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SORTING BY TRANSPOSITIONS IS DIFFICULT*

LAURENT BULTEAUT, GUILLAUME FERTINT, AND IRENA RUSUT

Abstract. In comparative genomics, a transposition is an operation that exchanges two con-
secutive sequences of genes in a genome. The transposition distance between two genomes, that is,
the minimum number of transpositions needed to transform a genome into another, is, according to
numerous studies, a relevant evolutionary distance. The problem of computing this distance when
genomes are represented by permutations is called the SORTING BY TRANSPOSITIONS problem, and
has been introduced by Bafna and Pevzner in [Proceedings of the Sizth Annual ACM-SIAM Sym-
posium on Discrete Algorithms, 1995, pp. 614-623]. It has naturally been the focus of a number of
studies (see, for instance, [G. Fertin, A. Labarre, I. Rusu, E. Tannier, and S. Vialette, Combina-
torics of Genome Rearrangements, The MIT Press, Cambridge, MA, 2009]), but the computational
complexity of this problem has remained undetermined for 15 years. In this paper, we answer this
long-standing open question by proving that the SORTING BY TRANSPOSITIONS problem is NP-hard.
As a corollary of our result, we also prove that the following problem, first described in [D. A. Christie,
Genome Rearrangement Problems, Ph.D. thesis, University of Glasgow, Glasgow, Scotland, 1998], is
NP-hard: given a permutation 7, is it possible to sort = using exactly dp(7)/3 transpositions, where
dp () is the number of breakpoints of 7?7

Key words. theoretical aspects of computational biology, comparative genomics, transposition
distance, computational complexity

AMS subject classification. 05A05

DOI. 10.1137/110851390

Introduction. Along with reversals, transpositions are one of the most elemen-
tary large-scale operations that can affect a genome. A transposition consists in
swapping two consecutive sequences of genes or, equivalently, in moving a sequence of
genes from one place to another in the genome. The transposition distance between
two genomes is the minimum number of such operations that are needed to transform
one genome into the other. Computing this distance is a challenge in comparative ge-
nomics (see, for instance, [23]), since it gives a maximum parsimony evolution scenario
between the two studied genomes.

The SORTING BY TRANSPOSITIONS problem is the problem of computing the
transposition distance between genomes represented by permutations; see [17] for a
detailed review on this problem and its variants. Since its introduction by Bafna and
Pevzner [3, 4], the complexity of this problem has never been established. Hence a
number of studies [4, 10, 18, 20, 14, 5, 16] aim at designing approximation algorithms
or heuristics, the best-known fixed-ratio algorithm being a 1.375-approximation [14].
Other works [19, 10, 15, 21, 14, 5] aim at computing bounds on the transposition
distance of a permutation. Studies have also been devoted to variants of this problem,
by considering, for example, sorting by prefix transpositions [13, 22, 8] (in which
one of the transposed sequences has to be a prefix of the sequence) or sorting by
transpositions in strings [11, 12, 26, 25] (where multiple occurrences of each element
are allowed in the sequences), possibly using weighted or prefix transpositions [24, 6,
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T = (MM1... MM .. . TWj—1 T ... Th—1Th...Tn)

7TO7—i7j,k = (71'07'(1...71’1',171']‘ Te—1 7Ti...7Tj,17l'k...7Tn)

Fic. 1. Transposition 7; j 1, with 0 <i < j < k < n.

2, 8, 1]. Note also that sorting a permutation by block-interchanges (i.e., exchanges
of not necessarily consecutive sequences) is solvable in polynomial time [9].

In this paper, we address the long-standing issue of determining the complexity
class of the SORTING BY TRANSPOSITIONS problem by giving a polynomial-time re-
duction from SAT, thus proving the NP-hardness of this problem. Our reduction is
based on the study of transpositions that remove three breakpoints. A corollary of
our result is the NP-hardness of the following problem, introduced in [10]: given a per-
mutation 7, is it possible to sort 7 using exactly dy(7)/3 transpositions, where dj ()
is the number of breakpoints of 77 Section 1 provides some preliminary definitions
and results about the transposition distance and its relationship with breakpoints.
In section 2, we introduce an intermediate structure used in our reduction, the 3DT-
instance, and provide results giving some equivalences between 3DT-instances and
permutations. Section 3 is the core of the reduction; it is devoted to the construction
of “NP-hard” 3DT-instances, using an intricate assembling of basic blocks. Finally,
section 4 concludes the reduction by porting the previous construction to permuta-
tions, thus proving the NP-hardness of the SORTING BY TRANSPOSITIONS problem.

1. Preliminaries.

1.1. Transpositions and breakpoints. In this paper, n denotes a positive
integer. Let [a;b] = {z € N|a <z <b}, and let Id, be the identity permutation
over [0; n]. We consider only permutations of [0; n] such that 0 and n are fixed-
points. Given a word uy ua ... u, a subword is a subsequence uy, yp, ... up,, where
1<p1 <py<---<pp <l. A factor is a subsequence of contiguous elements, i.e., a
subword with pyy1 = pr + 1 for every k € [1; 1’ —1].

A transposition is an operation that exchanges two consecutive factors of a se-
quence. As we work only with permutations, a transposition is defined as a permu-
tation 7; ; ,, which, once composed with a permutation , realizes this operation (see
Figure 1). The transposition 7; ;1 is formally defined as follows.

DEFINITION 1 (transposition). Given three integers i,j,k such that 0 < i <
j < k < n, the transposition 7; ;1 over [0; n] is the following permutation (we write
q(G) =k +i—j):

for any 0 < x < i, Tijk(2) =
for any i < x < q(j), Tijke(T) =z + 75 —1,
for any q(j) <z < k, Tijk(x) =z +j—F,
for any k < x <n, Tijk(2) = .

Note that the inverse function of 7; ;1 is also a transposition. More precisely,
-1
Tigk = Tiq(d),k-
The following two properties follow directly from the definition of a transposition.
PROPERTY 1. Let 7 = 7; 1 be a transposition, q(j) = k+i—j, and u,v € [0; n]
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be two integers such that u < v. Then
T(u) >7(v) i <u<q(j) <v<k,
) >t v)ei<u<i<v<k

PROPERTY 2. Let T be the transposition T = T, j, and write ¢(j) = k+1i — j.
For all x € [1; n], the values of T(x — 1) and 771 (x — 1) are the following:

vz ¢ {i,q(j),k}, T(IE - 1) = T(CC) -1,
Vo ¢ {i,j,k}, iz -1) = 77Y2) -1,

T(i—-1) = 7(q(j)) — 1, THi-1) = 7)) -1,
(q(j) = 1) = 7(k) -1, -1 = 7Yk -1,
T(k—=1) = 7(i)—1, i k—-1) = 7716) -1

DEFINITION 2 (breakpoints). Let m be a permutation of [0;n]. If x € [1; n]
is an integer such that w(x — 1) = w(x) — 1, then (x — 1,x) is an adjacency of 7;
otherwise it is a breakpoint. We write dy(7) for the number of breakpoints of .

The following property yields that the number of breakpoints of a permutation
can be reduced by at most 3 when a transposition is applied.

PROPERTY 3. Let  be a permutation and let T = 7; ;1 be a transposition (with
0<i<j<k<mn). Then, for all x € [1;n] — {i,4,k},

(x —1,) is an adjacency of m < (77 (x) — 1,77 (2)) is an adjacency of wo .

Overall, we have dp(m o T) > dp(m) — 3.
Proof. For all z € [1; n] — {4, j,k}, we have
(x —1,2) is an adjacency of 1 & m(x — 1) = m(x) — 1
e n(r(r (@ - 1) =n(r(r (2)) — 1
snor(r }x) —1) =mwor(r ! (z)) — 1 by Prop. 2
& (77 Hx) — 1,77 !(x)) is an adjacency of 7o 7. O
1.2. Transposition distance. The transposition distance of a permutation is
the minimum number of transpositions needed to transform it into the identity. A
formal definition is the following.
DEFINITION 3 (transposition distance). Let w be a permutation of [0; n]. The

transposition distance d¢(mw) from m to Id,, is the minimum value k for which there
exist k transpositions 11, 7o, . .., Tk, satisfying

ToTg0---0m0T = Id,,.

The decision problem of computing the transposition distance is the following:

SORTING BY TRANSPOSITIONS PROBLEM (3]
INPUT: A permutation 7, an integer k.
QUESTION: Is dy(m) < k7

The following property directly follows from Property 3, since for any n the num-
ber of breakpoints of Id,, is 0.

PROPERTY 4. Let 7 be a permutation; then dy(m) > dp(m)/3.

Figure 2 gives an example of the computation of the transposition distance.
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T = 024315
TOTL35 = 031245
mTOT1,3507T1,24 — 012345

Fi1a. 2. The transposition distance from m = (0 2 4 3 1 5) to Ids is 2: it is at most 2 since
moT1,3,507T1,2,4 = Ids, and it cannot be less than 2 since Property 4 applies with dy(mw)/3 =5/3 > 1.

2. 3-deletion and transposition operations. In this section, we introduce
3DT-instances, which are the cornerstone of our reduction from SAT to the SORT-
ING BY TRANSPOSITIONS problem, since they are used as an intermediate between
instances of the two problems. We first define 3DT-instances and the possible oper-
ations that can be applied to them, and then we focus on the equivalence between
these instances and permutations. In section 2.4 we draw a parallel between 3DT-
instances and the cycle graphs of 3-permutations. It should help readers who are
already familiar with the notion of cycle graphs to follow the definitions introduced
here.

2.1. 3DT-instances. We introduce 3DT-instances as stand-alone mathematical
objects and give a set of tools for handling them. The two main objectives are
(1) to accurately reflect the behavior of the breakpoints in a permutation 7 such that
di(m) = dp(m)/3 (this aspect will be formalized in the following sections), and (2) to
make 3DT-instances easy to construct (they can be defined as a word whose letters
can be partitioned into triples).

DEFINITION 4 (3DT-instance). A 3DT-instance I = (X, T,4) of span n is com-
posed of the following elements:

e X: an alphabet;

o T = {(ai,bi,c;) | 1 < i < |T|}: a set of (ordered) triples of elements of X,
partitioning X (i.e., all elements are pairwise distinct, and ULZ'l{ai, bi,ci} =
2);

e Y: X — [1;n], an injection.

The domain of I is the image of ¥, that is, the set L = {¢(0) | o € £}.

The word representation of I is the n-letter word uy us ... u, over XU{.} (where
« ¢ X), such that for alli € L, Y(u;) =4, and fori € [1;n] — L, u; = ».

Two examples of 3DT-instances are given in Example 1. Note that such instances
can be defined by their word representation and by their set of triples 7. The word
representation of the empty 3DT-instance (in which ¥ = ()) is a sequence of n dots.
We may also denote this instance by e.

Ezample 1. In this example, we define two 3D T-instances of span 6, I = (3, T, )
and I' = (X', T ¢'):

I = arcabibyeiay  with T ={(ar,by, c1), (az,b2,c2)},
I' = by «cy o« ay with T = {(ag, bz, c2)}.

Here, I has an alphabet of size 6, 3 = {a1, b1, ¢1, az, ba, c2}; hence ¢ is a bijection
(W(a1) = 1, ¥(e2) = 2, ¥(b1) = 3, etc.). The second instance, I’, has an alphabet of
size 37 Y = {ag, bg, 02}, with ’t/Jl(bg) = 2, wl(Cg) = 4, ¢'(a2) = 6.

PROPERTY 5. Let I = (X,T,v¢) be a 3DT-instance of span n with domain L.
Then

X[ = [L] =3[T| <n.
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Proof. We have |X| = |L| since ¢ is an injection with image L. The triples of T
partition X, so |X| = 3|T|, and finally L C [1; n], so |L| < n. O

DEFINITION 5. Let I = (X, T,v¢) be a 3DT-instance. The injection ¢ gives a
total order over 3, written < (or < if there is no ambiguity), defined by

(1) VCTl,CTQ €, 01 <709& 1/)(0'1) < ¢(O’2).

Two elements o1 and oo of X are called consecutive if there exists no element
x € X such that o1 <1 © <1 02. In this case, we write o1 <y oo (or simply o1 < 03).

An equivalent definition is that o; < o9 if 01 02 is a subword of the word repre-
sentation of I. Also, o1 < o9 if the word representation of I contains a factor of the
kind o1 «* o2 (where «* represents any sequence of [ > 0 dots).

Using the triples in 7', we define a successor function over the domain L.

DEFINITION 6. Let I = (X, T, v) be a 3D T-instance with domain L. The function
succy : L — L is defined by

Y(a,b,c) € T, (a)— ¥(b),
¥(b) = Y(c),
¥(c) = Y(a).

Function succy is a bijection, with no fixed-points and such that succy o succy o
succy is the identity over L. In Example 1, we have

_123456d (2 4 6
succr = | g o 5 o 1 4) and succr=(, o o

2.2. 3DT-steps. We define 3DT-steps on 3DT-instances in order to reflect
transpositions removing three breakpoints on permutations. In both points of view,
we apply a transposition for which the bounds need to verify certain conditions (being
a well-ordered triple for 3DT-instances, or satisfying a correct pattern of values for
permutations).

DEFINITION 7. Let I = (X,T,v) be a 3DT-instance, and let (a,b,c) be a triple
of T. Write i = min{¢(a),¥(b),¥(c)}, j = sucer(i), and k = succr(j). The triple
(a,b,c) € T is well-ordered if we have i < j < k. In such a case, we write T[a,b,c, ]
for the transposition T; ..

An equivalent definition is that (a, b, ¢) is well-ordered iff one of abe, bea, cab is a
subword of the word representation of I. In Example 1, (a1, b1, ¢1) is well-ordered in I:
indeed, we have i = ¢ (a1), j = ¥ (b1), k = 9(c1), and i < j < k. The triple (asg, b2, c2)
is also well-ordered in I' (i = ¢'(b2) < j = ¢¥/(c2) < k = ¥'(az)) but not in I
(1 =1v(c2) < k=1(b2) < j=1(az)). In this example, we have 7[a1,b1,¢1,¢] = 7135
and T[ag, bz, Co, 1/)/] = T72,4,6-

DEFINITION 8 (3DT-step). Let I = (X, T,4) be a 3D T-instance with (a,b,c) € T
a well-ordered triple. The 3DT-step of parameter (a,b,c) is the operation written
M, transforming I into the 3DT-instance I' = (X', T',¢") such that

e X =%—{ab,c},
o I'"=T—{(a,b,c)},
e V' is the injection defined as follows (where T = T[a,b,c,]):

P Y = [1;n]
o o> 7 (o))
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/‘ W a X b Y & A
(@ho pd {
g w . Y . X . A

Fic. 3. The 3DT-step M has two effects, shown here on the word representation of a
3DT-instance: the triple (a,b,c) is deleted (and replaced by dots in this word representation), and
the factors X and Y are swapped.

A 3DT-step has two effects on a 3DT-instance, as represented in Figure 3. The
first is to remove a necessarily well-ordered triple from 7" (hence from ). The second
is, by applying a transposition to v, to shift the position of some of the remaining
elements. Note that a triple that is not well-ordered in I can become well-ordered in I,
or vice versa. In Example 1, I’ can be obtained from I via a 3DT-step: I {av,byea) pr,
Moreover, I’ (az,b2,¢2) - A more complex example is given in Figure 4.

Note that a 3DT-step transforms the function succy into succy = 77! osuccyor,
restricted to L', the domain of the new instance I’. Indeed, for all (a,b,c) € T’, we
have

succr (V' (a)) = /()
=71 (%(b))

7 (sucer (¥(a)))

7 (sucer (1(¢'(a))))

= (17" o sucer o 7)(¢(a)).

The computation is similar for ¢'(b) and ¢’'(c).
DEFINITION 9 (3DT-collapsibility). A 3DT-instance I = (X,T,v) is 3DT-

collapsible if there exists a sequence of 3DT-instances Iy, Ix—1,. .., Iy such that
I, =1,
Vie[l; k], 3a,bc)eT, L2 .,
IQ =&

In Example 1, I and I’ are 3DT-collapsible, since J.(2t:brcu), g7 (az.baica) oo pyy
other example is the 3DT-instance defined in Figure 4. Note that in the example of
Figure 4, there are in fact two distinct paths leading to the empty instance.

2.3. Equivalence with the transposition distance.

DEFINITION 10. Let I = (X,T,4) be a 3DT-instance of span n with domain L,
and let w be a permutation of [0; n]. We say that I and w are equivalent, and we
write I ~ 7 if

m(0) =0,
Yoe[l;n]—-L, 7ww)=nlv-1)+1,
Yv e L, 7(v) = m(suce; (v) — 1) + 1.

With such an equivalence I ~ 7, the following two properties hold:



1154 LAURENT BULTEAU, GUILLAUME FERTIN, AND IRENA RUSU

areas by dbycy feo

PN

(all,bl,Cl) (CLQ,bQ,CQ)
-dbg-eag-fCQ ale-clf-bld-
(d.e, f) (d,e, f)
--a2--b2--C2 alunblunclun
(az,b2,c2) (a1,b1,c1)

~N

Fia. 4. Possible 3D T-steps from the instance I defined by the word a1 e a2 by d by ¢1 f c2
and the set of triples T = {(a1, b1, c1), (a2,b2,c2), (d, e, f)}. We can see that there is a path from I
to €; hence I is 3DT-collapsible. Note that both (a1,b1,c1) and (a2,bz,c2) are well-ordered in the
initial instance; each one loses this property after applying the 3DT-step associated to the other and
becomes well-ordered again after applying the 3D T-step associated to (d, e, f).

(T R R L A R 2t S R ‘Eo) B
m(u) : oow()-1w@) - wk)=-1w(g) - w(@)—-1 7w(k)

Fic. 5. Illustration of the equivalence I ~ m on three integers (i, j,k) such that j = succy(3)
and k = succy(j). It can be checked that w(v) = w(u — 1) + 1 for any (u,v) € {(3,4), (j, k), (k,)}.

e The breakpoints of 7 correspond to the elements of L (see Property 6).

e The triples of breakpoints that may be resolved immediately by a single
transposition correspond to the well-ordered triples of T' (see Figure 5 and
Lemma 8).

PROPERTY 6. Let I = (X, T,¢) be a 3DT-instance of span n with domain L, and
let ™ be a permutation of [0; n] such that I ~ w. Then the number of breakpoints of
m is dy(mw) = |L| = 3|T.

Proof. Let v € [1; n]. By Definition 10, we have the following:

If v ¢ L, then w(v) = w(v— 1)+ 1, so (v — 1,v) is an adjacency of .

If v € L, we write u = succ; ' (v), so w(v) = 7w(u—1)+1. Since succy has no fixed-
point, we have u # v, which implies 7(u — 1) # 7(v — 1). Hence, w(v) # w(v — 1) + 1,
and (v — 1,v) is a breakpoint of .

Consequently the number of breakpoints of 7 is exactly |L|, and |L| = 3|T| by
Property 5. o

With the following lemma, we show that the equivalence between a 3DT-instance
and a permutation is preserved after a 3DT-step; see Figure 6.
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I: a; a2 as bg C3 b1 b3 C1 C2 TZ{(CL“b“CZ)|1§’LS3}

(a1,b1,c1) T: 06 4 8 7 2 1 5 3 9

T I/Z . b3 = Qg as b2 C3 = C2 T’:{(ai,bi,ci)|2§i§3}

~7:01 5 6 4 8 7 2 3 9

Fi1G. 6. Illustration of Lemma 7: since I ~ 7 and IM,I’, it follows that I' ~ 7w’ = o,
where T = T[a1,b1, c1, ).

LEMMA 7. Let I = (X,T,%) be a 3DT-instance of span n, and let m be a per-
mutation of [0; n] such that I ~ w. If there exists a 3DT-step [~ (@,b,0) for some
well-ordered triple (a,b,¢) € T, then I' and ' = wo T, where T = 7[a,b,c, ], are
equivalent.

Proof. We write (i, j, k) for the indices such that 7 = 7; ;, (by definition, i =
min{¢(a), v(b),¥(c)}, j = sucer(i), k = sucer(j)). Since (a,b, ¢) is well-ordered, we
have i < j < k.

We have I' = (3, T',4'), with ¥/ = ¥ — {a,b,¢}, T/ = T — {(a,b,¢)}, and
Y o+ 771(h(0)). We write L and L' for the domains of I and I’, respectively. For
all ' € [1; n], we have

v el < 30X —{a,b,c}, v =7"1(0))
< 7(v') e L—{i,j k}.

We prove the 3 required properties (see Definition 10) sequentially:
e 7/(0) = w(7(0)) = =(0) = 0.
e Forallv' € [1; n]—L',let v = 7(v"). Since v’ ¢ L', we have either v € {4, j, k}
or v ¢ L. In the first case, we write u = succ; ' (v) (then u € {4,j,k}). By
Property 2, 7~ (u—1) is equal to 77! (succr(u))—1,s0 771 (u—1) = 771 (v)—1.

Hence,
W —1)+1=n(r(r" (v ) 1)) +1
=m(u—1)+
= m(v) by Def. 10, since v € L and v = succr(u)
=7'(v).
In the second case, v ¢ L, we have
W —1)+1=n(r(r"(v) = 1)) +1
=a(r(r~ (v —1))) + 1 by Prop. 2, since v ¢ {i, j, k}
=7(v—1)+
= m(v) by Def. 10, since v ¢ L
— ().

In both cases, we indeed have /(v — 1) +1 = 7'(v').
e Let v/ be an element of L'. We write v = 7(v'), u = succ; ' (v), and v’ =
771(u). Then v = 77 (succr(r(u'))) = succy (u'). Moreover, v ¢ {i,j,k};
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hence u ¢ {i,j,k}. Then

(W - 1) +1=n(r(r" (u) - 1)) +1
=m(r(r~ (u —1))) + 1 by Prop. 2, since u ¢ {i, j, k}
=7(u—1)+
= 7(v) by Def. 10, since v € L and u = succ; ' (v)
= (" ()
=7'(v/). 0O

LEMMA 8. Let I = (X,T,4) be a 3DT-instance of span n, and let w be a per-
mutation of [0; n] such that I ~ w. If there exists a transposition T = T; j such
that dy(m o 7) = dp(m) — 3, then T contains a well-ordered triple (a,b,c) such that
T =Tla,b, c, ).

Proof. We write i’ = 771(i), j/ = 771(j), and k¥’ = 771(k). Note also that
i<j<k.

Let @ = wor. For all z € [1;n] — {i,j,k}, we have, by Property 3, that
(r — 1,2) is an adjacency of 7 iff (t71(x) — 1,77 %(z)) is an adjacency of 7. Hence,
since dp(7') = dp(7) — 3, we necessarily have that (i — 1,7), (j — 1,7), and (k — 1,k)
are breakpoints of w, and (¢/ — 1,7'), (' — 1,5'), and (k' — 1, k") are adjacencies of 7’.
We have

(i) = w(r(i"))
=7'(i")
=7'(i" — 1) + 1 since (i’ — 1,4") is an adjacency of 7’
=a'(r7(6) - 1)+ 1
=7'(r7'(k — 1)) + 1 by Prop. 2
—r(k—1)+ 1.

Since I ~ 7 and @ # k, by Definition 10, we necessarily have ¢ € L (where L is the
domain of T), and i = succy (k).

Using the same method with (j' — 1,5’) and (K" — 1,%), we obtain j, k € L,
j = sucey(i), and k = succy(j). Hence, T' contains one of the following three triples:
(61 (0) (), 0L (), (6 (), 9L (k) 62 (0)), or (6L (k), =1 (3), 61 (7) . Wait-
ing this triple as (a, b, ¢), we indeed have 7; j 1 = T[a, b, ¢, 9] since i < j < k. d

THEOREM 9. Let I = (X,T,) be a 3DT-instance of span n with domain L,
and let ™ be a permutation of [0; n] such that I ~ w. Then I is 3DT-collapsible iff
di(m) =|T| = dp(m)/3.

Proof. We prove the theorem by induction on k = |T'|. For k = 0, necessarily
I =cand L =T = (), and by Definition 10, 7 = Id,, (7(0) = 0, and for all v > 0,
m(v) = (v — 1) +1). In this case, I is trivially 3DT-collapsible, and di(7) = 0 =
IT| = dy(m)/3.

Suppose now that k = k' + 1, with &’ > 0, and that the theorem is true for k'
By Property 6, we have d,(7) = 3k, and by Property 4, d;(w) > 3k/3 =k

Assume first that I is 3DT-collapsible. Then there exist both a triple (a,b,¢) € T
and a 3DT-instance I’ = (X, T",v') such that I %%, 1" and I’ is 3DT-collapsible.
Since 7" = T — {(a,b,c)}, the size of T’ is k — 1 = k’. By Lemma 7, we have
I' ~ 7' =7or, with 7 = 7[a, b, ¢,¢]. Using the induction hypothesis, we know that
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Fia. 7. The 3DT-instance a1 by by a2 c1 c2 seen on the corresponding cycle graph, i.e., the
cycle graph of permutation (0,5,2,1,4,3,6). The ordered triple (a1,b1,c1) corresponds to the over-
lined oriented 3-cycle, and following the 3DT-step, removing this triple corresponds to breaking the
cycle into 1-cycles.

di(7') = k’. So the transposition distance from 7 = 7’ 077! to the identity is at most,
hence exactly, k' + 1 = k.

Assume now that d;(m) = k. We can decompose 7 into m = 7’ o 7!, where 7 is
a transposition and 7’ a permutation such that d,(7’) = k — 1 = k’. Since 7 has 3k
breakpoints (Property 6), and 7/ = wo7 has at most 3k — 3 breakpoints (Property 4),
T necessarily removes 3 breakpoints, and we can use Lemma 8: there exists a 3DT-
step IMJ', where (a,b,¢) € T is a well-ordered triple and 7 = 7[a, b, ¢,®]. We
can now use Lemma 7, which yields I’ ~ 7/ = 7 o 7. Using the induction hypothesis,
we obtain that I’ is 3DT-collapsible; hence I is also 3DT-collapsible. This concludes
the proof of the theorem. O

The previous theorem gives a way to reduce the problem of deciding whether a
3DT-instance is collapsible to the SORTING BY TRANSPOSITIONS problem. However,
it must be used carefully, since there exist 3DT-instances to which no permutation is
equivalent (for example, I = ay as by b2 ¢1 ¢z admits no permutation 7 of [0; 6] such
that I ~ ).

2.4. Parallel with the cycle graph. This section gives another point of view
for the definition of 3DT-instances in such a way that they (almost) match cycle
graphs, as defined in [4]. Tt is given as a side remark and will not be used in the rest
of the reduction; hence it is not described with an overly formal vocabulary, and we
assume that the reader is already familiar with cycle graphs. This correspondence is
summarized in Figure 7.

A 3DT-instance behaves similarly to a cycle graph containing only 1- and 3-cycles,
that is, the cycle-graph of a so-called 3-permutation. Each o € ¥ corresponds to a
reality arc in a 3-cycle (a triple corresponds to a 3-cycle), and each other position
i € [1; n] such that u; = « corresponds to the reality arc of a 1-cycle. The succy
function corresponds to taking the next reality arc in a cycle. A triple is well-ordered
if the corresponding cycle is oriented in the graph and, for such triples, following
a 3DT-step corresponds to breaking the 3-cycle into three 1-cycles (which may also
change the orientation of some other cycles).
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Given such a correspondence between a 3DT-instance I and the cycle graph G of
a permutation 7, we obtain that I is equivalent to m, and that I is 3DT-collapsible
iff there exists a sequence of transpositions each breaking a 3-cycle of G (i.e., iff
di(m) = dp(m)/3).

However, 3DT-instances are more general than cycle graphs: cycle graphs are
defined from the permutations they represent, while, on the other hand, 3DT-instances
can be constructed without referring to a permutation. Hence there is no cycle graph
corresponding to certain 3DT-instances (e.g., I = a1 ag by by ¢1 ¢2). Consequently,
we can focus exclusively on the way triples are ordered and how they overlap—this
task alone is the most complex one; see section 3. The main drawback is that we need
to verify, afterward, that there indeed exist permutations which are equivalent to the
3DT-instances we build (section 4).

3. 3DT-collapsibility is NP-hard to decide. In this section, we define, for
any boolean formula ¢, a corresponding 3DT-instance I,. We also prove that Iy is
3DT-collapsible iff ¢ is satisfiable.

3.1. Block structure. The construction of the 3DT-instance I, uses a decom-
position into blocks, defined below. Some triples will be included in a block, in order
to define its behavior, while others will be shared between two blocks, in order to pass
information. The former are unconstrained, so that we can design blocks with the
behavior we need (for example, blocks mimicking usual boolean functions), while the
latter need to follow several rules, so that the blocks can conveniently be arranged
together.

DEFINITION 11 (I-block decomposition). An I-block decomposition B of a 3DT-
instance I of span n is an l-tuple (s1,..., ;) such that s1 =0 for all h € [1;1—1],
Sh < Spy1, and s < n. We write tp, = sp41 for h € [1;1—1], and t; = n.

Let I = (X,T,¢). For h € [1;1], the factor us, 41 us,+2 .. uy, of the word
representation uy us ... u, of I is called the full block B} (it is a word over XU {s}).

The subword of B;, where every occurrence of « is deleted is called the block Bj,.

For o € 3, we write block; (o) = h if (o) € [sn +1; ta] (equivalently, if o
appears in the word By, ). A triple (a,b,c) € T is said to be internal if blockr p(a) =
blockr (b) = blockr g(c), and external otherwise.

If T is a transposition such that for all h € [1;1], 7(sn) < 7(tn), we write T[B]
for the l-block decomposition (1(s1),...,7(s1))-

In the rest of this section, we mostly work with blocks instead of full blocks, since
we are interested only in the relative order of the elements, rather than their actual
position. Full blocks are used only in definitions, where we want to control the dots
in the word representation of the 3DT-instances we define. Note that, for 01,02 € ¥
such that blockr g(o1) = blockr g(o2) = h, the relation o1 < o9 is equivalent to o1 o2
is a factor of Bp.

PROPERTY 10. Let B = (s1,...,s;) be an l-block decomposition of a 3D T-instance
of spann, and leti, j, k € [1; n] be three integers such that (a) i < j < k, and (b) there
exists ho such that sp, < i < j < tp, or sp, < j <k <tp, (or both). Then for all
hell;1], ng{k(sh) < T;jlk (tn), and the I-block decomposition Tlfjlk [B] is defined.

Proof. For any h € [1; 1], we show that we cannot have i < s, < j < t;, < k.
Indeed, s, < j implies h < hg (since s, < § < th, = Spe+1), and j < t5, implies
h > ho (since thy—1 = sp, < j < tp). Hence s, < j < t5, implies h = hg, but
1 < sp,tp, < k contradicts both conditions sp, < 7 and k < tp,: hence the relation
1 <sp < j <ty <k isimpossible.
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By Property 1, since sp, < t5, for all h € [1;1], and i < s, < j <t < k does not
hold, we have Tijjl)k(sh) < Tijj%k(th), which is sufficient to define Tijj%k (B]. a

The above property yields that, if (a,b,c) is a well-ordered triple of a 3DT-
instance I = (X, T,v¢) (1 = 7la,b,c,9]), and B is an [-block decomposition of I,
then 77'[B] is defined if (a,b,c) is an internal triple or an external triple such that
one of the following equalities is satisfied: blockr g(a) = blockr g(b), blockr g(b) =
blockr g(c), or blockr g(c) = blockr g(a). In this case, the 3DT-step AL LT
written (I, B)M(I’, B'), where B = 771[B] is an I-block decomposition of I’.

DEFINITION 12 (variable). A variable A of a 3DT-instance I = (X,T,%)) is a
pair of triples A = [(a,b,c), (z,y,2)] of T. It is valid in an l-block decomposition B if
we have the following:

(i) 3ho € [1;1] such that blocky g(b) = blockr p(x) = blockr s(y) = ho,

(ii) 3hq € [1; 1], ha # ho, such that blockr p(a) = blockr g(c) = blocky g(z) = ha,

(ili) if x < y, then we have x <1b<y,

(iv) a <z <ec.

For such a valid variable A, the block B, containing {b,xz,y} is called the source
of A (we write source(A) = hg), and the block By, containing {a,c, z} is called the
target of A (we write target(A) = hy). For h € [1; 1], the variables of which By, is the
source (resp., the target) are called the output (resp., the input) of Bj,. The 3DT-step
15Y2 1 is called the activation of A (it requires that (x,y, z) is well-ordered).

Note that since a valid variable A = [(a,b,¢), (x,vy, z)] satisfies block; p(x) =
block; 5(y), its activation can be written (I, B) %2, (1" B').

Ezxample 2. Consider the 3DT-instance I with the 2-block decomposition B such
that

I=dyexbfdaf zec
Wlth triples (a’7 ba C), (d7 €, f)a (d/7 6/7 f/)a (xv Y, Z)a
B =(0,6).

This decomposition yields two blocks By = dyexb f and Bs = d' a f’ z €’ ¢, which
contain two internal triples (d,e, f) and (d’,¢€’, f’) and two external triples forming
a variable A = [(a, b, ¢), (x,y,z)]. We give below a sequence of 3DT-steps leading to
the empty instance (for each step, the three deleted elements are in bold font, the
elements that are swapped by the corresponding transposition are underlined, vertical
bars give the limits of the blocks in the 2-block decomposition, and dot symbols are

omitted). Note that in this example, variable A is valid and remains valid until its
activation:

I=|dyexbf|daf zec|

+ (dye f) Internal triple of B;
Iy=|xzby|daf zec|

I (z,9,2) Activation of A
L=|e|dafbec|

+ (a,b,¢) Internal triple of Bo
L =leld e f|
b, f) Internal triple of Ba

Iy=lele| =e.
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PROPERTY 11. Let (I,B) be a 3DT-instance with an l-block decomposition, and
let A be a variable of I that is valid in B. Write A = [(a,b,c), (x,y,z)]. Then (z,y, z)
is well-ordered iff x <y, and (a,b, c) is not well-ordered.

Proof. Note that for all 0,0’ € X, block; (o) < blocky (o) = o < o’. Write
I = (X,T,v), hg = source(A), and hy = target(A): we have hy # hy by condition
(ii) of Definition 12.

If hg < hy, then, with condition (iv) of Definition 12, b < a < ¢, and either
x <y <zory <x < z Hence, (a,b,c) is not well-ordered, and (z,y,z) is well-
ordered iff x < y.

Likewise, if hy < hg, we have a < ¢ < b, and z <z < y or z < y < x. Again,
(a,b,c) is not well-ordered, and (z,y, z) is well-ordered iff z < y. O

PROPERTY 12. Let (I,B) be a 3DT-instance with an l-block decomposition such
that the external triples of I = (X, T,1) can be partitioned into a set of valid vari-
ables A. Let (d,e, ) be a well-ordered triple of I such that there exists a 3DT-step
(I,B)M(I’,B'), with I' = (X', T',4"). Then one of the following two cases is
true:

o (d,e, f) is an internal triple. We write hy = blockr g(d) = blockr p(e)
blockr g(f). Then for all o € ¥/, blockp (o) = blockr g(o). Moreover, if
01,092 € 3 with blOCk]/)B/(Ul) = blOCk]/ﬁ/(Ug) 75 hg and o1 <y o9, then
o1 <y 03.

e There exists a variable A = [(a,b,c),(x,y,2)] € A such that (d,e, f) =
(x,y,2). Then blocky p(b) = target(A) and for all other o € X' — {b},
blockp p (o) = blockr g(c). Moreover, if 01,02 € ¥/ —{b} such that o1 <1 02,
then o1 </ 09.

Proof. We write 7 for the transposition and 4, j, k for the three integers such
that 7 = 7, = 7[d,e, f,] (necessarily, 0 < i < j < k < n). We also write
B = (so, $1,-..,5). The triple (d, e, f) is either internal or external in B.

If (d,e, f) is internal, with hg = blocky p(d) = blockr g(e) = blockr g(f), we have
(see Figure 8(a))

Shy <1< J <k <tp,.

Hence for all h € [[1; 1], either s, < i or k < sp,, and 771(sp,) = s, by Definition 1.
Moreover, for all o € ¥, we have

i <o) <k = (o) € [sn, + 15 tno]
and 77 (sp,) < i <7 N (W(0)) < k <7 (th,)
= blockr g(c) = ho = blocky (o),
U(o) <iork <o) =7 (¢(0)) = ¥(0)
= blockp g (o) = blockr (o).

Finally, if 01,00 € ¥’ with blockp g/ (01) = blocky g (02) # ho, then we have both
7_71(,%[](0.1)) = ¢(01) and Tﬁl(’QZJ(O'g)) = w((fg). Hence 01 <j 09 & 01 <7 09.

If (d,e, f) is external, then, since the set of external triples can be partitioned
into variables, there exists a variable A = [(a, b, ¢), (z,y, z)] € A such that (d,e, f) =
(a,b,c) or (d,e, f) = (x,y,2). Since (d,e, f) is well-ordered in I, we have, by Prop-
erty 11, (d,e, f) = (z,y,2) and = <7 y; see Figure 8(b). And since A is valid, by con-
dition (iv) of Definition 12, x <y b<; y. We write hg = source(A) and hy = target(A),
and we assume that hg < hi, which implies © <; y <1 z (the case h; < hg with



SORTING BY TRANSPOSITIONS IS DIFFICULT 1161

B;LO
A
S i j ko the
! Il L
/- d e f
wen i | X
AN J
Y
B;;O

~

(z,y,2)

\’ . a « b « ¢

B B
(b)

F1a. 8. Effects of a 3DT-step M, on an l-block decomposition if (a) (d,e, f) is an internal
triple, or (b) there exists a variable A = [(a,b,c), (z,y, z)] such that (d,e, f) = (x,y, z). Both figures
are in fact derived from Figure 3 in the context of an l-block decomposition.

z <y © <y is similar): thus, we have
i =), j=1(y), k=1(2), and sp, <i < j <ty < spy <k <ty
We define a set of indices U by
U={sn|he1;1} U{n} U {d(o)]oecX —{b}}.

We now show that for all u € U, we have u < i or j < u. Indeed, if u = s, for
some h € [1;1], then either h < hg and u < sp, < i, or hg < h and j < tp, < u.
Also, if u = n, then j < u. Finally, assume u = ¢(0), with 0 € ¥’ — {b}. We then
have © <y 0 <7 y & o = b, since x <y b <y y. Hence either o <; z and u < ¢(z) = i,
ory <;oand ¥(y) =j < u.

By Property 1, if u,v € U are such that u < v, then 771 (u) < 771(v). This implies
that elements of X' — {b} = X — {b,z,5, 2} do not change blocks after applying 7!
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on ¢, and that the relative order of any two elements is preserved. Finally, for b, we
have x <7 b <1 y; hence

i§¢(b)<j§8h1</€§th1.

Thus, by Property 1, 77 (sp,) < 77 1((b)) < 77 1(tn,), and blocky g (b) = hy =
target(A). This completes the proof. O

DEFINITION 13 (valid context). A 3DT-instance with an l-block decomposition
(I,B) is a valid context if the set of external triples of I can be partitioned into valid
variables.

With the following property, we ensure that a valid context remains almost valid
after applying a 3DT-step: the partition of the external triples into variables is kept
through this 3DT-step, but conditions (iii) and (iv) of Definition 12 are not necessarily
satisfied for all variables.

PROPERTY 13. Let (I,B) be a valid context and (I, B)M(I’,B’) be a 3DT-
step. Then the external triples of (I',B') can be partitioned into a set of variables,
each satisfying conditions (i) and (i) of Definition 12.

Proof. Let I = (X, T,¢), I' = (X', T",9’), A be the set of variables of I, and E
(resp., E') be the set of external triples of I (resp., I'). From Property 12, two cases
are possible.

First case: (d,e, f) ¢ E. Then for all 0 € ¥/, blockp g (0) = blocky (o). Hence
E' = E, and (I',B’) has the same set of variables as (I, B), that is, .A. The source
and target blocks of every variable remain unchanged, and hence conditions (i) and
(ii) of Definition 12 are still satisfied for each A € A in B'.

Second case: (d,e, f) € E, and there exists a variable A = [(a,b,¢), (x,y, z)] in
A such that (d,e, f) = (z,y, z) by Property 12. Then block; g (b) = target(A), and
for all 0 € X' — {b}, blocky g (o) = block; g(o). Hence block: g (b) = blocky g (a) =
blockr g (c), and E' = E — {(z,y, 2), (a,b,¢)}: indeed, (z,y,z) is deleted in T’ so
(z,y,2) ¢ E', (a,b,c) is internal in I, and every other triple is untouched. Finally,
for every A" = [(a', V', ), (2, ', 2")] € A—{A}, we have blocky /(o) = blocky (o) for
oe{d,V, 2y, 2"}, and hence A’ satisfies conditions (i) and (ii) of Definition 12
in B'. O

Consider a block B in a valid context (I, B) (there exists h € [1; (] such that
B = By) and (d, e, f) a triple of I such that (I,B)M(I',B’) (we write B’ = B},).
Then, following Property 12, four cases are possible:

e h ¢ {blocks g(d),blockr p(e),blockr g(f)}; hence B’ = B, since, by Prop-
erty 12, the relative order of the elements of B remains unchanged after the
3DT-step (L5,

e (d,e, f) is an internal triple of B. We write

_(d7€7f)_)

e There exists A = [(a,b,¢), (z,y, z)] such that h = source(A) and (d,e, f) =
(z,9,2) (A is an output of B); see Figure 9 (left). We write

A

e There exists A = [(a,b,¢), (,y, )] such that h = target(A) and (d,e, f) =
(z,9,2) (A is an input of B); see Figure 9 (right). We write

A
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Fi1a. 9. The activation of a variable A = [(a,b,c), (z,y,2)] is written with a double arc in the
behavior graph of the source block of A and with a thick arc in the behavior graph of its target block.

It can be followed by the 3DT-step M, impacting only the target block of A. Dot symbols (+)
are omitted. We denote by R, S, T,U,V,W some factors of the source and target blocks of A: the
consequence of activating A is to allow U and V' to be swapped in target(A).

The graph obtained from a block B by following exhaustively the possible arcs as
defined above (always assuming this block is in a valid context) is called the behavior
graph of B.

3.2. Basic blocks. We now define four basic blocks: copy, and, or, and var.
They are studied independently in this section, before being assembled in section 3.3.
Each of these blocks is defined by a word and a set of triples. We distinguish internal
triples, for which all three elements appear in a single block, from external triples,
which are part of an input/output variable, and for which only one or two elements
appear in the block. Note that each external triple is part of an input (resp., output)
variable, which itself must be an output (resp., input) of another block, the other
block containing the remaining elements of the triple.

We then draw the behavior graph of each of these blocks (Figures 10-13): in each
case, we assume that the block is in a valid context, and follow exhaustively the 3DT-
steps that can be applied to it. We then give another graph (Figures 14(a)-14(d)),
obtained from the behavior graph by contracting all arcs corresponding to 3DT-steps
using internal triples; i.e., we assimilate every pair of nodes linked by such an arc.
Hence, only the arcs corresponding to the activation of an input/output variable
remain. From this second figure, we derive a property describing the behavior of the
block in terms of activating input and output variables (always provided that this
block is in a valid context). It must be kept in mind that for any variable, it is the
state of the source block which determines whether it can be activated, whereas the
activation itself affects mostly the target block.

3.2.1. The block copy. This block aims at duplicating a variable: any of the
two output variables can be activated only after the input variable has been activated.

Input variable: A = [(a, b, ¢), (x,y, 2)].

Output variables: Ay = [(a1,b1,c¢1), (21,91, 21)] and Ay = [(az, ba, c2), (22, Y2, 22)].

Internal triple: (d,e, f).

Definition:

‘[Al,AQ]:copy(A)‘ = ‘aylezdyz 1 by € 2o by f‘
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a91€Zdy2fC1b1CfC2b2f|

A

aylebdy2m1b16$252f|

(a” b’ C)

|dy21‘1b1y1 €$2b2f|

/

Ay

S e

|CC2 by y2 w1 b1 y1|

(d.e.f) B Yy \A2

N\,
N\

F1G. 10. Behavior graph of the block [A1, A2] = copy(A). A thick (resp., double) arc corresponds

to the 3DT-step m for an input (resp., output) variable [(a,b,c), (z,y, z)].

PROPERTY 14. In a block [Ay, A3] = copy(A) in a valid context, the possible
orders in which A, Ay, and Az can be activated are (A, A1, As) and (A, Aa, Ay).
Proof. See Figures 10 and 14(a). O

3.2.2. The block and. This block aims at simulating a conjunction: the output
variable can be activated only after both input variables have been activated.

Input variables: A; = [(a1,b1,¢1), (1,91, 21)] and Ay = [(az, ba, c2), (22, Y2, 22)].

Output variable: A = [(a,b,c), (z,vy, 2)].

Internal triple: (d,e, f).
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Fi1G. 11. Behavior graph of the block A = and(A1, A2).

Definition:

‘A:and(Al,Ag)‘ = ‘alezl as c1 zzdyczajbf‘

PROPERTY 15. In a block A = and(A1, A2) in a valid context, the possible orders
in which A, A1, and Ay can be activated are (A1, Ag, A) and (Aa, A1, A).
Proof. See Figures 11 and 14(b). O

3.2.3. The block or. This block aims at simulating a disjunction: the output
variable can be activated as soon as any of the two input variables is activated.

Input variables: Ay = [(a1,b1,¢1), (1,91, 21)] and Ay = [(az, ba, ¢2), (z2, Y2, 22)].

Output variable: A = [(a,b,c), (z,vy, 2)].

Internal triples: (a/,V',¢’) and (d, e, f).

Definition:

A =or(Ay, As) = ‘alb'zlazdya'xbfzgclec’cz‘
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F1G. 12. Behavior graph of the block A = or(A1, A2).
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F1a. 13. Behavior graph of the block [A1, As] = var(A).
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|A = and(Al,A2)|

I VN
Ay Ay
O
1 Ay A
N\
Ay As
< > 4
Ay A “
NS
(a) (b)
|A=or Al,A2)| | [A1, 4] = var(4) |
/
Ay Ay
A /1\ A
L J %Al A2§
4 N 7
A1 A2 Al
\“/ NS
(c) (d)
Fia. 14. Abstract representations of the blocks copy, and, or, and var, obtained from each

behavior graph (Figures 10, 11, 12, and 13) by contracting arcs corresponding to internal triples,

and keeping only the arcs corresponding to variables.

We see, for each block, which output variables

can be activated, depending on which variables have been activated.
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PROPERTY 16. In a block A = or(Ay, As) in a valid context, the possible orders
in which A, Ay, and Ay can be activated are (A1, A, As), (A2, A, A1), (A1, Ag, A),
and (Ag, Al, A)

Proof. See Figures 12 and 14(c). O

3.2.4. The block var. This block aims at simulating a boolean variable: in a
first stage, only one of the two output variables can be activated. The other needs
the activation of the input variable to be activated.

Input variable: A = [(a, b, ¢), (x,y, 2)].

Output variables: 41 = [(a1,b1,¢1), (x1,y1,21)], A2 = [(az, b2, ¢2), (22, Y2, 22)].

Internal triples: (di,e1, f1), (dz2, €2, f2), and (a’, b, ).

Definition:

‘[Al,AQ]:var(A)‘ = ‘dlyladzyzela'ezazlblflc'zb'cxgbgfz‘

PROPERTY 17. In a block [Ay, As] = var(A) in a valid context, the possible orders
in which A, A1, and Ay can be activated are (A1, A, As), (A2, A, A1), (A, A1, As), and
(A, Az, Ay).

Proof. See Figures 13 and 14(d). o

With such a block, if A is not activated first, one needs to make a choice between
activating A; or As. Once A is activated, however, all the remaining output variables
can be activated.

3.2.5. Assembling the blocks copy, and, or, var.

DEFINITION 14 (assembling of basic blocks). An assembling of basic blocks
(I,B) is composed of a 3DT-instance I and an l-block decomposition B obtained by
the following process:

e Create a set of variables A.

o Define I = (X, T, ) by its word representation, as a concatenation of | factors
By By ... B} and a set of triples T', where each Bj is one of the blocks
[Al, Ag] = COpy(A), A= and(Al, Ag), A= OI’(Al, Ag), or [Al,Ag] = var(A),
with Ay, A2, A € A (such that each X € A appears in the input of exactly
one block, and in the output of exactly one other block), and where T is the
union of the set of internal triples needed in each block and the set of external
triples defined by the variables of A.

Ezxample 3. We create a 3DT-instance I with a 2-block decomposition B such
that (I, B) is an assembling of basic blocks, defined as follows:

e I uses three variables; A = {X1, X2, Y}

e The word representation of I is the concatenation of [X;, X3] = var(Y) and
Y = OI’(Xl, Xg)

With variables X1 = [(a1,b1, ¢1), (21,1, 21)], X2 = [(az,b2,¢2), (22,2, 22)], Y =
[(a,b,¢), (z,y, z)], and the internal triples (dy, e1, f1), (d2, €2, f2), (a’,V, ¢") for the block
var, and (a”,0",¢"), (d,e, f) for the block or, the word representation of I is the fol-
lowing (note that its 2-block decomposition, emphasized with the vertical bars, is
(0,18)):

I=|dyy1adaysera eawy by fid 20 cag by faolag b z1asdya’ xb f zaciec ol

A possible sequence of 3DT-steps leading from I to ¢ is given in Figure 15; hence [ is
3DT-collapsible.
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I=|diyiadsyser a eax1 by f1c 20 caabs folar b z1asdya’ xbfzacred ca

4 (di, e, f1) Internal triple of B

Lo=|dexxibiyradayac zb cxabsy fo|lar b’ z1asdya’ xb fzaciecd co |

4+ (1,91, 21) Activation of X,
Iy =|d esadaysd zb caaby falar b byasdya” xbfzaciecd ca
+ (a1,b1,¢1) Internal triple of B

Is=|d esadaysd zb caaby fa|lasdya’ b f2b" ec” cs

3 (@b, " Internal triple of B
I = |d exadaysc 20 caabs folasdyexb f zoco|

1 (def) Internal triple of B2
Is =|d exadayscd zb cxaby folasxby zaca

+ (z,9,2) Activation of Y
Is=|d esadays b b caaby fo]aszaca

+ (a,b,¢) Internal triple of B;
I, = |a'2b'%c'x2b2fg|agz202|

J (d, b, <) Internal triple of B;
I3 = |d2y2eax2 by falaz 2o

1 (d2,e2, f2) Internal triple of B:

Iy = |332b_2y2E2202|

1 (2,92, 22) Activation of X,
Il = |a|a2b2c2|
3 (a2, b2, c2) Internal triple of B2

Iy=|ele|=¢

Fic. 15. 3DT-collapsibility of the assembling of basic blocks [X1,Xz2] =var(Y) and Y =
or(X1,X2) from Example 3. We use the same notation as in Example 2.

LEMMA 18. Let I' be a 3DT-instance with an l-block decomposition B’ such
that (I',B') is obtained from an assembling of basic blocks (I,B) after any num-
ber of 3DT-steps; i.e., there exist k > 0 triples (di,e;, fi), i € [1; k], such that
(1,B) (di,en, f1) . (desex, fx) (I'.B).

Then (I',B') is a walid context. Moreover, if the set of variables of (I',B') is
empty, then I' is 3DT-collapsible.

Proof. Write A the set of variables used to define (I, B). We write I = (X, T, ¢)
and I’ = (X',7",¢"). We prove that (I',B’) is a valid context by induction on k
(the number of 3DT-steps between (I,B) and (I’,B")). We also prove that for each
h € [1;1], B, appears as a node in the behavior graph of Bj,.

Suppose first that & = 0. We show that the set of external triples of (I,B) =
(I’,B’) can be partitioned into valid variables, namely into A. Indeed, from the
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definition of each block, for each o € X, o is either part of an internal triple or
appears in a variable A € A. Conversely, for each A = [(a,b,¢), (z,y,2)] € A, b, ,
and y appear in the block having A for output, and a, ¢, and z appear in the block
having A for input. Hence (a, b, ¢) and (x,y, z) are indeed two external triples of (I, B).
Hence each variable satisfies conditions (i) and (ii) of Definition 12. Conditions (iii)
and (iv) can be checked in the definition of each block: we have, for each output
variable, y < z, and for each input variable, a < z < ¢. Finally, each B, appears in
its own behavior graph.

Suppose now that (I’, B’) is obtained from (I, B) after k 3DT-steps, k > 0. Then
there exists a 3DT-instance with an I-block decomposition (I”, B”) such that

(I,B) (di,er, f1)  (dr—1,ex—1, fr—1) (1",8") (dk; ek, fr) (. 8).

Consider h € [1;1]. Using the induction hypothesis, since B is in a valid context
(I",B"), then, depending on (dy, e, fi), either B}, = Bj/, or there is an arc from B}, to
,, in the behavior graph. Hence By, is indeed a node in this graph. By Property 13,
we know that the set of external triples of (I’,B’) can be partitioned into variables
satisfying conditions (i) and (ii) of Definition 12. Hence we need to prove that each
variable satisfies conditions (iii) and (iv): by inspecting each node of the behavior
graph, we verify that x < y = x<b<y (resp., a < z < ¢) for each output (resp., input)
variable A = [(a, b, ¢), (z,y, z)] of the block. This concludes the induction proof.
We finally need to consider the case where the set of variables of (I, B) is empty.
Then for each h € [1; 1] we have either B) = ¢ or Bj = ay, by, ¢, for some internal
triple (ap,bn,cp) (in the case where By, is a block or). Then (I’,B’) is indeed 3DT-

(an,bn,

collapsible: simply follow in any order the 3DT-step °n). for each remaining

triple (ap, b, cn). a

3.3. Construction. Let ¢ be a boolean formula over the boolean variables
Z1,...,Tm, given in conjunctive normal form: ¢ = C; A Cy A --- A C,. Each clause
C. (c € [1;~]) is the disjunction of a number of literals, z; or —x;, i € [1; m]. We
write ¢; (resp., ;) for the number of occurrences of the literal x; (resp., —ax;) in ¢,
i € [1; m]. We also write k(C,) for the number of literals appearing in the clause C,,
¢ € [1;~]. We can assume that v > 2, that for each ¢ € [1; v], we have k(C.) > 2,
and that for each i € [1;m], ¢ > 2 and ¢, > 2. (Otherwise, we can always add
clauses of the form (x; V—z;) to ¢ or duplicate the literals appearing in the clauses C.
such that k(C.) = 1.) In order to distinguish variables of an [-block decomposition
from x1, ..., 2y, we always use the term boolean variable for the latter.

The 3DT-instance Iy is defined as an assembling of basic blocks: we first define a
set of variables, then we list the blocks of which the word representation of Iy is the
concatenation. It is necessary that each variable is part of the input (resp., the output)
of exactly one block. Note that the relative order of the blocks is of no importance.
We simply try, for readability reasons, to ensure that the source of a variable appears
before its target whenever possible. We say that a variable represents a term, i.e., a
literal, clause, or formula, if it can be activated iff this term is true (for some fixed
assignment of the boolean variables) or if ¢ is satisfied by this assignment. We also
say that a block defines a variable if it is the source block of this variable.

The construction of I is done as follows (see Figure 16 for an example):

e Create a set of variables: ‘
— For each i € [1; m], create ¢; + 1 variables representing z;: X; and X/,
j € [1; ¢;], and g; +1 variables representing —~x;: X; and X’ij,j e1; ).
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— For each ¢ € [1; 7], create a variable T'. representing the clause C..

— Create m+ 1 variables, Ay and Azsa i € [1; m], representing the formula
¢. We will show that A, has a key role in the construction: it can
be activated only if ¢ is satisfiable, and, once activated, it allows every
remaining variable to be activated. o

— We also use a number of intermediate variables, with names U, U7, V!,
W,, and Y;.

e Start with an empty 3DT-instance €, and add blocks successively:

— For each i € [1; m], add the following g; + ¢; — 1 blocks defining the

variables X;, X7 (j € [1; ¢:]) and X;, X7 (5 € [1; @]):

[Xl', Xz] = var(Azﬁ),
(X}, U] = copy(Xy), (X}, U] = copy(X;),
)

[X127 Uzg] = Copy([]z2 [XZQa Uz ] - Copy( 712)
(*)
[(XE72 UE = copy(UF ),
[X#1 X = copy(Ufi ™), (X772, 0871 = copy(Uf ),

— Foreachce [1;7],let Cc = A1 VA2V- -V, with & = k(C,). Consider
p € [1; k]. There exist integers ¢, j such that A, is the jth occurrence
of a literal x; or —a;; we write L, = X7 or L, = X7, respectively. We
add the following k£ — 1 blocks defining I'.:

V2 =or(Ly, L),
V3 =or(V2, L)

C

Vk*l _ OI’(‘/C]C72,L]€71),

c

L. =or(VE=L Ly).

— Since ¢ = C1 ACy A --- A C, the formula variable Ay is defined by the
following v — 1 blocks:

WQ = and(I‘l, FQ),
W3 = and(Wg,P3)

W’Y—l = and(W»y—27F'y—l)a
A¢ - and(W'y—l7F’)’)'

— The m copies Aé, ., ARt of Ay are defined with the following m — 1
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blocks:

[A}, V2] = copy(Ay),
[A3, 3] = copy(Y2)

(A7 72, Yo 1] = copy(Ym—a),
[AF ™, A = copy(Yin—1).

3.4. The main result.

THEOREM 19. Let ¢ be a boolean formula and I, the 3DT-instance defined in
section 3.3. The construction of 14 is polynomial in the size of ¢, and ¢ is satisfiable
iff 14 is 3D T-collapsible.

Proof. The polynomial-time complexity of the construction of I is trivial. We
use the same notation as in the construction, with B the block decomposition of I;.
One can easily check that each variable in (), (), (x**), and (*xxx) has exactly one
source block and one target block. Then, by Lemma 18, we know that (Iy,5) is a
valid context and remains so after any number of 3DT-steps; hence Properties 14, 15,
16, and 17 are satisfied by, respectively, each block copy, and, or, and var of Iy4.

Assume first that ¢ is satisfiable. Consider a truth assignment satisfying ¢:
let P be the set of indices i € [1; m] such that x; is assigned to true. Starting from
1y, we can follow a path of 3DT-steps that activates all the variables of I4 in the
following order:

e For i € [1;m], if i € P, activate X; in the corresponding block var in (x).
Then, with the blocks copy, activate successively all intermediate variables
U/ for j =2 to ¢; — 1, and variables X/ for j € [1; ¢,].

Otherwise, if i ¢ P, activate X;, all intermediate variables U for j = 2 to
¢; — 1, and the variables Xij for j € [1; @]-

e Foreach c € [1;7],let Co = A1 VA V-V A\, with & = k(C.). Since C. is
true with the selected truth assignment, at least one literal \,,, po € [1; k], is
true. If A, is the jth occurrence of a literal z; or —z;, then the corresponding
variable Ly, (L,, = X7 or L,, = X/) has been activated previously. Using
the blocks or in (xx), we activate successively each intermediate variable VP
for p =pg, ...,k —1, and finally we activate the variable I'..

e Since all variables T';, ¢ € [1; 7], have been activated, using the blocks and
in (k*k), we activate each intermediate variable W, for ¢ = 2 to ¢ = v — 1,
and the formula variable Ag.

e With the blocks copy in (#skxkx), we activate successively all the intermediate
variables Y;, i € [2; m — 1], and the m copies A}ﬁ, oy AR of Ay

e For i € [1; m], since the variable A}, has been activated, we activate in the
block var of (%) the remaining variable X; or )7(1-.. We also activate all its
copies and corresponding intermediate variables U? or U7.

e For c € [1; 7], in (xx), since all variables L, have been activated, we activate
the remaining intermediate variables V.

e At this point, every variable has been activated. Using again Lemma 18, we
know that the resulting instance is 3DT-collapsible and can be reduced down
to the empty 3DT-instance .

Hence I is 3DT-collapsible.
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var var var var

X1 X’l Xg X'z X3 X'g X4 X'4

00py| |00py| |<30py| 00py 00py |<30py| |60py| |COpy

A AR A AR AR AR ATA

X1 X2 X! X2 X} X? X;X2 X3X3 XiX? X}X?P X;X2

‘/12 ‘/32 ‘/42 V62
N N\ N N
Pl Pz F3 F4 P5 FG
(i} W [} W} W[} W -

Ay

[ ¥y T ¥y~ 4
3
Aé A? A¢

F1G. 16. Schematic diagram of the blocks defining Iy for ¢ = (x1V x2 V —x3) A (1 V —x2) A
(mz1 Vaa V-oxa) A (mx1 VagVaeg) A (z3V —za) A (—z2 V —oxs3 Vag). For each variable, we draw
an arc between its source and target block. Note that ¢ is satisfiable (e.g., with the assignment
x1 = 23 = true and r2 = x4 = false). A set of variables that can be activated before Ay is in bold;

they correspond to the terms being true in ¢ for the assignment x1 = x3 = true and o = x4 =
false.

Assume now that I, is 3DT-collapsible: we consider a sequence of 3DT-steps
reducing I to €. This sequence gives a total order on the set of variables: the order
in which they are activated. We write () for the set of variables activated before Ay,
and P C [1; m] for the set of indices 7 such that X; € @ (see the variables in bold
in Figure 16). We show that the truth assignment defined by (x; = true & i € P)
satisfies the formula ¢.

e For each i € [1; m], Afb cannot belong to @, using the property of the block
copy in (kkkk) (each Ag can be activated only after A,). Hence, with the
block var in (%), we have X; ¢ QVX; ¢ Q. Moreover, with the block copy, we
have

(a) Vi<j<q, X/ €eQ=X €Qq,

2

(b) VI<j<@, X eQ=>X,eQ=X,¢Q.
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[X1, X2] = var(Y) Y = or(X1, X3)
Input variable (target of): Y Input variables (target of): X1, Xo
Output variables (source of): X1, X» Output variable (source of): Y
s1=0 t1 =18 s2 =18 to =33
p1 =0 q=p1+18—-3=15 p2 = 15 @ =p2+15+3=33
aY)=p1+5=5 a(X1)=p2=15 a(X2)=p2+3=18
BY)=p1+9=9 B(X1) =p2+13 =28 B(X2) = p2 + 16 = 31
Definition of 7 over [s1 + 1; ¢1]:
v =0123456 728 9101112131415161718...

mr(u) =017 532012114 4291613 9 8 2 11321915...

v u)= diyiadaysera exxi by fr ¢ 2V ¢ x2by fo...
over [so + 1 t2]:
U = ... 1920 21 22 23 24 25 26 27 28 29 30 31 32 33
mr(u) = .22281824 7 272610 6 31 21 30 25 23 33
() = oo b zmard ya x b f e ed e

Fi1c. 17. Creation of a permutation w1 equivalent to the assembling of basic blocks I = (X, T, )
of span 33 defined in Example 3, using the proof of Theorem 20.

e Since Ay is defined in a block Ay = and(W,_1,T";) in (skx), we necessarily
have Wy_; € Q and I', € Q. Likewise, since W,_; is defined by W,_; =
and(W,_2,T'y_1), we also have W,_5 € @ and I'y_; € Q. Applying this
reasoning recursively, we have ', € @ for each ¢ € [1; 7].

e Foreach ¢ € [1; 7], consider the clause C. = Ay VAqV- - -V, with k = k(C..).
Using the property of the block or in (%), there exists some py € [1; k]
such that the variable L,, is activated before I'.: hence L,, € Q. If the
corresponding literal A, is the jth occurrence of x; (resp., —x;), then L,, =
Xij (vesp., Lp, = Xl-j); thus by (a) (resp., (b)), X; € Q (resp., X; ¢ Q), and
consequently i € P (resp., i ¢ P). In both cases, the literal A, is true in the
truth assignment defined by (x; = true < i € P).

If I is 3DT-collapsible, we have found a truth assignment such that at least one
literal is true in each clause of the formula ¢, and thus ¢ is satisfiable. O

4. Sorting by transpositions is NP-hard. As noted previously, there is no
guarantee that any 3DT-instance I has an equivalent permutation 7. However, with
the following theorem, we show that such a permutation can be found in the special
case of assemblings of basic blocks, which is the case in which we are interested, in
order to complete our reduction.

THEOREM 20. Let I be a 3DT-instance of span n with B an l-block decomposition
such that (I,B) is an assembling of basic blocks. Then there exists a permutation 7y,
computable in polynomial time in n, such that I ~ 7y.

An example of the construction of m; for the 3DT-instance defined in Example 3
is given in Figure 17.

The rough idea of the proof is as follows. Each block By of B (corresponding
to positions [sp + 1; ¢5]) is assigned a unique interval of integers [ps + 1; gn]. Then
we create a permutation of [py, + 1; ¢z, depending on the kind of block, and 7y is
obtained as the concatenation of these permutations. However, external triples (in
variables) need a special treatment: when a variable is activated, exactly three integers
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are moved from one block to another. Hence, for each variable, some integers which
should appear in the target block are originally present in the source block. In other
words, the part of 7; corresponding to each block has three extra integers for each
output variable, and three missing integers for each input variable. We keep track of
elements which are displaced with two functions, o and 3: for a variable A, the three
affected integers are a(A) + 1, a(A) + 2, and B(A) + 1.

Proof. Let A be the set of variables of the I-block decomposition B of I = (X, T, ).
Let n be the span of I, and L its domain. Note that L = [1; n]. For any h € [1; (],
we write ni(Bp) (resp., no(By)) for the number of input (resp., output) variables of
Bj,. We also define two integers py, qn by

pP1 = 07
Vh e [1;51], qn = pn + tn — sn + 3(ni(Bp) — no(Br)),
Vh e [2;1], pn = qn—1-

The permutation 7y will be defined such that p;, and ¢; have the following property
for any h € [1;1]: mr(sn) = pn, and 7r(ty) = qn.

We also define two applications «, 3 over the set A of variables. The permutation
mr will be defined so that, for any variable A = [(a, b, ¢), (z,y, 2)], we have 77 (¢(a) —
1) = a(A) and 77 (¢(z) — 1) = B(A). In order to have this property, a and 3 are
defined as follows for each h € [1; {]:

e If B), is a block of the kind [A;, A2] = copy(A), define

a(A) =pn, B(A) =pn+4.
e If B, is a block of the kind A = and(A4;, As), define
a(Ar) =pn, B(A1) =pn+7, a(A2) =pp+3, B(A2) =pn +9.
e If B, is a block of the kind A = or(4;, Az), define
a(Ar) = pn, B(A1) =pr+13, a(A2) =pn + 3, B(A2) = pr + 16.
e If B), is a block of the kind [A;, A2] = var(A), define
a(A) =pn+5, B(A) =pn+9.

Note that for every A € A, «(A) and S(A) are defined once and only once,
depending on the kind of block Biarget(4)- As already noted, the permutation 7 is
designed in such a way that the image by 7 of an interval [sp + 1; ¢5,] is essentially
the interval [py 4+ 1; gn]. However, there are exceptions: namely, for each variable
A, the integers a(A) +1,a(A) + 2, 8(A) + 1, which are included in [[piarger(a)y + 1 ;
Gtarget(A4)]]; are in the image of [[Ssource(a) T 1 ; tsource(a)]]- This is formally described
as follows. For each h € [1; k] we define a set P, by

Po=[pn+lia]u | {a(4)+La(4) +2,54) + 1}

A output of By

- U A{e)+1,0(4)+2,8(4) + 1}

A input of By,

We note that the sets {a(A)+1, a(A)+2, 8(A)+ 1} are disjoint for different variables
A and are each included in their respective interval [[piarger(a) +1 5 Grarget(a)]]. Hence
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TABLE 1
Definition of w1 over an interval [[Sho +1; tho]}, where By, is one of the blocks copy, and, or,
var. We write s = sp, and p = pp,. We give the line = 1(u) as a reminder of the definition of
each block. We also add a column for w=s as a reminder of the fact that wr(s) = p.

o If By, is a block of the kind [A1, A2] = copy(A), we write a1, (1, az, B2 for the respective
values of a(A1), B(A1), a(A2), B(A2).

s s+1  s+2 s+3 s+4 s+5 s+6 s+7  s+8 s+9

u =

mr(u) = p o1 +2 p+8 p+4 p+3 ae+2 p+7 i+l a1+l p+6

w1 (u)= a Y1 e z d Y2 T1 by c
u =s+10 s+11 s+12

mr(u) =F2+1 az+l p+9
Y=z ba !

o If By, is a block of the kind A = and(A1, A2), we write a, 8 for the respective values of

a(A), B(A).
u = 8 s+1 s+2 s4+3 s+4 s+5 s+6 s+7 s+8 s+9
wr(u) = p p+1l4 p+7 p+3 p+13 p+9 p+6 a+2 p+12 p+11
w1 (u)= a1 e z1 as c1 29 d y co

u  =s+10 s+11 s+12
mr(u) =6+1 o+l p+15
P u)= = b f
o If By, is a block of the kind A = or(Az, A2), we write «, 8 for the respective values of
a(A), B(A).
s+1 s+2 s+3 s+4 s+5 s+6  s+7 s+8 s+9

u S
mr(u) = p  p+7 p+13 p+3 p+9 o422 p+12 p+11 f+1 a+l
Y (u)= ay b’ 21 az d y a’ x b

u =s+10 s+11 s+12 s+13 s+14 s+15
mr(u) =p+16 p+6 p+15 p+10 p+8 p+18
1(h\—

f 22 c1 e c co

o If By, is a block of the kind [A1, A2] = var(A), we write a1, 1, a2z, B2 for the respective
values of a(A1), (A1), a(Az2), B(A2).

u = s s+1 s+2 s+3 s+4  s+5  s+6  s+7  s+8  s+9
mr(u) = p  a1+2 p+5 p+3 ae+2 p+12 p+l p+l4d p+4 Bi+1
Y (u)= dy Y1 a da Y2 e1 a’ es @1

u =s+10 s+11 s+12 s+13 s+14 s+15 s+16 s+17 s+18
wr(u) =a1+1 p+13 p+9 p+8 p+2 p+1l Bo+1 az+l p+15
Y (w)= b1 fi c z b c T2 b2 f2

for any h € [1; 1], we have |P,| = qn — pn + 3no(By) — 3ni(By) = t), — s,. Moreover,
the sets Py, h € [1; 1], form a partition of the set [1; n].

We can now create the permutation 7;. The image of 0 is 0, and for each hg from
1 to I, we define the restriction of w; over [sp, + 1; tp,] as a permutation of Py, with
the constraint that 77 (tn,) = qn,. Note that if this condition is fulfilled, then we can
assume 7y (Sp,) = Phy, since if hg = 1, then 77 (s1) = 77(0) = 0 = py, and if hy > 1,
then 77 (sn,) = T1(thg—1) = Gho—1 = Pho-

The definition of 7; over each kind of block is given in Table 1. This table is ob-
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tained by applying the following rules, until 77 (u) is defined for all u € [sp, + 1; tp,]:

For any input variable of By, A = [(a, b, c) (x,y,2)],
(R1) m1((2) = a(4) +
(R2) Tr(Y(c)) = B(A) +
For any output variable of By, A = [(a,b, c) (x,y,2)],
(Rs) m1((x)) = B(A) +
(Ra) m1(¥(b)) = a(4) +
For all u € [sp, + 1; tp,] such that succ; ( )€ [[sho + 15 th],
(Rs) mr(u) = wj(such (u) —1)+1.

We can see in Table 1 that rules (Rq) and (Rs) indeed apply to every input
variable, and rules (R3) and (R4) apply to every output variable. Moreover,

rule (Rs) applies to every u € [Spo+1; the] such that

P S0

P (00),0(0) 9(2),9(2) | A = [(@,0,), (2, 2)] s input/ontput of By,
A simple case-by-case analysis shows that the following properties are also satisfied:
(P2) s defines a bijection from [sp, + 1; tn,] to Py, such that 7 (tn,) = qn,-

For any input variable of By, A = [(a,b,¢), (z,y, 2)],

= [
(P3) m1(¥(a) —1) = a(A),
(P4) mr(P(2) = 1) = B(A).
For any output variable of By, A = [(a,b, c) (x,y, 2)],
(P5) rr((y) — 1) = a(4) +
(Po) rr () — 1) = B(A) +

Now that we have defined the permutation 77, we need to show that 7 is equiv-
alent to I. Following Definition 10, we have 77(0) = 0. Then, L = [1; n], so let us
fix any u € [1; n] and verify that 77(u) = 77 (succ; ' (u) — 1) + 1. Let h be the integer
such that u € [s, +1; 1]

First, consider the most general case, and assume that there is no variable A =
[(a,b,¢), (z,y, 2)] such that u € {¢(b),¥(c),¥(x),¥(z)}. Note that this case includes
u = 1(d), where d is part of some internal triple. Then, by property (P;), we know
that rule (Rs) applies to u; hence we directly have 77 (u) = 77 (suce; *(u) — 1) + 1.

Suppose now that there exists some variable A = [(a,b,c¢), (z,y,z)] such that
u € {(d),¥(c),¥(x),1(2)}. Then rules (Ry) and (Rz) and properties (P3) and (Py)
apply in the target block of A. Also, rules (R3) and (R4) and properties (P5) and (Pg)
apply in the source block of A. Combining all these equations together, we have

m1(¥(b)) = a(A) + L =mr(¢p(a) = 1) + 1 by (Rs) and (P3),
m1(¥(c)) = B(A) +2=mr((b) = 1) + 1 by (Rz) and (Ps),
m1(Y(x)) = B(A) + 1 =mr(p(z) = 1) +1 by (R4) and (Py),
mr(P(z)) = a(A) +3=nmr(¢(y) — 1) +1 by (R1) and (Pg).

For u = 9(b) (resp., ¥(c),¥(z),¥(2)), we have succ;'(u) = ¥ (a) (resp., ¥(b),

¥(2),%(y)). Hence, in all four cases, we have 77(u) = 77 (succ; ' (u) — 1) + 1, which
completes the proof that 7y is equivalent to 1. O
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With the previous theorem, we now have all the ingredients necessary to prove
the main result of this paper.

THEOREM 21. The SORTING BY TRANSPOSITIONS problem is NP-hard.

Proof. The reduction from SAT is as follows: given any instance ¢ of SAT, create
a 3DT-instance I, being an assembling of basic blocks, which is 3DT-collapsible
iff ¢ is satisfiable (Theorem 19). Then create a 3-permutation 7y, equivalent to Iy
(Theorem 20). The above two steps can be done in polynomial time. Finally, set
k= dy(m1,)/3 =n/3. We then have

¢ is satisfiable < Iy is 3DT-collapsible
& dy(mr,) = k (by Thm. 9, since 77, ~ Iy)
& di(mr,) <k (by Prop. 4). O

COROLLARY 1. The following decision problem from [10] is NP-hard: given a
permutation © of [0; n], is the equality di(m) = dy(7)/3 satisfied?

Conclusion. In this paper, we have proved that the SORTING BY TRANSPO-
SITIONS problem is NP-hard, thus answering a long-standing open question. How-
ever, a number of questions remain open. For instance, does this problem admit a
polynomial-time approximation scheme? We note that the reduction we have pro-
vided does not answer this question, since it is not a gap-preserving reduction. In-
deed, in our reduction, if a formula ¢ is not satisfiable, it can be seen that we have
dt(ﬂj¢) = db(ﬂj¢)/3+ 1.

Also, do there exist some relevant parameters for which the problem is fixed pa-
rameter tractable? A parameter that comes to mind when dealing with the transpo-
sition distance is the length of the exchanged factors (i.e., the value max{j — i,k —j}
for a transposition 7; ;). Does the problem become tractable if this parameter is
bounded? In fact, the answer to this question is negative if only the length of the
smallest factor, min{j — i,k — j}, is bounded: in our reduction, this parameter is
upper bounded by 6 for every transposition needed to sort 7y, , independently of the
formula ¢.
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