms for the distributions of C;; and S} and a scatter plot (plotting S} against C}})
when sorting with the dual-pivot Quicksort algorithm “Count”. The input sample consists
of 1000 random permutations of size n = 10000.

Comparisons Swaps Scatter plot
0.6 1M - 15 | 0.05 - i .
0.4 10 o 4
0.2 5 ~0.05 —
0 0 -0.1 :
T T T T T T T T T T T T
-1 0 1 2 3 -0.1 0 0.1 -1 0 1 2

FIGURE 9: Histograms for the distributions of C; and S and a scatter plot (plotting S against C})
when sorting with the classic Quicksort algorithm. The input sample consists of 1000
random permutations of size n = 10000.
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A Appendix

A.1 An Alternative Proof of Theorem 8.1

Recall that the average number E[S,] of swaps and the average number E[Tg(n)] of swaps

during the first partitioning step are linked by the recurrence

6 n—2

— 3" (n— k= )E[S] + E[Ts(n)], (n>2)
n(n—1) =

E[Sn] =

with E[Sy] = E[Si1] = 0. Following Hennequin [9] and Wild [22], we want to solve this

recurrence by using generating functions. We set

S(z) = ZE[Sn] 2" and T(z):= ZE[TS(n)] 2"

n>0 n>0
and use the following lemma (which is Lemma 10.2 in Aumiiller et al. [2]).

LEMMA A.1. With the notation as above, we have

S(z) = (1—2)} /0 (1—y) /y (1— 2P T"(2) de dy.

0

In Section 8.1, we have shown that, for n > 2, the average number of swaps during the first

partitioning step is

5 13 1
E[TS(n)] - gn + E N 16(n — ﬂ{n even})7

i.e. E[Ts(n)] has the form an+b— %#} (with @ = 2 and b = 13). As E[S,,] is linear in

E[Ts(n)], we can split E[Ts(n)] and compute the contributions of the linear term an + b and
the non-linear term separately. Due to linearity, we have E[S,]| = E[S,sl)] — K[ T(L2)], where
E[&(@l)] and IE[&(E)] denote the contributions of the terms an + b and #} to E[S,],

respectively. With the result for linear partitioning costs in Section 4.2.1.1 of Wild [22], we
obtain for n > 4:
3 33 3 27

Oy = 2 i e T
E[S,”] 4n7-ln 40n+47-[n 160° (10)

In order to compute the contribution E[&(Lz)] of the non-linear part, we set

Sa(z) = ZE[ST(LQ)] 2" and  Th(z) := Z ;z”.

n>2 n>2 n—= ]l{n even}

Using the expansion Y Wz” = ZFartanh(z) which is valid for all k& € Z (where
n>k
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artanh(z) := 3 log(}2), see Aumiiller et. al [2, p. 26]) for k = 0, we obtain

TQ(Z) _ <]l{n even} + l{n odd}) o - Z Mzn+1 + Z Mzn
n—1 n n n
nz2 n>1 n>2

= z artanh(z) + artanh(z) — z.

Differentiating twice yields

z 1
T, (%) = artanh -1
5(z) = artan (Z)+1—22+1—22 ,
+1
TI) =2 2=
2(2) (1—22)2

From Lemma A.1, we obtain

So(2) = (1= [ (1= [" (12 T(@) do dy

:(1—2)3/()2(1—y)_6/0y(1—x)32&dxdy
:(1—2)3/0Z(1—y)_6/0y2 11;; dz dy
= (12 [((1-p(logly+ 1)~ 2) dy

2z 1 4log(l+2) 153 9 5 7

=% (1 Partanh(z) + T2 Sz Yop L
S — a2 a0\l A artanh(z) + ST = 5 907 ~ 507

Thus, we have found a closed form of the generating function Sy of IE[S,(ZZ)] from which we
can now derive the exact value of E[ST(LQ)] by taking coefficients. To this end, we use several

identities concerning generating functions. It is well-known that

1—2)2 > e,

n>0

Furthermore, since we have ) Wz" = zFartanh(z) for all k € Z (see Aumiiller et al.

n>k
[2, p. 26]), we obtain

]l{n odd} 11{n even} 11{n odd} 11{n even}
(1 — z)3artanh(z) = Z ——2" -3 Z —2"+3 Z ————3" Z ——2"
n>1 n>2 T nss 2 wsa M3

Moreover, we have (see Aumiiller et al. [2], p. 27)

W:—ZTLH”MZ _ZHnltZ +§Z(—1) 4 —522 .

n>1 n>1 n>0 n>0
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Altogether, we obtain for n > 4:

2 4 2 4 2
E[S?)] = — - gnﬂz“ -5 gﬂg“ +=(=1)"
1 1 3 3 1
“ g5 erean (55 0g) teeen (54 g) o

We can now compute the exact average number of swaps in the dual-pivot Quicksort algorithm
“Count” for n > 4 by combining (10) and (11):

1
E[S,] = E[S(] — E[S)
3 1 . 4 3 1. 23 1, .
= - n e - = —Tln an —— = —(-1
Mt T — g e+ o T = 6~ Y

ﬂ{neven} 3 1 ]l{nodd} 1 3
320 (n—l +n—3> * 7390 <n+n—2)'

A.2 Algorithms

Algorithm 2 Classic Quicksort with Sedgewick-Hoare Partitioning

1: procedure CLASSIC(A, left, right)

2 // We assume a sentinel value A[left — 1] = —oo
3 if right — left > 1 then

4 p < Alright]

5: i+ left —1; j < right

6: do

7 do i < i+ 1 while A[i] <p

8 do j + j— 1 while A[j] > p

9: if j7>1¢ then swap A[i] and A[j]
10: while j > i

11: swap A[i] and A[right]

12: Crassic(A, left, i —1)

13: CrassIC(A, i + 1, right)

Algorithm 2 presents a pseudocode implementation for classic Quicksort by Sedgewick using
Hoare’s crossing-pointer technique (see Algorithm 1 in Wild’s master’s thesis [22]). It chooses
the rightmost element as pivot (as in Program 1.2 of Sedgewick and Flajolet [21]) and uses
two pointers ¢ and j which scan the input from left and right, stop whenever they find a
misplaced element and swap the misplaced elements. The following algorithm (Algorithm
3) shows a version of YBB Quicksort as it is presented in Algorithm 1 of Wild, Nebel and

Neininger [25] with M =1 (i.e. without using Insertionsort for short subproblems).
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Algorithm 3 YBB Dual-Pivot Quicksort Algorithm by Yaroslavskiy, Bentley and Bloch

1: procedure YBB(A, left, right)

2 if right < left then

3 return

4: if A[right] < A[left] then

5: p < Alright]; q < Alleft]

6 else

7 p < Alleft]; q + Alright]

8 i left+1; k< right —1; j+ 1
9: while j < k do
10: if A[j] < p then

11: swap Ali] and A[j]
12: i1+ 1
13: else

14: if A[j] > q then
15: while A[k] > g and j < k do
16: kk—-1
17: if A[k] > p then

18: swap A[j] and A[K]
19: else
20: swap A[j] and A[k]; swap A[i] and A[j]; i+ i+ 1
21: k+—k—-1
22: jJ+1

23: Alleft] < Ali — 1] and A[i — 1] < p
24: Alright] < Ak + 1] and Ak + 1] < ¢
25: YBB(A, left, i — 2)

26: YBB(A4, i, k)

27: YBB(A, k + 2, right)
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Appendix

A.3 Implementation in R

## the following implementations of dual-pivot Quicksort "Count" and classic Quicksort

## additionally count the number of key comparisons and the number of swaps

HERHHRRA AR BB R HHBHHA AR AR BB B R B R FRHA AR AR BB B R B HH R AR RA R AR B BB R B HH B R R A R AR B R B HBHF R SRR R AR BB B R B R RS
########## ALGORITHM "COUNT" (as it is described in Algorithm 1) ###########H#RA#BABBAHBUH®Y
HHRAAHHBBRARHBBRARHHBBARHHBRARBHBRBA SR BB BR BB B R BARA BB BARABH BB RARHHBRAR AR B R AR SR B R AR R R BB AR HH

### Partitioning function "Count" ###
PartitionCount <- function(left, right){
comparisons <<- comparisons + 1
if (A[left] > Alrightl){
q <- Alleft]; p <- Alrightl}
elseq{
p <- Alleftl; q <- Alrightl}
i <- left + 1; k <- right - 1; j <- i
d <- 0 # holds the difference between small and large elements
while (j <= k){
if (a4 >= 0){
comparisons <<- comparisons + 1
if (A[j] < p){
tmp <- A[il; A[il] <<- A[jl; A[j] <<- tmp # swap A[il and A[j]
swaps <<- swaps + 1
i <= i+1; j <- j+1; d <- d+1}
elsef{
comparisons <<- comparisons + 1
if (ALj] < q@){j <- j+1}
else {
tmp <- A[jl; A[j] <<- A[k]; A[k] <<- tmp # swap A[j] and A[k]
swaps <<- swaps + 1
k <- k-1; d <- d-1}}}
else{
comparisons <<- comparisons + 1
while (A[k] > q){
k <- k-1; d <- d-1; comparisons <<- comparisons + 1}
if (j <= k){
comparisons <<- comparisons + 1
if (Alk] < p){

tmp <- A[k]; A[k] <<- A[jl; A[j] <<- A[il; A[i] <<- tmp # rotate3(A[k],A[j],A[i])
swaps <<- swaps + 1.5 # a rotate3-operation is counted as 1.5 swaps
i <- i+1; d <- d+1}
elseq{
tmp <- A[jl; A[j] <<- A[k]; A[k] <<- tmp # swap A[j] and A[k]
swaps <<- swaps + 1}
j <= j+1}}}
Alleft] <<- A[i-1]; A[i-1] <<- p # swap p to its final position
Alright] <<- A[k+1]; A[k+1] <<- q # swap q to its final position

swaps <<- swaps+2
posp <- i-1; posq <- k+1 # posp and posq are the final positions of the pivots
return(c(posp, posq))

### Dual-Pivot Quicksort Algorithm "Count" ###
DualPivotCount <- function(left, right){
if (right-left >= 1){
partition <- PartitionCount (left, right)
DualPivotCount (left, partition[1]-1)
DualPivotCount (partition[1]+1, partition([2]-1)
DualPivotCount (partition[2]+1, right)}
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Appendix

# for permutations
library("gtools", 1lib.loc=""/R/win-library/3.3")

##### Verification of E[T_S(n)] for small n (n <= 10) #####
max_n <- 10 # change the maximal value for n here

## our computed values for E[T_S(n)] are

exact_mean_swaps <- rep(0,max_n)

for (n in 2:max_n){
if (n %% 2 == 0){exact_mean_swaps[n] <- 5/8 * n + 13/16 - 1/(16*(n-1))}
else{exact_mean_swaps[n] <- 5/8 * n + 13/16 - 1/(16*n)}

## when using the partitioning strategy "Count", we obtain
mean_swaps <- rep(0,max_n)
for (n in 2:max_n){
m <- factorial (n) # number of permutations of {1,...,n}
perm <- permutations(n,n) # set of all permutations of {1,...,n}
comp <- rep(0,m); swap <- rep(0,m)
for (i in 1:m){
A <- perm[i,]; comparisomns <- 0; swaps <- 0
PartitionCount (1, n)
comp[i] <- comparisons; swapl[i] <- swaps

}
mean_swaps [n] <- mean(swap)
}
print (exact_mean_swaps); print(mean_swaps) # we obtain the same results

# [1] 0.000000 2.000000 2.666667 3.291667 3.925000 4.550000 5.178571 5.803571 6.430556 7.055556

##### Verification of E[S_n] for small n (n <= 9) #####
max_n <- 9 # change the maximal value for n here

## our computed values for E[S_n] are
exact_mean_swaps <- ¢(0,2,8/3,rep(0,max_n-3))
harm <- cumsum(1/(1:10))

harm_alt <- cumsum(1/(1:10)*c(-1,1))

for (n in 4:max_n){

if (n %% 2 == 0){
exact_mean_swaps [n] <- 3/4xn*harm[n] + 1/20*n*harm_alt[n] - 4/5%n + 3/4*harm[n] +
1/20*harm_alt[n] - 23/160 - 1/40 - 1/320%(3/(n-1)+1/(n-3))}
else{
exact_mean_swaps [n] <- 3/4xn*xharm[n] + 1/20*n*harm_alt[n] - 4/5%n + 3/4*harm[n] +
1/20*harm_alt[n] - 23/160 + 1/40 + 1/320%(3/(n-2)+1/n)}
}
## when using the dual-pivot Quicksort algorithm "Count", we obtain

mean_swaps <- rep(0,max_n)
for (n in 1:max_n){
m <- factorial (n) # number of permutations of {1,..,n}
perm <- permutations(n,n) # set of all permutations of {1,...,n}
comp <- rep(0,m); swap <- rep(0,m)
for (i in 1:m){
A <- perm[i,]; comparisons <- 0; swaps <- O
DualPivotCount (1, n)
comp[i] <- comparisons; swapl[il]l <- swaps

}
mean_swaps [n] <- mean(swap)
}
print (exact_mean_swaps); print(mean_swaps) ## we obtain the same results

# [1] 0.000000 2.000000 2.666667 4.291667 5.925000 7.675000 9.536905 11.489286 13.527381
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########## Simulation studies HHHAARHHHAARAHHBARAAHHBRAAHHBARARHHBRARHHBHAABHHBBARAH B R AR HHHS

##### Empirical validation of the computed asymptotic results #####

# change the sample sizes and the input lengths here

values_for_n <- c(0.5%10°4,10°4,1.5%10°4,2%10°4,2.5%10°4,3*x10"°4) # vector of input sizes
m <- 500 # number of generated permutations
N <- length(values_for_n)

mean_comp <- rep(0,N); mean_swap <- rep(O,N)
std_comp <- rep(0,N); std_swap <- rep(0,N); corr <- rep(0,N)
for (j in 1:N){
n <- values_for_nl[j]
swap <- rep(0,m); comp <- rep(0,m)
for (i in 1:m){
A <- sample(il:n, n, replace = FALSE); comparisons <- 0; swaps <- 0
DualPivotCount (1,n)
comp[i] <- comparisons; swap[i] <- swaps
}
mean_comp[j] <- mean(comp); mean_swap[j] <- mean(swap)
std_comp[j] <- sd(comp)/n; std_swap[j] <- sd(swap)/n; corr[j]l <- cor(comp, swap)

We obtained the following results (see Figure 6 and Figure 7)

mean_comp : [1] 65104.12 141981.03 224763.23 309740.30 398046.39 487445.48
mean_swap: [1] 29884.37 65011.14 102149.82 140316.41 180168.38 219945.66
std_comp: [1] 0.5036020 0.4586641 0.4801899 0.5144635 0.5000543 0.5145687
std_swap: [1] 0.3380717 0.3370387 0.3537372 0.3240614 0.3466012 0.3475795
corr: [1] 0.2725368 0.3304496 0.2328610 0.3143647 0.2440217 0.3050550

H OH O OH B OH

##### Histograms and Scatter Plot #####

n <- 1074 # change the input length here
m <- 1073 # change the number of permutations here
swap <- rep(0,m); comp <- rep(0,m)

for (i in 1:m){

A <- sample(il:n, n, replace = FALSE); comparisons <- 0; swaps <- 0
DualPivotCount (1,n)
comp[i] <- comparisons; swapl[il]l <- swaps

}

## if n is even, the average number of comparisons and swaps is

exact_mean_comp <- 1.8*n*sum(1/(1:n)) - 0.2%n*sum(1/(l:n)*c(-1,1)) - 89/25*n + 67/40*sum(1/(1:n)) -
3/40*sum(1/(1:n)*c(-1,1)) - 83/800 + 0.1 - 1/320%(1/(n-3)+3/(n-1))

exact_mean_swaps <- 0.75*n*sum(1/(1:n)) + 0.05*n*sum(1/(1:n)*c(-1,1)) - 0.8%n + 0.75*sum(1/(1:n)) +
0.05*sum(1/(1:n)*c(-1,1)) - 23/160 - 1/40 - 1/320*%(1/(n-3)+3/(n-1))

## create the images

par (mfrow=c(1,3))

hist ((comp-exact_mean_comp)/n, breaks=15, freq=FALSE, col="grey92", main="Comparisons",
xlab="", ylab="")

hist ((swap-exact_mean_swaps)/n, breaks=15, freq=FALSE, col="grey92", main="Swaps",
xlab="", ylab="")

plot ((comp-exact_mean_comp)/n, (swap-exact_mean_swaps)/n, pch=19, cex=0.2, xlab="", ylab="",
frame.plot = FALSE, main="Scatter plot")
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HRBHAHHBBRARH BB RARHHBBAR AR BB AR B H BB AR B R BB AR BB R BRBRBH B AR R H BB R AR H R B R AR HH B R AR SR B R AR R BB AR RSB H
########## CLASSIC QUICKSORT ALGORITHM (as it is described in Algorithm 2) ################Y
HARFHRRARR BB R R AR HFARAR AR BB B R B RA R R AR AR BB B R B R B R B A RAR AR R BB R B R H B R B A RA R AR BB B R B R AR R ARR AR BB B HBHEHS

ClassicQuicksort <- function(left,right){

# we assume that there is a sentinel value A[left-1] = -infinity
if (right-left >= 1){
p <- Alright] # choose rightmost element as pivot
i <- left-1; j <- right
repeat{
repeat{i <- i+1; comparisons <<- comparisons+1l; if (A[i] >= p){break}}
repeat{j <- j-1; comparisons <<- comparisons+1; if (A[j] <= p){break}}
if (j > i){
tmp <- A[i]; A[i] <<- A[jl; A[j] <<- tmp # swap A[i] and A[j]
swaps <<- swaps +1}
if (j <= i){break}
}
tmp <- A[il; A[i] <<- Alrightl; Al[right] <<- tmp # swap p to its final position
swaps <<- swaps +1
ClassicQuicksort (left, i-1)
ClassicQuicksort (i+1, right)}
}
## Note that we have to insert a sentinel value A[0] which is smaller than all elements in A,

## i.e. in order to sort a permutation A of {1,...,n}, we procede as follows:
## A <- c(0, A); ClassicQuicksort(2, n+1); A <- A[-1]

##### Verification of the average number of comparisons and swaps (n <= 9) #####
max_n <- 9 # change the maximal value for n here

## the exact expected number of comparisons and swaps when sorting a
## permutation of {1,...,n} is

exact_mean_comp <- c(0,3,6,rep(0,max_n-3))

exact_mean_swaps <- c(0,1,11/6,rep(0,max_n-3))

harm <- cumsum(1/(1:10))

harm_alt <- cumsum(1/(1:10)*c(-1,1))

for (n in 4:max_n){

exact_mean_comp[n] <- 2 * (n+1) * (sum(1/(1:(n+1))) - 4/3)
exact_mean_swaps[n] <- 1/3 * (n+1) * (sum(1/(1:(n+1))) - 1/3) - 1/2
}
## when using ClassicQuicksort, we obtain

mean_comp <- rep(0,max_n); mean_swaps <- rep(0O,max_n)
for (n in 1:max_n){

m <- factorial(n) # number of permutations of {1,..,n}

perm <- permutations(n,n) # set of all permutations of {1,...,n}

comp <- rep(0,m); swap <- rep(0,m)

for (i in 1:m){
A <- c(0, perm[i,]); comparisons <- 0; swaps <- O
ClassicQuicksort (2, n+1)
comp[i] <- comparisons; swapl[i] <- swaps

}

mean_comp [n] <- mean(comp); mean_swaps[n] <- mean(swap)

}

print (exact_mean_comp); print(mean_comp)

# [1] 0.00000 3.00000 6.00000 9.50000 13.40000 17.63333 22.15238 26.92143 31.91270
print (exact_mean_swaps); print(mean_swaps)

# [1] 0.000000 1.000000 1.833333 2.750000 3.733333 4.772222 5.858730 6.986905 8.152116
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