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Sorting the Reverse Permutation
by Prefix Transpositions

Vinicius José Fortuna * Joao Meidanis

Abstract

Dias and Meidanis [3] presented, without a proof, an algorithm to sort the reverse
permutation R, = [n,n — 1,...,1] by prefix transpositions. In this report we present
a new algorithm based on the previous one and show a complete formal proof of its
correctness. From this result we establish a new proved upper bound of n — |n/4] for
the prefix transposition distance of R,,.

1 Introduction

Sequence comparison is one of the most studied problems in computer science. Usually
we are interested in finding the minimum number of local operations, such as insertions,
deletions and substitutions that transform a given sequence into another sequence. This is
the edit distance problem, described in many Computational Biology textbooks [9]. Several
studies, however, have shown that global operations such as reversals and transpositions
(also called rearrangement events) are more appropriate when we wish to compare the
genomes of two species [8].

A new research area called Genome Rearrangement appeared in the last years to deal
with problems such as, for instance, to find the minimum number of rearrangement events
needed to transform one genome into another. In the context of Genome Rearrangements, a
genome is represented by an n-tuple of genes (or gene clusters). When there are no repeated
genes, this n-tuple is a permutation.

The best studied rearrangement event is the reversal. A reversal inverts a block of any
size in a genome. Caprara [2] proved that finding the minimum number of reversals needed
to transform one genome into another is an NP-Hard problem. Hannenhalli and Pevzner [6]
have studied the reversal distance problem when the orientation of genes is known. In this
case they proved that there is a polynomial algorithm for the problem. Another interesting
variation of this problem is the so-called prefiz reversal problem or pancake flipping problem
as it was originally called [4]. In this variation only reversals involving the first consecutive
elements of a genome are permitted. Heydari and Sudborough [7] have proved that this
problem is NP-Hard.

The rearrangement event called transposition has the property of exchanging two adja-
cent blocks of any size in a genome. The transposition distance problem, that is, the problem
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of finding the minimum number of transpositions necessary to transform one genome into
another, has been studied by Bafna and Pevzner [1], who presented some important results,
including the best approximation algorithm for the problem at that time, which needs about
3n/4 moves to sort any permutation, a lower bound of [n/2| for the transposition diameter
for the symmetric group S,,, and an upper bound of |n/2] + 1 for the transposition distance
d(R,,) of the reverse permutation R,. Computational results proved that equality holds
for 3 < n < 10. They also conjectured that the transposition diameter for the symmetric
group equals the transposition distance of the reverse permutation, which is in fact true for
n < 10.

Later, Eriksson and coleagues [5] obtained an improved approximation algorithm that
sorts any permutation with at most [(2n — 2)/3| transpositions and proved that the exact
value of the distance of the reverse permutation is indeed.|n/2] +1 for all n > 0. They also
give a counterexample to the conjecture for the transposition diameter finding permutations
of size 13 and 15 with transposition distance greater than for the reverse permutation.
However they still believe that the conjecture is true for n > 15.

The transposition distance problem is still open: we do not know of any NP-Hardness
proof, and there are no evidences that an exact polynomial algorithm exists.

In face of the difficulties of the transposition distance problem, Dias and Meidanis [3]
introduced a new variation of problem: the prefix transposition problem, where the only
allowed transpositions are those that involve the first element of the permutation. In their
work they present an approximation algorithm with factor 2, adapted some results from
the general transposition problem and gave an upper bound of n — [n/4] for the prefix
transposition distance of the reverse permutation when n > 4, conjecturing that (1) this
upper bound is actually the exact value of the prefix transposition distance of R,,; and (2)
no other permutation has a larger distance than R,,. The first conjecture was proved true
for n < 16 and the second for n < 11 by computational experiments. However, the upper
bound for the prefix transposition distance was based on an algorithm whose correctness
was not proved anywhere. In our work we present a new algorithm based on that one
but with explicit formulas for the transpositions, which helped us to completely prove the
correctness of the algorithm and finally establish this upper bound for sorting the reverse
permutation by prefix transpositions.

2 Basic Definitions

Permutation A permutation of length n is any ordering of the elements from 1 to n. We
can view a permutation as a bijection 7 :1,2,...,n < 1,2,...,n, in which 7(i) = j
means that the element in position 7 is j. In other words, for all permutations m,
m = [m(1),7(2),...,m(n)]. Given a permutation m, we define its inverse permutation
7! as being the inverse in the usual sense of inverse function. For example, given
m = 15,1,2,4,3], we have (1) = 5, m(2) = 1, 7(3) = 2, 7(4) = 4, n(5) = 3 and
71 =1[2,3,5,4,1]. We define the identity permutation ¢ of length n as a permutation
such that ¢(7) = 4, for all 4,1 < i < n. We define the reverse permutation R, of length
n as a permutation such that R, (i) =n —i+ 1, for all i,1 <i <n.
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Composition or application of permutations We can always change a permutation 7
into any another by changing the order of its elements. We achieve that by applying
a permutation to m. To apply a permutation ¢ to a permutation 7 obtaining ¢ means
to compose ¢ to the right of 7, in the usual sense of functions, so that ¢ = 7 o ¢.
In this case we can view ¢ as a reordering where ¢(i) = j means that the element
at position j moves to position i. Therefore, we can find ¢ by applying the desired
reordering to the identity permutation. The resulting permutation is what we want.
For example, let m = [5,1,2,4, 3] and suppose we want to invert the position of the
first two elements and exchange them with the last two. Applying this operation to
the identity yields ¢ = [4,5,3,2,1]. Applying ¢ to 7 results in 7 o ¢ = [4,3,2,1,5],
which has the desired effect.

Transposition A transposition is a reordering that removes a block of elements from the
permutation and inserts it back in a new position. It can be seen as the exchange of
two consecutive blocks of elements. We define 7(i, 7, k), 1 <i < j < k < n+1, as being
the transposition that exchanges the block of elements in positions i to j — 1 with the
block of elements in positions j to k — 1. If i = j or j = k, one of the blocks is empty
and the operation does not do anything. Analyzing the correspondence between the
elements of the permutation before and after the transformation, it is not difficult to
conclude that the transposition 7 = 7(i,j,k) can be characterized in the following
way:

l ifl1<l<i

(—i+j fi<l<ithk—j

C—k+j ifi+k—j5<l<Ek’

l ifk<l<n

where n is the number of elements in 7.

() =

As an example, let 7 = [7,4,2,8,3,1,5,6] and suppose we want to exchange the
block of elements in positions 3 to 5 with the block of elements in positions 6 to 7.
The desired transposition is 7 = 7(3,6,8) = [1,2,6,7,3,4,5,8]. So we have m o7 =
[7,4,1,5,2,8,3,6].

Notice that the inverse of a transposition is also a transposition. It is easy to see that
7(i,i+a,i+a+b)~t = 7(i,i+b, i+b+a) or, equivalently,7(i, j, k) ~! = 7(i,i4+(k—7), k).

A prefix transposition is any transposition that moves the first element, that is, every
transposition of the form 7(1, 7, k).

Transposition Distance The transposition distance between two permutations 7 and o
is the minimum number of transpositions needed to change 7 into ¢ and is given by
d(m,0). We define d(m) as being the transposition distance between 7 and the identity
permutation ¢.

Prefix Transposition Distance The prefiz transposition distance between two permuta-
tions 7w and ¢ is the minimum number of prefix transpositions needed to change 7 into
o and is given by pd(w, o). We define pd(m) as being the prefix transposition distance
between m and the identity permutation .
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Dias and Meidanis [3] present, without a proof, an algorithm to sort R,. Based on that
algorithm, we propose a new one, presented in Figure 1.

ALGORITHM SortRn
Input: m = R, withn >4
Output: 7=

ot

10
11
12
13
14

15
16

17

/* Phase 0: Reduces to n multiple of 4 */

for(i—0;i<nmod4;i++)
me—m-7(1,2,n+1—1)

n < n — (n mod 4)

/* At this point m = R,,, n multiple of 4 */

/* Phase 1 */
for(i«—0;i<n/4—1;i++)
m—m7m-7(1,5,n — 2i)

m—m-7(1,3,n/2+2)
/* At this point m = Fy */

/* Phase 2 */

for(i—0;i<n/4;i++)
m—m7m-7(1,3,n+1—47)

/* At this point m = Fy */

/* Phase 3 */

for(i —0;i<[n/8];i++)
me—m-17(l,n —4 —4i,n — 4i)

if(n mod 8 = 0)
m—m7m-7(1,3,n/2 4 2)

else
m—mn-7(1,n/2,n/2 +2)

/* At this point m = F3 */

/* Phase 4 */

for(i —0;i<[n/8]—-1;i——)
m—m-7(1,5,4|n/8] + 6 + 4i)

/% At this point m =1 */

return m

Figure 1: Algorithm to sort R,

We will prove the correctness of this algorithm by splitting it into several phases and
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proving the transitions between them, working on the characterization of the permutation
in each step of the process.

To characterize the permutations resulting from each intermediate phase of the algo-
rithm, we will regard them as sequences and define a concatenation operator.

Definition The sequence a ® b will be the concatenation of the sequence a with the se-
quence b. We also define a generalized concatenation operator such that @;’-:a f(j) is the
concatenation of the sequences f(j) with j ranging from a to b.

Example The following equalities illustrate the use of the operators:

[1727 3] @ [47 57 6] = [1727 37 47 57 6]

[1+35,2435] =[1,2,4,5,7,8,10,11,13,14] n

4
=0

J

3.1 Phase O

Phase 0 is responsible for reducing the problem of sorting R,, for any n to the problem of
sorting R, for n multiple of 4. What it does is nothing else than to place the n mod 4 extra
elements, one at a time, at their final positions at the end of the permutation. This way
they can be left out from this point on and thus we can consider n as being multiple of 4.

Example Phase 0 does, for n = 6, the following transformation:
6, 5, 4, 3, 2, 1] — [4, 3, 2, 1, 5, 6].
After this transformation, the problem reduces to sorting R, for n =4.

3.2 Phasel

To characterize Phase 1 we will need to define a new family of permutations that will be
called Fj.

Definition The permutation Fj(n) is given by the following formula:

n/4—2 n/4—2
Fin)=2o (O h-4j,n-1-404, 3]o () [6+4), 5+45] 0 [1]
j=0 Jj=0
When n is clear by the context, we will use just Fj. ]

Example
Fi(12) =2, 12, 11, 8, 7, 4, 3, 6, 5, 10, 9, 1] n

Lemma 1 Phase 1 changes R,, n > 4, into permutation Fy(n).
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Proof Let m;, 0 < i < n/4, be the permutation obtained after i transpositions of Phase 1.
Then we have the following recurrence:

0 = R,
0 = mi—1-7(L,5,n—2i) ,for1<i<n/4-1
T/ = Tnja-1-7(1,3,n/2+2)

For 0 <i <n/4 —1 we have for permutation ; the following formula:

n—5—4i i—1 i—1
mi= () n—4i—jloM, 3, 2Jo(n—4j, n—1-4j]o()n+2-4i+4j, n+1-4i+4j]o[1]
j=0 j=0 j=0

Or, equivalently:
=7 0MK 3, 200m0 6061,
where

n—>5—4i

o= O In—4i—j]

0

<.
<.
=

E N
O
= O

B = n+2—4i+4j, n+1— 4i+4j].
j=0

The proof of this claim can be done by induction. For the base case i = 0 we have:

n—>5 —1 —1
m = m—j1oM, 3, 200@On—4j, n—1-4j]0 O +2+4j, n+1+45] © [1]
j=0 =0 =0
n—>5
= [n—jlo4, 3, 2fo[l]
§=0
= R,

Let us now prove that, for 1 < i+ 1 < n/4 — 1, we have m; - 7(1,5,n — 2i) = m;41.
Notice that what the i*" transposition of Phase 1 does is to remove a prefix from v; and
insert it back between a; and ;. This observation clarifies the following formulas relating
the subsequences «, 3 and v of m; and m;41:

n—5—41

vi = () [n—4i-j

5=0
= mn—4i,n—1—4i,n—2—4i, n—3—4i] ®
n—5—4i

O [n—4i—j)

J=4
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= n—4i,n—1—4i, n—2—4i, n—3—4i] ®
n—5—4(i+1)

O Im—4@G+1)—j, n—1—4(i+1) - j]
j=0

= n—4i, n—1—4i, n—2—4i, n—3—4i] ©yi+1

7

it = @[n—4j,n—1—4j]
7=0
i—1
= Oln—4j, n—1-45]© [n—4i, n— 1 — 4]
7=0

= o;On—4i, n—1—4i]

)
Bis1 = In—2—4i+4j, n—1—4i+4j]
j=0

7
= n-2-4i, n—=3-4]0()n—2—4i+4j, n—1— 4i+ 4j]
j=1
i—1
= n-2-4i, n—-3-4]o()n—-2-4(i — 1)+ 44, n—3 —4(i — 1) + 47]
j=0
= n—2—-4i, n-3-4] O

It turns out that

o= %04 3 20000601
= m—4i,n—1—-4i,n—2—-4i, n—3—-4i]Ov4+1 04, 3, 2] ®a; ®F; ®[1].
Notice that transposition 7(1,5,n — 2i) removes the 4-element prefix of 7 ant inserts it
between «; and f3, since the size of §; ® [1] is exactly 2i + 1. So we have
mi-T(1,5,n—2i) = 741104, 3, 2/00,0Nn—4i, n—1—-4i] O
[n—2—4i, n—3—4i]© 5 ©[1]
= %+1 04, 3, 2] O ait1 O Biy1 ©[1]

= Ti+1,

which proves that after n/4 — 1 transpositions of Phase 1 we obtain the permutation

1 n/4—2 n/4—2
T = OU=410M, 3,210 (D n—4j, n—1-4j]0 () [6+4j, 5+4j]©[1]
j=0 j=0 j=0
n/4—2 n/4—2

= 4,3 220 O -4, n-1-45]0 () [6+44, 5+45] 0 [1].
§=0 j=0
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The last transposition of Phase 1 is 7(1,3,n/2 + 2). So we have

Tn/a = Tnja—1-7(1,3,n/2+2)
n/4-=2 n/4—2
= 2o O -4, n-1-4]04, 3]o () [6+4), 5+45] 6 [1]
j=0 Jj=0
= Fl(n)v
concluding our proof. ]
3.3 Phase 2

To characterize Phase 2 we will need to define a new family of permutations that will be
called F5.

Definition The permutation F5(n) is given by the following formula:

n/4—2
Fyn)=[Blo () [6+4), 7+4j, 4+4j, 5+4j]©[1, 2, n]
j=0
When n is clear by the context, we will use just Fs. ]

Example
F(12)=1[3, 6, 7, 4, 5, 10, 11, 8, 9, 1, 2, 12] n
Lemma 2 Phase 2 changes Fi(n), n > 4, into permutation Fy(n).

Proof Let m;, 0 < i < n/4, be the permutation obtained after i transpositions of Phase 2.
Then we have the following recurrence:

™0 = Fl(n)
miy1 = m-7(1,3,n+1—-4i) ,for0<i<n/4—-1
Then we have:
T = Fl(n)
n/4—2 n/4—2
= 2o (O h-4, n-1-410M4, 3]o () [6+4], 5+4j] o [1]
J=0 J=0
n/4—1 n/4—2
= 2, neh-160 (O h-4, n—1-4j]0 () [6+4), 5+45] (1]
j=1 Jj=0
n/4—2 n/4—2

= 2, nom-1060 () h-4—4j, n—5-4j]0 () [6+4j, 5+4j] 0 [1]
j=0 Jj=0
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For 0 <i <n/4 — 1, we have for permutation ;41 the following formula:

Tit1 = [n— 1 — 4] © ajt1 © Bit1 © vt ©[1, 2, nl,

where
n/4—2—i
Qiy1 = [n—4—4i—4j, n—5— 4i — 4j]
j=0
n/4—2—i
Biv1 = 6 + 47, 5+ 4]
§=0
i—1
Yitl1 = n+2—4i+4j, n+3—4i+4j, n—4i+4j, n+1—4i+4j)].
j=0

The proof of this claim can be done by induction. For the base case i = 0 we have

m = m-7(L,3,n+1)
n/4—2 n/4—2
= -1 O h-4-4j, n-5-4j]e () [6+44, 5+45]0[1]@ 2, n]
§=0 =0

= n+3-4-110a1 00N O, 2, n,

where

n/4—2

ap = @[n—4—4j,n—5—4j]
j=0
n/4—2

= O I[6+4) 5+4j]
j=0

n o= O+2+4), n+3+4j, n+4j, n+1+45] =[]
j=0

Let us now prove that, for 1 <i <n/4 —1, we have 7; - 7(1,3,n + 1 — 4i) = m;11. It is
important to check the following relationships among the subsequences of m; and ;1 1:

n/4—2—(i—1)
o = GO In—4i—4j, n—4i—4j—1]
j=0

n/4—1—i

= n—4i,n—-1-4il0 () [pn—4i—4j, n—1—4i—4j]

7=1

n/4—2—i

= [n—4i,n—1-4]0 n—4(i+1) — 45, n—1—4(i + 1) — 4]

<
Il

= n—4i, n—1—4] ©a;41
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n/4—1—i
B = [6+4) 5+4j]
j=0
n/4—1—(i+1)
= () [6+4), 5+4j]0n+2—4i, n+1— 4]
j=0
= Biy10n+2—4i, n+1— 44
i—1
Yisr = On+2—4i+4j, n+3—4i+45, n—4i+45, n+1—4i+ 4j]
j=0
= [n+2—4i, n+3—4i, n—4i, n+1—4]0
i—2
Oln+6—4i+4j, n+7—4i+45, n+4—4i+4j, n+5— 4i+ 4j]
j=0

= n+2—-4i,n+3—-4i, n—4i, n+1—-4i| O~
It turns out that

o= n+3-4]0aoBoyell, 2 n

= m+3—-4ilon—4i, n+1—4i]® a1 ©

= m+3—4i,n—4ilOn—-—1—-—4] O a1 ®
Bir1On+2—-4ilon+1-4il0 01, 2, nl.

Notice that transposition 7(1,3,n+1—41¢) removes prefix [n+3—4i, n—4i] from 7; and
inserts it between [n+2—4i] and [n+1—44], as the size of the suffix [n+1—4i]©v; ©[1, 2, n]
is exactly 14 4(i — 1) + 3 = 44. Then we have

miy1 = m-7(1,3,n+1—4i)
= [n—4i—10 ajt1 © Biy1 ©
m—4i+2/0n+3—4i,n—4]o0nh+1—-460v (1, 2, n]

= n—1—-4i O ajt1© Bit1 ©
m+2—4i, n+3—4i, n—4i, n+1—-4i] O~ O [1, 2, n]
= n—1-4] 0 ait1 © Bit1 ©vip1 ©[1, 2, nl,
which proves that after all the n/4 transposition of Phase 2 we obtain the permutation

Tn/a = [B]Oans O Ba © s @11, 2, 1
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-1

oy = (Ol-4j, —1-45]=1]
j=0
-1

Bus = (O6+4j, 5+45] =]

j=0
n/4—2
Yoja = () [6+44, T+44, 4445, 5+ 4j].
j=0
That is,
n/4—2
Mg = B0 () [6+4), T+4j, 4+4j, 5+4j]©[1, 2, 7]
j=0
= F2(n)7
concluding our proof. ]
3.4 Phase 3

To characterize Phase 8 we will need to define a new family of permutations that will be
called Fj.

Definition The permutation F3(n) is given by the following formula:

[n/81-2 3
Fyn) = () (ON0-—nmod8+8j+kl o[l 2, 3, 4, 5]©
j=0 k=0
[n/8]-2 3
O Ob+nmod8+8j+kl®[n—2 n—1,n]
j=0 k=0
When n is clear by the context, we will use just F3. |

Example
F3(16) = [10, 11, 12, 13, 1, 2, 3, 4, 5, 6, 7, 8, 9, 14, 15, 16]
F3(20) =16, 7, 8, 9, 14, 15, 16, 17, 1, 2, 3, 4, 5, 10, 11, 12, 13, 18, 19, 20] @
Lemma 3 Phase 3 changes F»(n), n > 8, into permutation F3(n).

Proof Let m;, 0 < i < [n/8] + 1, be the permutation obtained after i transpositions of
Phase 3. Then we have the following recurrence:

™0 = Fg(n)

Tit1 = m-17(Ln—4—4iin—4i) ,for 0 <i < |n/8] —1
Tlnys) - T(1,3,n/2 +2) ,if n mod 8 =0

T = ws o T(Ln/2,0/2 +2) if nmod 8 # 0
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= Blo () 6+4), T+4j, 4+44, 5+45]©[1, 2, n]

= Blo () [6+4), T+4j, 4+4j, 5+4j]0n-2, n—1, n—4, n-3, 1, 2, n.

For 0 <i < |n/8] — 1, we have for permutation 7;; the following formula:

g1 =[n—4—-8,, n—3—-8i|®aj+1O[l, 2, 3]©Lit1 ©Yit1©[n—2, n—1, nl,

i—1 3
OOln+2—8i+8j+k
7=0k=0
n/4—3—2i
(6 +4j, 7+45, 4+45, 5+ 4j]
j=0
i—1 3
Oln —2—8i+ 85 + .
j=0 k=0

We can prove this claim by induction. For the base case ¢ = 0 we have

n/4-3

= [n—4,n-31,2 30 ()6+4), T+4j, 4+4j, 5+45]0[n—2, n—1, n]

J=0

= n+4-8 n+5-8 0 ©[l, 2,30/ O ©N—-2, n—1, n],

12
Then we have, for n > 8:
T = Fg(n)
n/4—2
j=0
n/4-3
j=0
where
Qi+l =
Biy1 =
Vil =
m = m-7(l,n—4,n)
where

a1 =

/b =

Moo=

-1 3
OOmn+10-8+8j+k =]

j=0 k=0

n/4-3

() [6+4j, T+4j, 4+4j, 5+ 45]
j=0

-1 3
OOmn+6-8+8j+k =[]
j=0 k=0

Let us now prove that, for 1 < i < |n/8] — 1, we have m; - 7(1,n —4 —4i,n — 41) = m;41.
It is important to check the following relationships among subsequences of m; and m;41:



Sorting R, by Prefix Transpositions 13

Qi1

Bi

Yi+1

i—1 3

OOl +2—8i+8j +k

j=0 k=0

3 i—2 3
Oh+2-8i+ko(()On+2—-83i—1)+8j+k
k=0 j=0 k=0

n+2—8i, n+3—8i, n+4—8i, n+5—8i] Oy

n/4—2i—1
() [6+4), T+4j, 4+4j, 5+ 47]
j=0
n/4—2i—3
() 644, T+4j, 4+4j, 5+45]0
j=0
m—2—8i, n—1—8, n—4—8i, n—3—28i]©®
n+2—8i, n+3—8i, n—8, n+1—8
ﬁi+1®[n—2—8i, n—1—8i]®
n—4—8i, n—3—8i, n+2—8i, n+3—28i]®[n—8i, n+1—28i

i—1 3

OOln—2—8i+8j+k

j=0 k=0

3 i—2 3

O —2-8i+ko()On—2-8>i—1)+8j+k
k=0 j=0k=0

n—2—-8i, n—1—-8i, n—8i, n+1—8i] ®~

It turns out that

T

m+4—8i, n+5-8]0a0oll, 2 3]08ovneh—2 n—1 n

m+4—8i, n+5—8]0ao[l, 2, 3]0 fip ®
m—2-8,n—1-8]O[n—4—8, n—3—8, n+2—8, n+3—8]a
n—8i, n+1—-8i]®y ®n—-2, n-1, nl

Notice that transposition 7(1,n —4—4i,n— 4i) removes block [n —4—8i, n—3—8i, n+
2 — 8i, n+ 3 — 8] from m; and inserts it at the beginning of the permutation, as the size of
the suffix [n —8i, n+1 -8 ©®v ®[n—2, n—1, n]isexactly 2+4(i —1)+3 =4i + 1.

Then we have

Ti+1

= m-7m(1,n—4— 4i,n — 4i)
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= n—-4-8,n—3-8,n+2-8,n+3-8|On+4—8i, n+5—8i]O
a; Ol 2, 3] ©Fiy1©
m—2—-8, n—1-8]OMn—8, n+1-8]0ynon—2 n—1, n

— [n—4-8,n-3-8]O[n+2—8, n+3—8, n+4—8, n+5—8]0
a; 1, 2, 3]©Fiy1 O
[n—2—-8i, n—1-8i, n—8i, n+1—-8]| Oy &[n—2, n—1, n

= [n—-4-8i,n—3-8i]Oaj+1 O [1, 2, 3] ®Fi+1 @ vit1 ©[n—2, n—1, n],

which proves that after |n/8| transpositions of Phase 3, for n > 8, we obtain the permuta-
tion

Tins) = [4+mnmod8, 54 nmod8|® ap,s ©
[17 2, 3] QﬁLn/SJ ®7Ln/8j © [’I’L— 2, n—1, ’I’L]’
where
[n/8]-2 3
Q8| = @ @[10+nmod8+8j+k]
j=0 k=0
(n mod 8)/4—1
Bus) = O 6445, T+4j, 4444, 5+ 4j]
§=0
[n/8]-2 3
Yogs) = (O (ODI6+nmod 8+ 8j+ k.
j=0 k=0

Step |n/8] + 1 depends on the value of n mod 8. We have two cases.

Case 1: nmod8=0
In this case we have

Tinsg] = [4 5] @ ap8) O [1, 2, 3] © Blnss] © Y nys) @ [0 —2, n—1, nj,

where

n/8—2 3

Qln/gl = @ @10+8]+k
J=0 k=0
-1

Blns) = 6447, T+4j, 4445, 5+4j] =[]
j=0
n/8—2 3

Vgl = OI6+8j + k.

j=0 k=0
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Notice that transposition 7(1,3,n/2 +2) removes block [4, 5] from |, /3| and inserts it
just after block [1, 2, 3], as the size of prefix [4, 5] © a,,/5) ©[1, 2, 3] is exactly 2+4(n/8 —
1) +3 =n/2+ 1. Then we have

Tln/s)+1 = T|nsg) - 7(1,3,n/2 +2)

= Qn/8| oL, 2, 3, 4, 5]@’}’@/& ©n—-2 n-1, n

[n/8]-2 3
= (O QOno+8j+koll, 2 3, 4, 506
§j=0 k=0

[n/8]-2 3

O Ob6+8i+kon—2 n-1,n
j=0 k=0

Case 2: nmod8=4
In this case we have

Tinsg] = 8, 9 @ ayys) O [1, 2, 3] © Blnys) © Y nys) © [0 —2, n—1, n,

where

(n-4)/8-2 3

Qlp/g] = @ @[14+8j+k‘]

j=0 k=0

J
0

Blns] = @[6+4j, 7T+44, 4+4j, 5+4j] =16, 7, 4, 5]
j=0

(n—4)/8-2 3
Tos) = ) (OO0 +85+ k.
j=0 k=0

Notice that transposition 7(1,7/2,n/2+ 2) removes block [6, 7] from 7,3 and inserts
it at the beginning of the permutation, as the size of prefix [8, 9] © a5 ® [1, 2, 3] is
exactly 2+ 4((n —4)/8 —1) + 3 =n/2 — 1. Then we have

Tin/gj+1 = T|nsg) T(1,n/2,n/2+2)

= [6, 7,8, 9]®a|_n/8j ®[1, 2, 3, 4, 5]®’7|_n/8] ®n-2 n-1, n]

(n—1)/8-2 3
= 6,78 90 (O Ol4+8i+kall, 2, 3, 4,506
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(n—4)/8-2 3
O0+8j+ko[n-2 n-1,n
j=0 k=0
(n—4)/8-1 3
= O Ql6+8ji+k o, 2, 3, 4,5
=0 k=0
(n—4)/8-2 3
GO ONo+8j+kon-2 n-1,n
j=0 k=0

-2

/8]
- O

=0 k&

64+8i+k o1, 2, 3, 4, 5] ©

3
O0+8j+k ©[n—2, n—1, n

which concludes our proof. ]

3.5 Phase 4

Lemma 4 Phase 4 changes F3(n), n > 8, into the identity permutation ¢.

Proof We are now considering the case n > 8 only. Let m;, 0 < < (n 4+ nmod 8)/8 — 1,
be the sequence obtained after ¢ transpositions of Phase 4. Then we have the following
recurrence:

mig1 = m - 7(1,5,4|n/8] + 6 + 44).

We have for permutation m; the following formula:

[n/8]—2—i 3 8—n mod 8+8i
m = (O (ONo-nmod8+8i+8ji+ke () [1+40
j=0 k=0 J=0
[n/8]-2—i 3
O (14 —nmod 8+ 8i +8j + k.
j=0 k=0

Notice that we have appended the element n + 1 to the permutation to simplify its repre-
sentation, what does not interfere with the result.

The proof of the formula above can be done by induction. For the base case i = 0 we
have, for n mod 8 = 0,

T = Fg(n)
n/8—2 3

= O OIo+8j+koI[L 2, 3, 4, 56
j=0 k=0
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n/8—2 3
O Ob+8i+komn-2 n-1,n]

=0 k=0

Appending element n + 1:

10+8j+k]®[1, 2,3, 4, 5|®

3
Il
s 107
no
f@wu@w

[6—1—8j—|—k‘]©[n—2, n—1, n, n+1]

<.
Il
o

[n/8]-2 3 8—n mod 8
— @[10—nm0d8—|—8j+k‘]® @ 1+jo
j=0 k=0 J=0
[n/8]-2

[14 —n mod 8 + 85 + k.

OF

Il
=)
B
Il
o

J
For n mod 8 = 4 we have

o = Fi(n)
(n+4)/8—2 3
= @ @6+8j—|—1<: 1, 2,3, 4, 5|0

(n4/823

GO Oo+8j+k®n—-2 n-1,n

7=0 k=0
Appending element n + 1:

(n+4)/8—2 3
o = (O QOb+8+k0I[L, 2 3, 4, 506
j=0 k=0
(n—4)/8-2 3
@ @10—!—8]—1—1{: m—2 n—1, n, n+1]

[n/8]—2 3 8—n mod 8
= (O ONo-nmod8+8j+klo () [1+j
j=0 k=0 Jj=0
[n/81-2 3
(O (14— nmod 8+ 8j + k.
j=0 k=0

Let us now prove that, for 1 <i+1 < (n+n mod 8)/8—1, we have 7;-7(1,5,4|n/8|+6+4i) =
mi+1. Notice that the transposition removes prefix OF_o[10 — n mod 8 + 8i + k] and inserts
it just after block @8 nmod 848011 4 71 as the size of prefix @("/81 —2 O3_o[10—n mod 8+
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8i+8j + k] @@?;g mod 848111 4 51 is exactly 4((n+n mod 8)/8 —1—i)+9—n mod 8+ 8 =
4\n/8| + 5 + 4i. Then we have:

Tip1 = mi-7(1,5,4[n/8] + 6 + 4i)

[n/8]—3—i 3 (8—n mod 8+-8i)
= (O (Ol8—nmod8+8i+8j+kl® GO [1+je
j=0 k=0 §=0
3 [n/8]-2—i 3
(OM0—nmod8+8i+k® () ()[14—nmodS8+8i+8j+ k|
k=0 j=0 k=0
[n/8]-3—i 3 16—n mod 84-8i
= (O ON8—nmod8+8i+8j+ko GO [1+je
j=0 k=0 Jj=0
[n/8]-3—i 3
O (O[22 —nmod 8+ 8i+8j + k
j=0 k=0
[n/8]—2—(i+1) 3 8—n mod 8+8(i+1)
= GO Ol0-nmod8+8(i+1)+8j+kl@ © 1+j]o
=0 k=0 §=0

[n/8]=2—(i+1) 3

O

j=0

(O[14 — n mod 8+ 8(i + 1) + 85 + kI,
k=0

which proves that after the [n/8 — 1] transpositions of Phase / we obtain the permutation

T(n+n mod 8)/8—1 =

concluding our proof.

—1 n
Ol +2+8j, n+3+8j, n+4+8j, n+5+8j]0 ([l +j]e
§=0 j=0

-1

Oln+6+8j, n+7+8j, n+8+8j, n+9+8j]
=0

by

Theorem 1 The algorithm presented in Figure 1 sorts R, with n — |n/4] steps.

Proof The theorem, for n > 8, is a direct consequence of the application of lemmas 2, 3, 4,
5 in sequence. For n = 4 it is enough to run the algorithm and verify that it sorts indeed.

Corollary 1 pd(R,) <n— |[n/4]
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4 Conclusion and Future Work

We have concluded that the prefix transposition distance for the reverse permutation is at
most n — |n/4|. We conjecture that this value is not only an upper bound, but also the
exactly distance. Computational results from Dias and Meidanis [3] shows that this is in
fact true for n up to 16. A next step would be to find a lower bound that proves this claim,
which would give a new lower bound for the prefix transposition diameter higher than the
current [n/2] value.

Another conjecture is that the prefix transposition diameter for permutation of size n
equals pd(R;,). This would be a much better upper bound for the distance than the current
n — 1 value.

We have also seen that permutations Fi, F5 and Fj3 are special in the sense that they
achieve the breakpoint lower bound that says pd(m) > [((#breakpoints of ) —1)/2]. The
study of such permutations may give us a new insight about the problem.
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