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Abstract In the quadratic traveling salesman problem a cost is associated with any
three nodes traversed in succession. This structure arises, e.g., if the succession of two
edges represents energetic conformations, a change of direction or a possible change
of transportation means. In the symmetric case, costs do not depend on the direction
of traversal. We study the polyhedral structure of a linearized integer programming
formulation of the symmetric quadratic traveling salesman problem. Our construc-
tive approach for establishing the dimension of the underlying polyhedron is rather
involved but offers a generic path towards proving facetness of several classes of valid
inequalities. We establish relations to facets of the Boolean quadric polytope, exhibit
new classes of polynomial time separable facet defining inequalities that exclude con-
flicting configurations of edges, and provide a generic strengthening approach for
lifting valid inequalities of the usual traveling salesman problem to stronger valid
inequalities for the symmetric quadratic traveling salesman problem. Applying this
strengthening to subtour elimination constraints gives rise to facet defining inequali-
ties, but finding a maximally violated inequality among these is NP-complete. For the
simplest comb inequality with three teeth the strengthening is no longer sufficient to
obtain a facet. Preliminary computational results indicate that the new cutting planes
may help to considerably improve the quality of the root relaxation in some important
applications.
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1 Introduction

The traveling salesman problem (TSP) is one of the best studied combinatorial optimi-
zation problems with many variations and well known to be NP-complete [4,18,22].
The quadratic traveling salesman problem (QTSP) differs from the TSP in that the
costs do not depend on two successive nodes, an edge, but on three successive nodes
in the tour. As such a sequence of three nodes arises if the two corresponding edges
appear in a tour we speak of a quadratic TSP. The problem was introduced by Jager
and Molitor [12,21] in the context of solving instances motivated by an application
in biology. Indeed, for the recognition of transcription factor binding sites in gene
regulation, Zhao et al. [29] proposed permuted Markov and permuted variable length
Markov mixture models. These can be solved by an iterative algorithm that needs the
solution of a TSP and the solution of a QTSP.

By allowing this particular quadratic cost structure, the QTSP can be used to solve
instances of the angular-metric traveling salesman problem (Angle-TSP) introduced
by Aggarwal et al. [2] which is used for the optimization of robot paths with respect
to energetic aspects. Here the task is to find a tour over n points in the Euclidean space
minimizing the sum of the changes in direction, i.e., the costs depend on the angle of
a path from a point i to a point k over a point j. It also covers the extension of this
problem where the changes in direction are weighted against the length of the tour.
As a further problem class we can handle TSP with reload costs [3,13,14,28], i.e.,
given an edge-colored graph find a tour minimizing the costs arising from (weighted)
color changes along the tour. These problems appear for example in the planning of
telecommunication networks whenever switching between two different technologies
is expensive or in freight transportation networks if the costs for loading processes are
high in comparison to transportation costs.

This paper investigates the polyhedral structure of the symmetric QTSP (SQTSP),
i.e., the QTSP where the direction of traversal of a tour is irrelevant. While formulating
the problem as an integer program is straight forward, determining the dimension of
the associated SQTSP polyhedron Psgrsp, turns out to be surprisingly difficult, see
Sect. 2. One reason might be that the dimension grows irregularly up to n = 6 and
reaches its canonical size only for n > 7. Our proof of the dimension of Psqrsp, gives
an explicit construction of affinely independent tours that extend a constant initial set
of (e.g., 54) tours extracted by a computer algebra package from tours obtained by
complete enumeration of a fixed number (e.g., 5) of initial nodes. The initial enumer-
ative part seems to cover all cases with structural irregularities so that the remaining
tours can be generated following a rather natural scheme.

Due to this explicit form, the same proof technique allows to establish the property of
being facet defining for several classes of valid inequalities (Sect. 3). In particular, we
discuss facets related to the Boolean quadric polytope (Sect. 3.1) and facets excluding
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conflicting edges, i.e., edges that may not be selected at the same time (Sect. 3.2).
These include an exponential family of inequalities, that can be separated in polyno-
mial time. Section 3.3 is devoted to facets that may be interpreted as strengthenings
of TSP facets prohibiting subtours. We introduce a particular strengthening technique
that can be used to lift any valid inequality for TSP to a stronger valid inequality
for SQTSP. This approach suffices to lift TSP subtour elimination constraints to facet
defining inequalities for SQTSP. Unfortunately, more is required for comb inequalities
and we present an SQTSP facet corresponding to the simplest comb with three teeth.
While TSP subtour elimination constraints can be separated in polynomial time, this no
longer seems to hold for their SQTSP equivalents. We prove that finding a maximally
violated SQTSP subtour elimination constraint is NP-complete.

In order to get a rough idea on the potential of the new inequalities in cutting plane
approaches, we performed limited and preliminary computational experiments with
simple separation routines. The root gaps of the basic integer programming formu-
lation are compared against the formulation improved by the new cutting planes for
rather small random instances with general nonnegative cost structure, random Angle-
TSP instances in the plane, and random TSP instances with reload costs. Using the
new cutting planes in the branch-and-cut framework SCIP [1,26] helped to reduce
the number of the nodes of the branch-and-cut tree significantly in most cases. These
results are presented in Sect. 4.

Several other possibilities exist for formulating, studying, and solving SQTSP prob-
lems. One may, e.g., use the convex quadratic reformulation approaches of Billionnet
etal. [5,6], or interpret the SQTSP as a special case of the biquadratic assignment prob-
lem [7]. The latter might also be computationally feasible if symmetry is exploited
like in [10] in a semidefinite approach. Likewise, combining our basic linearization
with the canonical semidefinite relaxation for quadratic 0—1 programming [23,27]
should help to considerably improve the quality of the bounds achieved here. Such
possibilities are open for exploration in further work.

2 The model and its associated polyhedron

A 2-graph G is apair (V, E) consistingof anodeset V = {1, ..., n} and a set of undi-
rected 2-edges E to be defined as follows. A 2-edge (i, j, k) € VO := {(i, j, k) =
(k,j,i):1i,j,k € V,|{i, j, k}| = 3} consists of a sequence of three distinct nodes
where the reverse sequence is regarded as identical. Alternatively, it may be viewed as
a path consisting of two distinct incident edges {i, j}, {j, k} € Vb=, j}: i, j e
V,i # j}, i # k, with the property that the direction of traversal is irrelevant. If
there is no danger of confusion we simply write ij instead of {i, j} and i jk instead of
(i, j, k). We consider the complete 2-graph on V with E := V3,

A 2-cycle C of length £k > 2 in a 2-graph G is a set of k 2-edges C =
{vivav3, V2V3VY, . .., VE_2Vk—1Vk, Vk—1Vk V1, VgV V2} With pairwise distinct v;. The
2-edges i jk € C induce a set of edges C*?} := {ij € VI ijk € C).

We consider the problem of finding a 2-cycle C in a complete 2-graph G = (V, E)
with n = | V| nodes, called a tour, that minimizes the sum of given weights c, over
all 2-edges e € C. Let C, = {C: C 2-cycle in G, |C| = n} denote the set of all tours
on n nodes, then the optimization problem reads
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min[c(C) =D c: C eCn].

ecC

For a 2-cycle C we define the incidence vector €, yC) € {0, 1}V(2}UV<3) by

1 ifeec®, 1 ifeecC,
Vee VI xC = ?ee and Vee V®:yC = %ee
¢ 0 ifeg¢ C?, ¢ 0 ife¢C.

An integer programming formulation of all incidence vectors of 2-cycles is given by

Z xij =2, ieV, (1)
jrijevi
Xj= D Yigk= 2. Y ijevid
k:ijkev® k: kijev®)
> xij=2, Scv,2<|Sl<n-2, (3
ijevid:
ieS,jeV\S
xij € {0, 1}, yiji € [0, 1], ijev®ijkev®. (@

The degree constraints (1) ensure that each node is visited exactly once. Equation (2)
may be seen as a kind of flow conservation for each ij € V{2 because the sum of
the in-flow into ij via 2-edges kij € V) has to be the same as the out-flow out of i j
via 2-edges ijk € V3. The constraints (3) are the well known subtour elimination
constraints [9]. That this is indeed a formulation follows from combining the well
known formulation for the Symmetric Traveling Salesman Polytope [9]

Pstsp, = conv{xC € {0, 1}V : C € Gy} = conv {x c 0,13V . (), (3)}

with the coupling constraints (2). In fact, the model above is a linearization of the
quadratic integer program

mizn Z CijkXijX jk, (5)
[re0 0.3} evier ijreve

because the integrality of y;jx,ijk € V3 follows from the integrality of the x-
variables. For this, we have to check that x;jx;; = y;jx for all ij, jk € V{2 with
ijk € VO and integral x. For x;j = 0 equations (2) imply y;jx = 0 for all
ijk € V3, so consider the case Xij = Xjx = 1. Assume y;jr < 1, then there
exists ijl € V¥ 1 # k, with y;j; > 0 by (2) which implies x;; = 1 (again by (2)).
This contradicts >, cy ) Xjm = 2.
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Remark 2.1 Note that the variables x;; are easily eliminated by (2). E.g., the degree
constraints then read

z Yijk =1 for j e V. (6)
ijkeV3)

However, in our experience, the classical x;; variables improve readability and facili-
tate the presentation.

Our main object of study is the polytope arising as the convex hull of all incidence
vectors of 2-cycles, the Symmetric Quadratic Traveling Salesman Polytope

Psqrsp, = conv {(xc, yH:Ce Cn}

— conv {(x, y) e {0, 13V (1), ), (3)] :

In order to determine the dimension of Psqrsp, we first calculate the rank of the
corresponding constraint matrix.

Lemma 2.2 The constraint matrix corresponding to equality constraints (1) and (2)
has full row rank for all n > 4.

Proof The rows belonging to the degree constraints (1) are linearly independent,
as in the STSP-case [16], because the node-edge incidence matrix of the complete
graph K, n > 3, has full row rank. Let A j 1), be the row of constraint x;; =
2 i jkev® Vi ik and Ag j2) e the row of constraint xij = 2, iey® Yiki,j)-
Our aim is to show that if ij (@@, j,1)AG, j,1),e T G, j,2)AG,j,2),6) = 0 we have
ag,jm = O0foralli,j € V,i < j,m = 1,2. Considering, w.1.0.g., the columns
belonging to y;, j k), Y, j.0ys Yk, j.i), 1 < J <k <1, we get

Vi, j.ky Y, j,l) Yik,j.l)
@i, j, 1 1 1
(,k,2) 1 0 1
(G, ,2) 0 1 1

Because all other entries of these three columns are zero and this small matrix has full
row rank, a(; ;1) has to be zero. With the same argument we get «; j ») = 0 for all
i<jm=12. |
This proves that the dimension of Psqrsp, is at most f(n) := 3- (g) + (;) —n?, because
there are 3('3’) + (;) variables and n” equality constraints. That it is exactly f(n) for
n > 7 is shown next. The construction is surprisingly involved but as subsequent facet
proofs build upon it, it is worth to present it in detail.

Theorem 2.3 The dimension of Psqrsp, equals f(n) foralln > 7.

Proof We want to show that the dimension of Psqtsp, equals f(n) = 3(3) + (5) —
n? = %n3 —2n%+ %n forn > 7. Theideais to construct, in dependence of a fixed small

parameter 7, a set of affinely independent tours C Zim = CZ;LUCZI’»;UCZ;; C C, and
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to prove that |C§‘im| = f(n) 4+ 1. We use three main steps for building the following
matrix structure where each row is the incidence vector of a tour. In step 1 we deter-
mine the rank of some specially structured tours C;;rln and take the largest affinely

independent subset ch: dtm - C_‘Zlirln. Next we iteratively build tours so that each tour
contains at least one 2-edge that is not contained in any tour constructed before. This
is achieved by ordering the tours appropriately and by using a restricted set of new
2-edges in each iteration of the step. Finally, in step 3, unused 2-edges that contain the
nodes n — 1 or n are employed to form the remaining tours.

Tour f(n)+1 : 1

1.

Ueboo oo Yelng® Vel oo Ul

Tour 1 _
* b [l (step 1)

(step 2)

dz m

F|Climl (step 3)

dim

Fix asmall n € N, n < n — 2 (for this proof n = 5 is sufficient, for proving the
facetness of some inequalities 7 = 6, 9 will be used, as well) and collect in the
set C_’Z’,ln all tours with fixed consecutive ordering of the nodes (n + 1) to n but
with an arbitrary permutation of the first 7 nodes, c dlm ={CelCy:{in+1,n+
2.n+3), (i+2,0i+3,a+4),....n—=2,n—1,n)} CcC,{n—1,n}eCc?
Because 7n is small and fixed the rank r;; of the incidence vectors of these tours
is independent of n > 7 + 2 and easy to determine once and for all, e.g., by
some algebra package. The ranks needed in this paper are r5 = 54, r¢ = 98
and r9 = 350. These values and all following ranks of matrices were determined

using Mathematica 7 [24]. Pick rj; tours ¢t € c dlm whose corresponding inci-

dence vectors are lmearly independent and collect these tours in the set Csl? rln with
Cdzm - Cdlm |Cdtm| = rn

In the second step set C' dlm = s <k <n—1 Tk is formed by iteratively constructing
foreach k € {n + 1,...,n — 2} a set of tours T that contains the single tours
tkl, .. t,? ¥ with |T;| = ng. The tours are constructed so that specific coordinates
of the correspondlng incidence vectors, which are zero in all incidence vectors of
tours 1 € CJy;,, form a lower triangular matrix, establishing the affine indepen-
dence of the respective tours. We obtain this structure for each & by ordering the

ng tours tkl, ey t,': *in Ty as presented next. During the following five steps each
new tour t,i, i=1,...,ng, contains a 2-edge e;{ that fulfills
e ¢ Cforall C e cj};}nu( U Th)u U ) )- ©)
n<h<k 1<h<i
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Within block k the iteration steps (lj) below should be considered as append-
ing new rows of incidence vectors of tours in sequence of increasing j. In this
sequence the columns corresponding to underlined 2-edges of the tours t,i e Ty
form a lower triangular matrix. The order within an iteration step (l5) is arbitrary.
Consider a fixed k withn < k < n — 1. In order to simplify the presentation all
tours constructed next are represented by the order of the nodes, i.e., a tour t =
{vivavs, V2V3V4, ..., Uy—1ULVT, VU L2} IS Tepresented by vy v2 V3 ... U1 Uy
We only specify the relevant parts of the tours in a condensed form. In partic-
ular, the (possibly empty) fixed node sequence (k+2) (k+3)...(n —2)(n — 1)
is denoted by the symbol @y and any ordering of the nodes not listed explicitly
may be used to complete the “...” parts of the tour. The decisive 2-edge e,i that
determines the triangle structure is marked by underlining the corresponding three
nodes. Each 2-edge e;{ has one of the four types

(Type-I1) (a,k,b),a,bef{l,...,k—1},a < b,
(Type-12) (k,a,k+1),a€{2,...,k—1},
(Type-I3) (a,b,k+1),a,be{l,...,k—1},a #b.
(Type-l14) (n,a,k), (n,k,a),ae{l,...,k—1}.

The only exceptional 2-edge is (k, 1, k + 1), it is not used for forming the key
segment of the lower triangular matrix but will be needed for patching.
The tours of C:i’l’.fn are built during five iteration steps:

M) ...aklk+Doyn.. foraef{2,...,k—1}
(the 2-edge (k, 1, k + 1) is not used as an e}'{),
(12) ...1katk+Doyn... forae{2,...,k—1},
3) ...akbk+1Vwgn...,fora,be{2,...,k—1},a <b,
14) ...kabk+1V)wygn....,fora,befl,....,k—1},a #b,
A5) ...¢(k+ V) wynab..., fora,be{l,... . k},a# b,k €{a,b}.

Claim 1 The 2-edges e};, i =1,...,ng, underlined above fulfill condition (7).

Proof of Claim 1. By construction, edge {k, k + 1} is contained in all tours ¢ €

Cglflln U (Uﬁ<j<k Tj) and edge {k+1, k+2} isin each tour up to and including this

iteration. Thus, the 2-edges of (Type-I1)—(Type-I3) have not been used before.

Likewise, n and k are separated by node k + 1 on one side and by k — 1 nodes

on the other side in each tour up to this iteration, so the 2-edges of (Type-l4)

are unused. An underlined 2-edge e}; of iteration step (1) is not in conflict with a

further e}; of the same iteration step because at most one of these 2-edges can be

present in a tour. It remains to show that a 2-edge e}; chosen in iteration step (I)

is not contained in a tour of a previous iteration step (1), [ < j.

— Tours in step (I12): all tours created in (I1) contain a 2-edge (k, 1,k + 1) and
by (1), (2) no 2-edge (k,a,k+ 1),a € {2,...,k —1}.

— Tours in step (I3): all tours created in (I1)—(12) contain an edge {1, k} which
conflicts with 2-edges (a, k, b),a,b € {2,...,n — 1}, by (1), (2).

— Tours in step (14): all tours created in (11)—(I3) contain a 2-edge (k,a, k +
1),a €{l,...,k—1}, and the edge {k + 1, k + 2}, i.e., until this step at most
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one node has been between k and k + 1. It follows by (1), (2) that all variables
of type (Type-I3) have not been used in (11)-(13).

— Tours in step (15): in (I1)—(14) the nodes n and k are separated by node k + 1
on one side and by atleastn —5 — |@y| =n—5— (n —k —2) = k — 3 nodes
on the other side. For k > 1 > 5 these are at least 3 nodes.

This completes the proof of Claim 1. O

3. Because all tours constructed so far contain the edge {n — 1, n}, we have
Clim Y Ciim C {CGCn: {n—l,n}eC{Z}}. (8)

It remains to build tours in which n — 1 and n do not lie next to each other. Therefore
we have three possible types for elL, i=1,...,np:

(Type-L1) (a,n—1,b),a,be{l,...,n—2},a <b,
(Type-L2) (a,n,b),a,be{l,...,n—2},a <b,
(Type-L3) (n—1,a,n),ac{l,...,n—2}

All of these 2-edges except for one are used as eiL during the construction.
Again the order of the tours is chosen so that the underlined 2-edge ei of each
tour r} i =1, ..., ng, fulfills

e ¢ CforallCeClpl uch2 U, ... 71y, ©)

The tours of step (L) are all created before the start of steps (LI),/ > j, and the
order within each step is arbitrary.
In the following, let wi, wp, w3 € {1, ..., n —2} be three arbitrary but fixed nodes
with |{w{, wy, w3}| = 3 (this could be the nodes 1, 2, 3; the additional freedom
allows to reuse this part in later proofs).

L) ...am—Dbwinwy...,fora,be{l,...,n—2N\{wi,wr},a <b
(the 2-edge (wy, n, wy) is not used as an ei),

..m(n—Dowinws...,

(L2) ..m(n—1Dowrnws...,
withm,o € {1,...,n —2}\{w, wy, w3}, m # o,

L3) ...am—Dwywrnwz...,forae{l,...,n—2\{wi, wa, ws},

L) ...amn—Dwrwinws...,forae{l,...,n—2\{wy, wa, ws},

(L5) ...anbm(n—1)o...,fora,be{l,...,n—2},a < b, |{a, b} N {wy,
wy, w3l = 1, with m,o € {1,....,n =2}, {m,0} € {wi, wz, ws},
|{a7b’m’0}| = 4,

oonwiwy(n—1Dwy. ..,
(L6) {...nwowi(n—1ws...,

onwiwr(n—1Dws...,
L?) ...anbm(n —1)..., fora,b € {1,...,n —2\{w;, w2, w3},a < b,
withm e {1,...,n —2}, {a, b, m}| = 3,
(L8) ...n—Dan...,forae{l,...,n—2}.
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Claim 2 Whenever (8) holds, then for any fixed choice wy, wo, w3z € {1, ...,
n — 2} with [{wi, wa, w3}| = 3 and any feasible realization of tour ti € C:llfm
according to (L1)—(L8) the corresponding underlined 2-edge eiL fulfills condition
Q) fori=1,...,nz.

Proof of Claim 2. Note that each step (Lj) belongs to one of the types (Type-
L1)—(Type-L3). For all C ¢ (ngrln U C;lifn) there holds e} ¢ C because the
2-edges of (Type-L1)—(Type-L3) are in conflict with edge {n — 1, n}, which is
contained in all previous tours by (8). Next, an underlined 2-edge eiL of step (L)
does not conflict with an eiL, i # 1, of the same step because at most one of these
2-edges can be present in a tour by (1), (2). It remains to show (9) for the tours

(L) with increasing j.

Tours in step (L2): all tours created in (L1) contain the 2-edge (wy, n, wy).
Tours in step (L3), (L4): all tours created in (L1)—(L2) contain a 2-edge (a, n —
1,b),a,bef{l,...,n—2N\{w, wa}.

e Tours in step (L5): all tours created in (L1)—(L4) contain a 2-edge ¢ €
(w1, n, wa), (w1, n, w3), (wa, n, wz)}.

e Tours in step (L6): all tours created in (L1)-(L5) contain none of the three
2-edges (w1, n — 1, wa), (w1, n — 1, w3), (wa,n — 1, wz).

e Tours in step (L7): all tours created in (L1)—~(L4) contain a 2-edge ¢ €
{{wy, n, wy), (wy, n, wz), (wy, n, w3)}; theunderlined 2-edges of (L7) are for-
bidden in (L5), (L6) because there n is adjacent to one of the nodes wy, wy, w3.

e Tours in step (L8): in all tours created in (L1)—(L7) there are at least two nodes
between nodes n — 1 and n.

This completes the proof of Claim 2. O

Claim 3 For7i = 5,6,9 we have |C". | = f(n) + 1.

Proof of Claim 3. We determine |C. | = |C}:} OCh:20Ch? | = |Ch! |4 (€022 | +

_ dim
|C3 | with
n,l
. |Cdim| =Tn,
B n—2 n—2 k—2
o [Ch2]= Tel= > 2(k—2)+( )+(k—1)(k—2)+2(k—1)
- - —_— 2 [ 2 ——
k=n+1 k=a+1 " w12y —— (14) (15)
3)
2 3 3 1 9 1 3
= K- Zk—1)==n® =304+ Zn—1—- i’ + =n,
Z(z 2 ) T g PRI
k=n-+1
A= ("N s 2 2535+ 3 + (" 2
o ICiml=\ , )+ 2 2009 +3n—-H+ 3 +{ , J+r-2
—_— (2)  (L3)+(L4) (L5) (L6) —— (L8)
(L1 (L7)
=n2—4n+3
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We get ICZiml = %n3 —2n?+ %n +2+r; — %ﬁ3 + %ﬁ affinely independent tours for
n > 5,ie., forn > Sandn > n+2 the described constructions are possible. Choosing
n =15,6,9 Claim 3 and Theorem 2.3 follow because in each case the constant term
evaluates to 1. Indeed, for rs = 54 we get2+rs5— % 534 % 5=2454—12 +% =1,

2
re = 98 yields2+98—108+9 = 1 and forrg = 350 we obtain 2+350— 722 + 2/ = 1.
O

For small values of n the dimensions of Psgrsp, are O forn = 3,2 forn =4, 10
for n = 5 and 34 for n = 6. These values were calculated by means of a linear algebra
package.

Remark 2.4 The symmetric quadratic cycle cover problem SQCC,, asks for a set
of cycles of length at least three covering all nodes of an undirected 2-graph G =
(V,E),|V| = n. In comparison to SQTSP,,, the subtour inequalities (3) are not
needed. SQCC,, is NP-complete because the NP-complete problems of determining
a minimum angle cycle cover [2] and a minimum reload cost cycle cover [13] can be
reduced to it. Its corresponding polytope is

Psqcc, = conv {(x, y) e RYPOYT L () fulfills (1), (2), (4)] .

Lemma 2.2 and Theorem 2.3 also prove that the dimension of Psqcc, equals f(n).
By similar arguments, all inequalities that are valid for Psqcc, and facets of Psqrsp,
are facets of Psqcc, , too.

3 Valid inequalities and facets of Psqtsp,

In this section we present valid inequalities and facets of Psqrsp,. We start with
inequalities that are related to the Boolean quadric polytope (BQP) [25]. After that we
present the exponential family of conflicting edges inequalities which can be separated
in polynomial time. Because Pstsp, is a projection of PsqQrsp, . valid inequalities for
Pstsp, remain valid for Psgrsp, but typically they can be strengthened. For facets
corresponding to such a strengthening of the subtour elimination constraints of the
STSP,, the problem of finding a maximally violated constraint is NP-complete. It is
also possible to find facets corresponding to strengthened comb-inequalities [8, 15—
17].

The proofs of the facetness of the valid inequalities presented in this section all
have the same structure. For small values of n the truth of the statements is checked
by means of a computer algebra system via computing the affine dimension of the
incidence vectors of roots of the respective inequality. For larger n the proof follows
the line of argument of the proof of Theorem 2.3. Differences arise only due to the fact
that we need one tour less in exchange for the requirement that the tours generated in
each of the three major steps need to be roots of the inequality under consideration,
which typically entails several adaptations in the initial set of tours of step one as
well as in the number and ordering of the substeps of steps two and three. In order to
illustrate this technique the proof of Theorem 3.2 is given explicitly; complete proofs
of further results can be found in the “Appendix”.
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Fig.1 Visualization of (10): at most one of the two 2-edges
(k, i, j), (i, j, k) can be contained in a tour on n > 5 nodes;
if one of these is present this implies the presence of the

edge {i, j}. For n = 4, every tour satisfies (10) with equality

3.1 Inequalities related to the Boolean quadric polytope

In Sect. 2 we argued that Psqrsp, arises as a linearization of the quadratic zero-one
problem (5). Therefore it is natural to consider inequalities that are known to be valid
for the BQP. The simplest ones are the sign constraints.

Corollary 3.1 Forn > 4 the inequalities
Yijk =0
define facets of Psqrsp, forall ijk € 745

Proof We verified the statement by means of a computer algebra package for n =
4,5, 6. For n > 7 the result follows directly from the proof of Theorem 2.3 choosing
n=>5andw.l.o.g., (i, j,k) = (n — 1,n — 2, n). Indeed, for this choice all tours in
the proof of Theorem 2.3 except for the last tour of (L8) satisfy y(,—1,,—2,, = 0. O

The nextimportant class are the triangle inequalities of BQP [25]. In our notation the
relevant inequalities read —x;; + y;jk + ykij — yikj < Oforallij € v ke V\{i, j),
but this can be strengthened as follows, see Fig. 1.

Theorem 3.2 Forn > 5 the inequalities
Yijk + Ykij < Xij (10)
define facets of Psqrsp, for allij € V2 and all k € V\{i, j}.

Proof The inequality is valid, because with y;jx or yi;; also x;; must be one while
the sequences (i, j, k) and (k, i, j) cannot appear in any tour of length at least four
at the same time. We set, w.l.o.g.,i = n —2,j = n,k = n — 1. A tour satisfying
(10) with equality, y;,—2,1,n—1) + Y(n—1,n1—2,n) = X{n—2,n}» €ither does not contain the
edge {n — 2, n} or contains with this edge one of the edges {n — 1, n — 2}, {n,n — 1}.
For n = 5, 6 we verified the statement by means of a computer algebra package and
for n > 7 the construction of the f(n) affinely independent tours is similar to the
construction in the proof of Theorem 2.3. We only point out the differences.

Among all tours ¢ € CZIZ:,1 U CZ;; only those generated for k = n — 2 in (I5)
may contain the edge {n — 2, n} because otherwise n lies between node n — 1 and a
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z-variables y-variables

Fig. 2 These fractional solutions are cut off via inequalities (10) forn =5

nodec € {l,...,n —3}.If k = n — 2 in (I5), all tours with b = k = n — 2 do not
contain the edge {n — 2, n}, and whenever a = n — 2 the tour also contains the 2-edge
n—1,n,n—-2).

So consider steps (L1)-(L8).

e (L1)—(L4): By choosing wy, wp, w3 € {1,...,n — 3} node n is not adjacent to
n—2.

e (L5): We split this into two parts. First we restrict a, b to lie in {1, ..., n — 3} so
that n and n — 2 are separated. Second we replace the remaining tours by different
tours...an(n—2)(n—1)..., a € {w, wy, wz}. These tours contain the 2-edge
(n,n —2,n — 1), so the corresponding eiL drops out of (L8).

e (L6): We slightly adapt this step in order to prevent the case n adjacentton — 2,

omnwiw;(n—Dwy..., withm € {1,...,n —3\{wy, wa, ws},
oomnwywy(n—Dws..., withm e {l,...,n —3\{wi, w2, ws},
oomnwiwy(n—Dws..., withm e {1,...,n—3}\{wr, w2, wz}.

e (L7): Again we split the construction into two parts. First we restrict a, b to lie in

{1,...,n —3}\{w1, wz, w3} and build the tours as described before. Second we
create new tours ...an(n —2)(n—1)..., a € {1,...,n —3\{w, wy, w3}.

e (L8): As pointed out in step (L5), we restrict a to {1,...,n — 3} and form
...n—Dan...

This construction works out for 7 = 5 and all n > 7. All in all this generates exactly
one tour less than in the proof of Theorem 2.3 and so the inequality is facet defining
for Psqrspe,,n > 3. O

Figure 2 displays a fractional solution for n = 5 satisfying (1)-(3) and y > 0
with X14 = y145 = ys14 = % that is cut off by the facets of type (10). Note that the
x-variables correspond to a convex combination of two tours while the y-variables
form three seemingly unrelated subtours of value % each.

Inequalities (10) can also be interpreted as a special kind of subtour elimination
constraint forbidding cycles of length three. This relation is not surprising, because,
alternatively, the constraint can be derived by multiplying (and thereby lifting) x;; +
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k ”

at most one of these 2-edges at most two of these 2-edges

Fig. 3 Visualization of certain cycle-inequalities on three and on five nodes

Xjk + xxi < 2 by x;; and using the definition of the y-variables. Further inequal-
ities known to be valid for BQP are the cycle-inequalities [25]. Some of these can
be visualized in our context, see Fig. 3. For {i, j, k} C V,|{i, j, k}| = 3, we get

2ijlev® 12k Yijl F 2 jkiev®) 12 Vikl T 2 kiev® 1) Ykil < 1 because 2-edge posi-
tions in the shape of a T are not allowed. By substituting (2) this simplifies to x;; +
Xik + Xjk — Yijk — Yikj — Yjik < 1, which is again a triangle inequality (and a special
cycle-inequality).

Theorem 3.3 For n > 6 the inequalities
Xij + Xik + Xjk — Yijk — Yikj — Vjik < 1 (11)
define facets of PsqQrsp, foralli, j,k € V, |[{i, j, k}| = 3.

Generalizing the idea of conflicting T-structures along a 2-cycle Iy = {ii2i3, i2i3
i4,...,Iixi1i2} of odd length | Iy | leads to

k—2
Z Z Vijigm + Z Vir_rigm T Z )’ikilmf\\%J-

=1 i[i[+1mEV<3) ix_1igmeV 3 ixiymeV®
mzipgn m=i] m##in

Via (2) these correspond to the following cycle-inequalities.

Observation 3.4 For n > 3 the inequalities

> x> v = |9 (12)

iject? ijkeC

are valid for Psqrsp, for all 2-cycles C C V3, |C| = 3.

Proof For any two consecutive x-variables that have value one, the corresponding
y-variable also has value one. O
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For 2-cycles C with |C| = 5 one can prove the following.

Theorem 3.5 The inequalities (12) define facets of Psqtsp, for all 2-cycles C C v
with |C| =5ifn > 5.

Remark 3.6 For |C| > 6 inequality (12) can be strengthened and is thus not facet
defining. Indeed, for a 2-cycle C = {i1izi3, i2i3i4, ..., 1cji1i2}, |C] = 6, add-
ing the variable y(;, i, i) to the left hand side of the inequality preserves valid-
ity for Psqrsp,, because the presence of (i1, i4, i|c|) in a tour excludes the use of
edges {i1, i|c|}, {i3, 14}, {is, i5} so that the remaining edges of C? can be grouped
into two paths, one corresponding to X{i; iy} + X{is,i3) — Y(i1,i2,iz) < 1 and one to

Ccl-1 Ccl-1 C|-5 ..
L |5 Xigige1) ZL ‘6 Vir—toivsixs1) = {%—‘ Hence, whenever (i1, is, i|c|)
is in the tour, the strengthened left hand side sums to at most 1 + 1 + {#—‘ =

{ﬁ—‘ = LQJ At this point it is instructive to view the SQTSP as a constrained

sparse Boolean quadric problem. For the Boolean quadric polytope on sparse graphs
[25] one is given a graph G = (V, E) where V corresponds to the variables and the
product of variables i, j € V is taken into account if {i, j} € E. The correspond-

ing polytope is denoted by QP = conv {(x,y) € {0, 1}V*E: x; + Xj— Vi) <
Loy, jy < xi, yi,jy < x;j for {i, j} € E}. The cycle-inequalities of odd length define
facets of Q P if the cycle is chordless in G [25]. One can check that for (12) with
|C| > 7, |C| odd, the induced cycles are indeed chordless, yet inequalities (12) do not
define facets of SQTSP.

The inequality remains valid if all edges and 2-edges of the induced subgraph are
employed.

Theorem 3.7 The inequalities

> xi— X v | (13)

ijes ijkesS®

define facets of PsqQrsp, forall S C V withodd |S| =h > 3 andn > %(h +1).

Figure 4 illustrates the combinatorial structure of the left hand side for an example
with n = 15 and |S| = 9. Indeed, the roots of (13) consist of the incidence vectors of

those tours, whose induced subgraph on S consists of L@J distinct paths and possibly
an isolated node.

3.2 Conflicting edges inequalities

The conflicting edges inequalities presented next forbid subtours and T-structures, see
Fig. 5. In the simplest case a subtour is implied if there is more than one path of length
less or equal to two between two nodes i, j € V,i # j, i.e., anedge {i, j} € V% or
a2-edge (i, k, j) e V&
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contributes contrib. contributes
2-1 1-0 3-2 > owmp— X ygr=3<4
ijes(2} ijkeS3)
S |51 Sy |s3 [sa [ss [s¢ S7 Sss  [S9

V\S

Fig. 4 Visualization of the left hand side of (13) for an example with n = 15 and § = {s;: i =

1,..., 9L, 1SI=9
(350

N

oty

(a) Theorem 3.8 (b) Theorem 3.9 (¢) Theorem 3.10

Fig. 5 One can choose at most one out of this edge (straight line) and the 2-edges (curved lines)

Theorem 3.8 For n > 6 the inequalities

xij + Z yikj =1 (14)
ikjev®

define facets of Psqrsp, for allij € vz,

Figure 5a displays the edge and the 2-edges counted in (14). The idea used for
Theorem 3.8 can be extended, see Fig. 5b.

Theorem 3.9 For n > 6 the inequalities

xij+ >, vt D, v <1 (15)

ikjeV® keS kileV®) kleT

define facets of Psqrsp, for all ij € V@ and forall SUT = V\{i, j},SNT =
2,181 = 1,1T| = 3.

As shown in Fig. 5c, in the case |T'| = 2 further strengthenings are possible.

Theorem 3.10 For n > 6 the inequalities

Xij + Z Yikj + Yniny + Yo jn =1 (16)
ikjeV® keS
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Fig. 6 The graph Gforn=6
and i =5, j = 6 with marked
solution § = {1}, T = {2, 3,4}

{1,2} {1,3} {1,4} {2,3} {2,4} {3,4}

define facets of Psqrsp, for allij € V2 and forall SUT = V\{i, j}, SNT =,
T ={n,n}

While (14) and (16) only comprise a polynomial number of inequalities, there are
exponentially many inequalities of type (15) and it is not clear in advance if one can
separate them in polynomial time. The answer to this is given next.

Theorem 3.11 The separation problem for the conflicting edges inequalities (15) can
be solved in polynomial time.

Proof We are given a fractional solution (x, y) of a relaxation of SQTSP,,. Fix i, j €
V,i # j. Then we want to find S, T C V as in inequality (15) maximizing the sum

Z Y+ DL il

ikjeV®): kes kileV®) : k,leT

For this purpose we construct two node sets Vi = VA\{i, j} and Vy = {{k, 1} k.1 €
V\{i, j},. k # l} and from this we build an undirected bipartite graph G = (V E )
with node set V = V; U V, and edge set E = {{m {k,1}}: m € {k,I} € V} (see
Fig. 6 for an illustration). The selection of node v € Vi corresponds to the assignment
of v to § and choosing anode {k, [} V; to the assignment of k and / to T'. Setting the
weight of each node v € \71 to y;y; and of {k, [} € ‘72 to yxi; the separation problem
reduces to the problem of finding a maximum weight independent set in a bipartite
graph. This problem is known to be solvable in polynomial time, see, e.g., [11]. O

3.3 The extended subtour elimination constraints

In the description of the formulations for Psqrsp,, inequalities (3) are the subtour
elimination constraints. These require that any tour has to leave any subset S C V,
2 < |S| < n — 2, and may be rewritten, via (2), in terms of y-variables,

Z Yijk +2+ Z Vijk = 2. (17

ijkeVd): ijkeVi3)
ieS,jkeV\S i,keS,jeV\S

In some cases (17) can be improved. E.g., the 2-edges immediately reentering set S
after visiting one exterior node, i.e., yijx, i,k € S, j € V\S, may be considered as
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(a) (b)

Fig. 7 Visualization of a tour illustrating the necessity of |S| < % for which the corresponding sum
appearing in inequality (18) is zero, and of a tour whose incidence vector defines a root of (18). a Case
n = 6, |S| = 3: For this tour, the sum appearing in inequality (18) is zero. b The incidence vector of the
shown tour fulfills Zijkev<3> Cies, jkev\S Yijk = 2. The marked nodes belong to the only block of nodes

in V\ S with more than one node

not exiting S after all and may be excluded from the left hand side if |S| < 7. The

condition |S| < % is needed because in the case of |S| > % some tours over n nodes
may visit all exterior nodes only by such reentering 2-edges (see Fig. 7a). This leads

to Theorem 3.12.

Theorem 3.12 For n > 6 the inequalities

> k=2 (18)

ijkeV®:
ieS,jkeV\S

define facets of Psqrsp, forall S C V,2 < |S] < 3.

It is well known that (3) can be separated in polynomial time by solving a
min-cut-problem between each pair of nodes [19]. The situation changes for the
extended subtour elimination constraints (18) (the corresponding proofs are given
in the “Appendix”).

Given a weighted undirected 2-graph G = (\7, E , w) with node set \7, set of
2-edges E and weights b, > 0, e € E (i, polynomially bounded in |V|), the task
is to determine a partition of V into the sets S, 7 with 2 < |§| < 5. 8SNT =9,
SUT = V so that the cut value is minimized. For the cut value the weights of 2-edges
ijk € V© are counted if (i € SA{j,k} S T)or (k€ SA{i, j} € T).Note, 2-edges
ijk € V3 with {i,k} € S, j € T are not counted. We first consider a more general
problem, the (st;t>-cut)-problem, where such a minimum cut is sought for § C 1%
without the cardinality constraints but under the condition that three special nodes
{s, 11,00} C V are fixed in advance with s € S and t1,p eT.

Lemma 3.13 The problem (st t,-cut) on a weighted undirected 2-graph as described
above is NP-complete.

Lemma 3.13 is needed to prove Theorem 3.14 where the weight of a 2-edge is the
value of the corresponding coordinate of a point contained in a relaxation of SQTSP,,
fulfilling (1), (2), x;; € [0, 1] forallij € V) and y;jx € [0, 1] forall ijk € VO,
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Theorem 3.14 The problem of finding a maximally violated extended subtour elimina-
tion constraint (18) for points (x, y) satisfying equality constraints (1), (2), x;; € [0, 1]
forallij € V% and yijk € [0, 1] for allijk € V3 is NP-complete.

Until now we have only considered subtour elimination constraint (17) for the case

|S| < % If|S] > '5', inequality (18) fails to be valid for those tours that visit all external

vertices via reentering 2-edges. Thus, to make (18) valid for all tours it suffices to add
all reentering 2-edges over one fixed external node with weight 2. Alternatively, this
may be viewed as a strengthening of (17), because all reentering 2-edges except for
those running over one special vertex are dropped.

Theorem 3.15 For n > 6 the inequalities

D vi+2 D =2 (19)

ijkeVid): itkev®
ieS,jkeV\S ikeS
define facets of Psqrsp, forall S C V.5 <|S| <n—3,t e V\S.

Motivated by the conflict considerations leading to Theorem 3.8, the facets of
Theorem 3.12 and Theorem 3.15 were originally derived from the subtour elimination
constraints of Pstsp, by a strengthening approach that can be applied to any valid
inequality of Pstsp, with nonnegative coefficients. It is based on the following simple
concept which we state here for the current setting (there is an obvious generalization
for arbitrary coefficients and arbitrary combinatorial problems).

Definition 3.16 For a given E’ C vi2a family F = {(Fez, FS)}EGE/ of pairs of sets
Fe2 c v, Fe3 c VO fore € E'is E/—dominatgd if for any tour C € C, there is
atour C € C, with ZfeFZ x? + Zfng y? < x& forall e € E'. It is improving, if
e € F?fore € E' and there is an e € E' with F? # {e} or F} # 0.

Given a valid inequality of Pstsp, with nonnegative coefficients any improving sup-
port-dominated family gives rise to a strengthened valid inequality for Psqrsp, -

Observation 3.17 Suppose Zee g GeXe < b is a valid inequality for Pstsp, with
a,>0,e € E' andlet F = ((F?, F))}ocp be E'-dominated. Then the inequality

Dlac| D xp+ D v <b

ccE'  \feF? JeF}

is valid for PsQtsp, -
Proof For any C € C,, there is, by Definition 3.16, a C € C, so that

I DIETES 813 I AT

eckE’ fer? fer} eckE’
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The facets of Theorem 3.12 make use of the following family.

Observation 3.18 Given E' C V'), suppose |V (E')| < 5. Then

- {(Fl%- = {ij). F) = {ikj e VO ik ¢ E'kj ¢ E })} .

is E'-dominated. It is improving whenever E' # @.

Proof If F is E’-dominated with E’ # @, it is improving because any node k €
VA\V(E’) gives rise to a 2-edge ikj € Fl.z} foreach ij € E’. It remains to show that F
is E’-dominated.

For E/ = ¢ there is nothing to show, so we may assume E’ # ¢ and thus n > 5.
Given a tour C € C,, we have to show the existence of a tour C € C, satisfying the
requirements of Definition 3.16.

For this let Ff = E'NC? and F{ = {ij € E’ : F3 N C # ¢}. By the require-
ments on F and n > 5 we have F, ‘n F3 € = @ (only for n = 3 a tour may contain
the subsequences ij as well as ikj). Furthermore, for each ij € F3C there is a unique
node k;; with (i, k;;, j) € C. We know

kij ¢ V(FS) forij e F{, (20)

because {i, k;;} € F2C C E'or{j,kij} cm C E’ contradicts (i, k;j, j) € FS

Next, consider the graph Gg- = (V, cm U F3C ) and note that all its components
are isolated nodes or paths. Indeed, consider a fixed node i appearing in C within
the subsequence ...abicd..., then only the two edges bi, ic and the two 2-edges
abi, icd can give rise to edges ij € F2C U F3C . However, by (20) at most one of ai and
bi and at most one of i¢ and id can be contained in cm U F3C , so the degree of i in Gg_-
is at most two. Furthermore, i cannot lie on a cycle, because this would induce a sub-
cycle of the tour C of length at most 2|V (Fy U F{)| <nas V(Fy UF{) C V(E").
Thus, by addmg edges appropriately we may complete F2 U Fy ¢ to a tour C with
FSfUFL cCl

This tour C satlsﬁes the requ1rernents of Defrnmon 3.16. Indeed, suppose there is
anij € E' with §; := Zfepzvx + 2 ter? yf > 0, then &;; = 1 because by n > 5

ij Ly -

either ij € C'? or ikj € C for a unique k. In both cases ij € cm u F3C c c,
therefore &;; = xi(;. . O
The facets of Theorem 3.15 arise from the next family.

Observation 3.19 Given E' C V12, suppose |V (E')| = 5 with some t € V\V (E").
Then

_ {(F,? = (i), F3 = {ikj e VO k £7,ik ¢ E/ kj ¢ E/})}ijeE/

@ Springer



224 A. Fischer, C. Helmberg

is E'-dominated. It is improving if and only if the graph G = (V\{t}, (V\{I}) P\ E")
has a component that is not a clique. In particular, it is improving if |[V(E")| < n — 2.

Proof We first show that F is E’-dominated. The statement holds for E’ = {e} for
some e € V{2 because for any C € C, we have ZfeF3 x? + Zfngs y? < 1 by the

choice of F2 and F? and so any tour C with e € C'?} suffices for Definition 3.16.
|E’'| > 2 requires n > 4 and for n = 4 we have F = {(e, ¥)}.ck, so each C € C4
serves as its own C in Definition 3.16.

For n > 5 the proof is almost identical to the proof of Observation 3.18 and we
use the same notation. Given a tour C € C, we may construct the graph Gg- =
v, F2C U Ff ) and prove that all its nodes have degree at most two in exactly the
same way. This time, however, G% cannot contain a cycle, because it would induce a
subcycle of C that does not visit 7 as 7 ¢ V(Fii') forij € E’. From this point on the

proof of F being E’-dominated can be completed as for Observation 3.18.

By definition, F is improving if and only if there is an edge ij € E’ and a node
k € V\{r} withik ¢ E’ and jk ¢ E’. Such an edge ij does not exist if and only if any
two nodes i, j € V(G) that are connected by a path of length two in G are adjacent
in G. The latter property holds if and only if every component of G is a clique. O

We illustrate this technique for the comb-inequalities [8,15—17], which are a large
class of valid inequalities of Pstsp, known to be facet defining in many cases. They
are defined as follows.

Z >, < [Wol +Z(|Wh| — 1) —[4] @1)
h=011,LeW),
with W, C V., h=0,1,...,k, satisfying

WoNWy|>1, h=1,...,k,
IWpA\Wo| =1, h=1,...,k,
W, "W, =0, 1<h<m=<k,

k odd.

The inequality remains valid if the first condition is changed to |[Wo N W,,| = 1,
h =1, ...k, and the third condition may be dropped in this case. For the support

E ={ijev¥:3ne{0,1,... k) withi, j € Wy}
and | Ulfl:o Wi| < 5 Observation 3.18 gives rise to the strengthened valid inequality

k

k k
DU x4 D v < Wol+ > (WAl =D = [4] (2

h=0;jew? h=0ijew* mev\wy: h=1
immj¢E'
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edges counted in comb-in-
equalities (21)

types of 2-edges that can
be added to all comb-in-
equalities (see (22))

types of 2-edges added in
the special case of Theo-
rem 3.20

Fig. 8 Visualization of the edges and the types of the 2-edges whose values are counted in Theorem 3.20

and for | Ui:o Wil = 5.t € V\(UIZZO Wp,) Observation 3.19 results in

k k k
PR > Yimj < IWol + D _(IWal = 1) = [4]
h=0;jew!? h=0jjew! mev\(w,u(i)): h=1

im,mj¢E’

in all cases described above for the comb-inequalities. For k = 1, |[Wy| = 1 they are
equivalent to the extended subtour elimination constraints (18) and (19). The same
relation is known to hold between comb-inequalities and subtour elimination con-
straints.

Even for rather small comb-inequalities, however, this strengthening may not be
sufficient to preserve the property of being facet defining. Theorem 3.20 illustrates a
case where further strengthenings are required as visualized in Fig. 8.

Theorem 3.20 For n > 13 the inequalities

3 3

P IETED IS

h=0jew!? h=0;jew!> mev\w,:
im,mj¢E’

Yimj + Yiavw + Yaws + Youw)

+ avw + Yaws + Yoaw) + Quvw + Yuws + Yvaw + Yvwa + Ywiav + Ywiia) < 4
(23)

define facets of Psqrse, for al W = {u,v,w,u,v,w} C V, Wo = {u,v, w},
Wi = {u,u}, Wo = {v, 0}, W3 = {w, 0}, l{u,v,w,i,v,w}| = 6 with E' =

{uv, uw, vw, uu, vo, ww}. For7 < n < 12 the inequality remains valid if we replace
m e V\Wy bym € V\{Wy, Ut} witht € V\W in the fourth summation symbol.

The proof of validity as well as the construction of the tours is rather involved in this
case, details are given in the “Appendix”.
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4 Some experimental results

In order to provide some evidence that the new inequalities may actually be worth
consideration in practical cutting plane approaches, we present preliminary results
on limited computational experiments for random nonnegative costs, for random
Angle-TSP in the plane and for randomly generated reload cost instances. The aim
of these experiments is to supply a rough estimate on the improvement on the bound
and on the number of nodes in a branch-and-cut tree with respect to the basic lin-
ear relaxation (referred to by (I) in the tables) that can be obtained by separating
the new inequalities (II). Our “proof-of-concept” implementation builds on SCIP
2.1.1 [1,26] with CPLEX 12.2 [20], because SCIP already provides the Gomory-
Hu-tree for separating subtour elimination constraints (3) of the linear TSP and we
use this as the basis of a greedy strengthening heuristic for separating (18) and (19).
Inequalities (10), (11), (16), are separated by complete enumeration. For exact sepa-
ration of inequalities (15) we simply solve the linear programming formulation using
CPLEX by taking advantage of the total unimodularity of the corresponding con-
straint matrix and the warm-start-properties of the simplex-algorithm when testing
a fixed i for varying j. While SCIP allowed to compute the optimal solutions for
all instances between seconds and 70 min, we stress that in this implementation no
effort was invested into making the separation heuristics efficient. Therefore we con-
centrate on the quality of the bound and on the number of branch-and-cut nodes
and refrain from giving the computation times. The experiments were performed
on an Intel Core i7 CPU 920 with 2.67 GHz and 12GB RAM in single processor
mode.

We tested random instances for 5 < n < 25. For general nonnegative cost instances,
integral costs c,, e € V3, were chosen uniformly at random between 0 and 10000.
Random Angle-TSP instances in the plane were generated by choosing points uni-
formly at random out of {0, . . ., 1000}2. Here the costs ¢;jx, ijk € Vi3 are computed

by
18000 vi—v \' [ v —v,
Cijk = arccos ( - - 24)
b4 lvj — vl lve — vjl

with v; € R? denoting the coordinate vector of point i. In order to give a visual
impression of such instances, the optimal solution of one such random instance with
30 points is displayed in Fig. 9 together with an optimal solution for squared costs ciz/ k
instead of c¢;jx, which penalizes sharp turns even more.

For these two classes of random instances, Fig. 10 gives, for each n, the average of
the root gap (¢* — Crejax)/Creiax Over 10 instances and Table 1 displays the average
number of nodes used in branch-and-cut.

For the reload cost instances we generated random graphs G = (V, E)) by includ-
ing each edge e € E independently with some fixed probability p € [0, 1] and by
randomly coloring these edges with colors D = {1, ..., d}. Two types of costs are
used for the instances. In the instances R/ each color change causes costs of one, and
in R, the color change between two colors i, j € D,i # j, causes costs d;; with

@ Springer



The symmetric quadratic traveling salesman problem

227

Fig. 9 An optimal solution for a random Angular-Metric TSP instance on 30 nodes for costs equal to the
change in direction (24) and the same costs squared
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Fig. 10 Average root gaps of random and random angular instances

Table 1 Average number of nodes used in branch-and-cut of random and random angular instances

n 5 6 7 8 9 10 11 12 13 14 15
Random (I) 1.0 1.0 1.0 4.2 5.5 8.5 11.6 28.3 32.6 32.8 49.1
Random (II) 1.0 1.0 1.0 1.1 23 6.5 5.8 13.6 13.5 27.2 29.1
Angular (I) 1.0 1.0 1.0 1.0 1.0 1.7 2.1 2.7 2.3 2.9 2.2
Angular (II) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
n 16 17 18 19 20 21 22 23 24 25
Random (I) 1349 126.5 76.1 149.5 6529 7903 9447 1,7739 11,1742 3,698.6
Random (I)  48.0 42.0 87.6 1394 3250 361.7 3923 884.0 781.6  2,008.4
Angular (I) 2.3 43 38 15.1 36.8 695 297 69.1 39.1 137.0
Angular (II) 1.0 1.0 1.6 34 12.3 10.5 13.0 16.2 37.9 43.1
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Table 2 Average optimal and relaxation values and average number of branch-and-cut nodes for random
reload cost instances with edge-probability p, d colors and n nodes

pd n RI4 RIp
Opt. () D B By Opt. (I an B By
% 5 10 6.000 6.000 6.000 1.0 1.0 26.300 26.300 26.300 1.0 1.0
15 4.400 3.891 4.110 11.8 3.8 16.200 14.792 15.440 12.7 7.6
20 4.100 2.444 2.834 109.5 47.0 11.400 6.078 6.654 351.8 144.4
10 10 6.000 6.000 6.000 1.0 1.0  25.889 25.593 25.889 2.2 1.0
15 7.500 7.168 7.440 14.9 34 24200 22.926 23.868 6.6 33
20 6.900 5.825 6.223 39.9 18.3 22,900 19.536 20.331 44.5 10.1
20 10 8.000 8.000 8.000 1.0 1.0  34.000 34.000 34.000 1.0 1.0
15 8.900 8.832 8.900 4.0 2.2 30.200 27.794 29.372 20.9 6.1
20 9.700 9.216 9.455 15.8 9.2 28.700 24.047 25.187 37.4 23.9
1 5 10 2.000 1.723 1.922 12.7 3.7 5.800 3.049 4.098 35.2 9.6

15 1.800 0.000 0.000 1521.5 4772 2.400 0.000 0.000 1079.7 590.4
20 0.800 0.000 0.000 230775.0 95593.8 0.200 0.000 0.000 42895.3 18850.0

10 10 3.400 3.153 3.400 5.9 2.2 10900 8.555 9.368 14.9 6.1
15 3.100 1.375 1.667 64.0 36.2 6.100 2.053 2935 1544 84.7
20 2.700 0.039 0.155 1070.6  481.4 4.500 0.000 0.133 3374.3 1842.0
20 10 5.000 5.000 5.000 2.7 1.8 12.900 11.618 12.083 7.5 5.4
15 5.900 4.732 5.043 31.9 14.0 12300 7.816 8.783  189.9 57.1

20 5.000 2.868 3.168 216.1 69.0 10.500 5.162 5.734 6915 3974

d;jj chosen uniformly at random in {1, ..., 10}. Because each color change causes
costs of at least one, the 2-graph either contains a monochromatic Hamiltonian cycle
(these have cost 0, so optimality gaps are meaningless) or the optimal value is at
least two. Table 2 shows, for each choice of parameters, the average of optimal value
and relaxation value over ten random instances (infeasible instances are skipped)
as well as the average number of the nodes of the branch-and-cut tree, denoted by
By, By, for the two separation modes described above. In total we generated 360
instances, 349 of them were feasible. Via exploiting the special integrality property
of these instances, approach (I) allowed to prove optimality of the solutions of 165
instances within the root node in comparison to 195 instances in case of approach

1).
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Appendix

Proof of Theorem 3.3 Validity holds, because not all three x-variables can be one
and if two are one, so is exactly one of the y-variables. We set, w.l.o.g., i = 1,
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J =n—1,k = n.Equality holds, x{1 1y +X{1,n) + X{n—1.0) = Y(1.n—1,n) = Y(L,n.n—1) —

Yn—1,1,n) = 1,ifand only if exactly one or two of the three edges {1, n—1}, {1, n}, {n—

1, n} are contained in the tour. For n = 6 we verified the statement by means of a

computer algebra package and for n > 7 the construction of the f(n) affinely inde-

pendent tours is similar to the construction in the proof of Theorem 2.3. Therefore we
use the same notatlon and only mention the differences.
Alltourst € C}; dim l'uc dlfn contain the edge {n — 1, n}. So it remains to look at steps

(L1)—(L8). For this we set w; = 1 and wy, w3 € {2,...,n — 2}, wy # ws.

e (L1): Using the same construction, the nodes wi = 1 and n are adjacent.

e (L2): We only build the tour ...m(n — owjnws... with m,o € {1,...,
n—2N\{wy, wa, w3}, m # o,1.e., the 2-edge (wy, n, w3z) is not used as an efL here.
(L3): The edge {w;, n — 1} is contained in the tour.

(L4), (L6): In the standard construction one of the edges {w1,n — 1}, {wy, n} is
contained in the tours.

e (L5): We distinguish two cases. Either w; ¢ {a, b} then we set m = w;, which
implies an edge {w, n — 1}, or wi € {a, b}, which implies an edge {w1, n}.

e (L7):Webuildtours...anbw; (n—1)... fora,b e {1,...,n—2}\{wy, wy, w3},
a < b, which contain an edge {wi,n — 1}.

e (L8): If @ = wj the tour contains both edges {w;, n — 1}, {wy, n}. In all other cases
we can position node w; next to node 7.

This construction works for 7 = 5 and all n > 7 and creates exactly one tour less than

in the proof of Theorem 2.3. Thus, the inequality defines a facet of Psqrsp,.n > 6.

O

Proof of Theorem 3.5 For 5 < n < 9 we verified the statement be means of a linear
algebra package. For n > 10 the proof is similar to the proof of Theorem 2.3. We use
the same notation and consider, w.1. 0. g., the 2-cycle C = {123, 234, 345, 154, 215}.
For n > 10 a tour satisfies D>_, .2 Xe — D ,c¢ Ye = 2 if and only if the intersection
of its edges with C? results in at least two unconnected paths of at least one edge.
Requiring this structure for the tours of the 1n1t1al n-permutation block with 7n n =35
ylelds r5 — 1 affinely 1ndependent tours for C - In the construction of sets cr dlm and
dlm cn = C;”ln U Cgli uc dlm) the ex1stence of tours with this structure can be
ensured by the following slight adaptations of steps (I11)-(15) forn < k <n — 1 and
(L1)—(L8) with wy, wp, w3 € {6,...,n —2}.
e Tours in (I1): There are three cases (once again, (k, 1, k + 1) is not used as an e};).
1. For 6 <a <k — 1 we use the tours (note that 3 is followed by 5 and not 4)

cakl(k+ 1) wrn2354...
2. Fornodes a € {2, 5} adjacent to node 1 in C, we construct tours
32kl (k+ D ognd5... resp. ... 45kl (k+ Dawxn32...
3. Fornodes a € {3, 4} not adjacent to node 1 in C, we construct tours

23kl (k+ 1) wgndS. .. resp. ...54kl(k+1)wrn32...

@ Springer



230 A. Fischer, C. Helmberg

e Toursin (I2): Fora € {2, ..., 5} we use the same technique as for (11) above with
the roles of node 1 and node a interchanged. For a € {6, ...,k — 1} appropriate
tours are

.21kak+1)wrnd35...
e Toursin (I3): Whenever {a, b}N{1, ..., 5} # ¥ we can adapt the approach of (I1)—
(12) above by exchanging the roles of the nodes. In all other cases the following

tours contain exactly two nonincident edges of C {2,

..akbk+1)wrnl12453...

e Tours in (14): The situations that appear for {a, b} ¢ {1,...,5} have been dis-
cussed before. If {a, b} € C*} we place the nodes {1, ..., 5}\{a, b} next to node n
in arbitrary order. The remaining cases satisfy a, b € {1, ..., 5} with {a, b} ¢ C!?},

The desired structure is obtained for, w.l.0.g.,a = 1, b = 3 by tours
k213 (k+ 1) wrnds...

Tours in (15), (L1)—(L4), (L6), (L8): We can adapt the techniques above.
Tours in (L5): We can use the techniques above setting m € {w1, wy, w3}\{b}.
Tours in (L7): If {a, b} € C'?}, w.1.0. g.,fora = 1, b = 2 the tour

...541n23m—-1)...

contains exactly two edges 45,23 € C'?. If {a,b} ¢ C!%, w.lo.g., fora =
1, b = 3 the tour

...541n32m—-1)...

contains exactly the edges 45,23 € C 2 too.

This construction results in exactly one affinely independent tour less than in the proof
of Theorem 2.3, and with the considerations therein, Theorem 3.5 follows. O

Proof of Theorem 3.7 First we prove the validity. Whenever two x-variables indexed
by incident edges within S} have value one, the corresponding y-variable is also one.

Intersecting a tour with S*! decomposes the tour into at most L%J paths of at least

one edge and only such path segments contribute one unit to the left hand side.
Theorem 3.3 proves the facetness in the case & = 3, so let # > 5 be odd with
n > %(h + 1). The proof is similar to the proof of Theorem 2.3. We use the same
notation and consider, w.l.o.g., S = 2} U{i,i+1:i =14+3kk=1,..., /’2;1}.
A tour gives rise to a root of (13) if and only if the intersection of its edges with S{?}
results in }’2;1 unconnected paths of at least two nodes. In this case either one node of
S is isolated or exactly one of the % paths contains three nodes; paths containing
more than three nodes of S cannot arise from roots. To guarantee this structure for the
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tours, eachedge {i,i +1},i = 1+3k, k=2, ..., %, lies between two nodes not in

S. Starting with the set C:illfrln we use i = 5 for the permutation block. Fulfilling (13)
with equality requires that exactly one or two of the three edges {2, 4}, {2, 5}, {4, 5}
have to be present in tours of the block. Due to this structure the rank of the initial
block is reduced by one in comparison to Theorem 2.3.

1.

In the inductive part with 7 < k < n — 1 we have to distinguish four cases.

k € V\S with (k + 1) € V\S: We can use steps (11)—(15) without any modi-

fications of the decisive parts. We will show in Claim 2 below that the desired

structure of the tours can be achieved easily.

k € V\S with (k + 1) € S: For nodes of this type we use steps (11)—(15), but

(14) needs to be restrictedto a, b € {1,...,k — 1},a # b, {a, b} ¢ S, because

otherwise we would have a path formed by four nodes of S. In order to build tours

for the missing 2-edges (a, b,k + 1),a,b € {1,...,k —1} N S, a # b, the node

k + 1 needs to be separated from k + 2, so all these will be built in an extra step

(C.14) within the next iteration. Furthermore, in order to guarantee the existence

of appropriate tours for (14), the distance of node k and k + 1 needs to be increased

by one via inserting a suitable node, see also Claim 3 below.

kef{i=5+3,1=1,2,..., h%l — 1}: For nodes of this type we use steps

(I1)—(15) without any modifications of the decisive parts. By Claim 4 below the

desired structure can be achieved easily.

ke{i=443l,1=1,2,..., %—1}:F0rthese nodes we split the tour construc-

tion into many steps so as to simplify the exposition of appropriately constructed

tours afterwards. The correspondence of this list of steps to (Type-11)—(Type-14)

is explained in Claim 1, the existence of appropriate tours in Claim 5 below. Note,

we have 5,k, (k+ 1) € S.

(C) ...ak5k+ VD awgn...,forae{l,....k—1}\S
(the 2-edge (k, 5, k + 1) is not used as an e;'{),

(C.2) ...m5katk+ Dwyn...,foraefl,....k—1}\Swithm € {1,...,
k—1N\S,m #a,

(C3) ..mk5abk+Dwyn..., fora,b e {l,...,k—1}\S,a # b, with
mef{l,....k—11\S, {a,b,m}| =3,

(C4) ...m5kabk+ VD ayn...,fora € {1,....k—1]\S,b € ({1,...,
k—1}NS\{S}withm e {1,...,k—1]\S,m #a,

(C5) ...m5kopabk+ Dwyn... forac({l,....k—1}NS),befl,...,
k—1N\S with m,o € {1,....k = 1]\S, p € ({1,...,k =1} NS),
|{a7 bv m, o, ps 5}' = 6’

(C.6) ...m5koabk+ V) awyn... fora,be ({1,...,k—1}NH\{5},a # b,
withm,o e {l,...,k—1}]\S,m # o,

(C.7) ...mk5ak+ Dwyn...,forae{l,....,k—1\Swithm € {1, ...,
k—1]\S, m # a,

(C8) .. mS5kaopk+ 1 wyn...,forae ({1,...,k—1}NS) withm, o0 €
{1,....k—1N\S,pe{l,....k=1}Nn S, |{a,m, 0, p,5}| =5,

(C.9) ...makbotk + Dwyn..., for a € ({1,....k — 1} N H\{5},
bell,...,k—1\Swithm e {l,....,k—1}\S,0e{l,...,k—1}NS,
a#o,b#m,o0+#5,
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(C10) ...akbmk + VDayn..., fora,b € {1,...,k — 1}\S,a < b, with
mel{l,....,.k—1}N0S, {a,b,m}| =3,m #£5,

(CA1) ...moka5k+Dwyn..., forae{l,...,k—1}\Swithm € {1, ...,
k—1\S,oe{l,....k—=1}NS,m#a,o0 #5,

(C12) ...mokpa5Sk+ D awyn...,forae{l,...,k—1}NS,a # 5, with
m,pef{l,....k—1\S,oe{l,....k—=1}NS, |{a,m,0, p,5}| =5,

(CA3) ...mokpSatk+Doyn...,forae{l,....,k—1}NSwithm, p €
{1,....k—1N\S,0oe{l....k—=1}NnS, {a,m, 0, p,5}| =5,

(C14) ... mkabopk+Dawyn...,fora,be{l,....k—2}NSwithm,o €
{1,....k—1\S,m#o,pe{l,....k—1}N S, {a, b, p}| =3,
(C.15) ...makbo5k+1)wyn..., fora,bef{l,...,k—1}NS,a < b, with

m,o€{l,...,k—1\S, {a,b,m, 0,5} =5,
(C16) ...mkatk+ Dawgn..., fora € ({1,...,k — 1} N \{5} with m €
{1,...,k—1}\S.
After these steps we perform (I5). Note, (C.14) is only completing (14) of the
preceding iteration k — 1, therefore it is also not counted in Claim 1.

Claim 1 In steps (C.1)~(C.13), (C.15)~(C.16), (15) we build exactly 3k* — 3k — 1
toursfork € i =4+31,1=1,2,..., h2;1 — 1

Proof of Claim 1. We compare the underlined 2-edges with the 2-edges of (Type-I1)-
(Type-l4) in the proof of Theorem 2.3

o (Type-I1): We get all 2-edges (a, k,b),a,b € {1,...,k — 1},a # b, in steps
(C.1),(C.8)-(C.10), (C.15).

e (Type-12): The role of node 1 and node 5 changed. Apart from that we get all
2-edges (k,a,k + 1),a € {1,...,k — 1}\{5} (in contrast to (k,a,k + 1),a €
{1,..., k — 1}\{1}) in steps (C.2) and (C.16).

o (Type-I3): We get all 2-edges (a, b,k +1),a,b € {1,...,k—1},a # b, in steps
(C.3)-(C.7), (C.11)—(C.13).

e (Type-14): Because we use step (I5) we get all the 2-edges of that type.

This proves Claim 1. O

It remains to prove that in all four cases above the desired structure can be achieved,
i.e., exactly % unconnected paths of at least two nodes in S are present in each tour.
To disconnect the nodes of a subset S C S in the desired way we need at least
LIS’|/2] — 1 nodes v € V\S; starting with two nodes of S” we place, next to them,
one node of V\ S, then again two nodes of S/, one of V\S and so on until in the end
there may be three nodes of S’ next to each other.

Claim 2 The desired structure described above can be achieved in (11)—(15) for nodes
ke VA\Swith(k+1) e V\S,n <k <n—1

Proof of Claim 2. By definition of Sitfollows S = SN{1, ..., k—1}and|{1, ..., k—
1I\S| > % It suffices to consider the case k € V\S, (k+ 1) € V\S,(k—1) € S
because if there are more nodes in V'\ S we can simply place them next to each other.
Thus, letk =3 + 3h—51.
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e Toursin (I1): Ifa € V\S there remain }’2;1 — Inodesin {1, ..., k}\(SU{L, a, k})
that are not fixed to a position. With these nodes we can force h—gl unconnected
paths of nodes in S (exactly one of these contains three nodes). In the case a € §
we can either force a 2-edge (m, 0,a) withm € {1,...,k —1}]\S,0 € S,0 # a,
or force a 2-edge (m, a, k) withm € {1, ...,k — 1}\S, followed by alternating an
edge e € S andanodein {1,...,k — 1}\S.

e Toursin (12), (I13), (I5): We are in a similar situation as in (I1), at mostonenode s € S
has to lie between two nodes in V'\ § and we have enoughnodesin {1, ..., k—1}\S
to force the desired structure.

e Tours in (14): If a, b € S one of the desired edges is formed and next to node k

we use the alternating order of edges in $'?! and nodes in {1, ..., k — 1}\S. In the
case {a, b} ¢ S the situation equals (I1) witha € {2, ..., k — 1}\S apart from that
an isolated node in S is forced if {a, b} N S # (. O

Claim 3 The desired structure described above can be achieved for nodes k € V\S
with(k+1)e S, n<k<n—1.

Proof of Claim 3. AsinClaim 2, there are at least ]§ nodes availablein {1, ..., k—1}\S

to separate SN {1, ...,k —1}into % — 1 unconnected paths of at least two nodes each
(and possibly one isolated node). So, except for (14) witha, b € {1, ...,k —1}N S of
this case, the same arguments as in Claim 2 prove this claim as well as the following

two claims. Step (14) cannot be performed for a, b € {1,...,k — 1} N S for this k
because a, b, k + 1, k + 2 would be four consecutive nodes in S, so the construction
is delayed to step (C.14) for k + 1. O

Claim 4 The desired structure described above can be achieved for nodes k €
i=5+3:1=12... -1 i<k<n—1

Proof of Claim 4. The set {1, ...,k — 1} contains exactly % nodes that belong to

VA\S and (k+ 1) € V\S. Therefore we have as many separating nodes as in the proof
of Claim 2. In view of (k + 1), n € V\S only slight structural adaptations are needed
to compensate k € S, we skip the details here. O

Claim 5 The desired structure described above can be achieved for nodes k €
(i=4+3:1=1,2,....5 — 1V a<k<n—1

2
Proof of Claim 5. The set {1, ...,k — 1} contains exactly % nodes that belong to
V\S and may thus serve to separate the nodes of S N {1, ..., k+ 1} into k%l uncon-

nected paths of at least two nodes each (and possibly one isolated node if there is no
path of length three). Note that k + 2 € V\S and that for each tour of (C.1)—(C.16)
the specified part starts with anode v € {1, ...,k — 1}\S (in (C.1) and (C.10) this
is a, otherwise it is m) and ends with n € V\S. Hence, the unspecified region can
be filled up correctly whenever the number of nodes in {1, ..., k — 1}\S within the
specified segment from and including this node v to node k + 2 exceeds the count of
S-paths of at least 2 nodes within this segment by at most 2. Table 3 lists the forced
isolated nodes in S, the edges in S?! and 2-edges in §3) within these critical segments
of steps (C.1)—(C.16). The requirements hold in all cases and are tight only for (C.3).
Step (I5) can be treated in the same way as in Claims 2—4. This proves Claim 5. O
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Table 3 Specified edges and 2-edges of S and nodes of V\ S in steps (C.1)-(C.16)

Step Isolated nodes of S Edges of st 2-edges of 5@ Nodes of V\S
(C.1) (k,5,k+1) a
(C.2) k+1 {k, 5} m,a
(C.3) k+1 {k, 5} m,a,b
(C.4) {k,5},{b, k+ 1} m,a
(C.5) k+1 {k,5}, {p,a} m,o0,b
(C.6) {k, 5} (a, b,k +1) m, o
(C.7) k+1 {k, 5} m,a
(C.8) {p, k+1} (5, k, a) m, o
(C.9) {a.k}. {o. k + 1} m, b
(C.10) k {m, k+ 1} a,b
(C.11) {o,k}, {5, k+ 1} m,a
(C.12) {o, k} (a,5,k+1) m, p
(C.13) {o, k} (5,a,k+1) m, p
(C.14) {p, k+1} (k,a,Db) m, o
(C.15) {5, k+1} (a, k, b) m, o
(C.16) (k,a,k+1) m

It remains to adapt the concluding steps (L1)—(L8). How to do this depends on
whether (n — 1) ¢ S or (n — 1) € S. In both cases n ¢ S, because by assumption
n=3h+1)=2+35+1.

Claim 6 If (n — 1) ¢ S the desired structure can be achieved within (L1)—(L8) for
wy = 2, wy = 4, w3 =5 by restricting some of the open choices.

Proof of Claim 6. In this case n > %(h + 1), in particular |V\S| > %(h +3)+1.To
separate the h%] paths of at least two nodes of S we need at least % nodes in V'\S.
Therefore the structure can be achieved if at most three nodes in V'\ § are not used as
separating nodes, i.e., these may lie next to a further node in V'\ S, and one isolated
node belonging to S may lie between them. These rules can be satisfied in (L1)—(L8).

e For (L1): If b € S the nodes n — 1 and n separate the path b w of S,if b ¢ S then
n — 1, b and n are three nodes embracing an isolated node wy € S.

e For (L2) choose 0 € S\{w;, wp, w3}, then n — 1 and n separate the path o w
(resp. o wy) of S.
Because {wy, wa, w3} C S, (L3),(L4),(L6),(L8) are not critical for any choice.
For (L5) choose 0 € S\{w;, wy, w3, a, b} (one of @ or b is in {wy, wy, w3}, so this
is feasible), then at most three nodes of a, n, b and m are not in S and they may
separate one isolated node of S.

e For (L7) choose m = wy. If b € S the path b w; of S is separated, otherwise a, n
and b are at most three nodes in V'\ S separating the isolated node w; of S. O

Claim 7 If (n — 1) € S the desired structure can be achieved by appropriate adapta-
tions of steps (L1)—~(L8) with w; = 1, w, = 2, w3 = 3.
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Proof of Claim 7. We know that |[V\S| = %(h + 3). To separate the % paths of at

least two nodes of S we need at least % nodes in V'\S. Therefore the structure can
be achieved if at most two nodes in V\§ are not used as separating node, i.e., these
may lie next to a further node in V\ S and one isolated node belonging to S may lie
between them. To achieve this, several adaptations are required in (L1)—(L8).

e Tours in (L1): There are four cases.

- a,b € V\S: We use tours ...a(n — Dbmowinw;... with m,o €
1, ...,n =2} N S)\{wz}, m # o. These have the isolated node n — 1 € §
between a, b € V\S and two adjacent nodes wi, n € V\S, so these tours can
be extended to the required structure.

— ae€eV\S,be S:Weusetours...a(n — 1)bw;nw;...with two adjacent
nodes wi,n € V\S.

— ae€S,beV\S:Weusetours...a(n —1)bwinw,..., these can be com-
pleted to have the three adjacent nodes b, wi, n € V\S but no isolated nodes.

— a,b € S: Weuse tours ...a(n — 1)bw;nws, ... with two adjacent nodes
wi,n € V\S and a (n — 1) b the only path of three nodes of S.

e Tours in (L2): Choose m € V\(S U {wy, w3, n}) and o € S\{n — 1, wy}, then the
first row has three adjacent nodes w1, n, w3z € V\S and can be completed without
isolated nodes of S, while the second row has two adjacent nodes n, w3 € V\S
and (n — 1) o wy as the only path of three nodes of S.

e Tours in (L3): We use the tours ...a(n — Dwimwynws...,a €{l,...,n—
2N\ ({wr, wa, w3}), m € S\{w>, a, n — 1} with adjacent nodes n, w3z € V\S§ and,
if a ¢ §, the isolated node n — 1 between nodes a, w1 € V\S.

e Tours in (L4): There are three adjacent nodes wy, n, wz € V\S and, if a € S, the
three nodes a (n — 1) wy form the only path of three nodes of S.

e Tours in (L5): Choose m € S\{n — 1,a,b},0 € V\(SU {n, a, b}, thenforb € S
the path bm (n — 1) is the only path of three nodes of S. For b ¢ S there are at
most three adjacent nodes a, n, b € V\ S and no isolated nodes of S are needed.

e Toursin (L6): Thetours...nw3w; (n — ) wy...and...nwjywr (n — ) w;3...
may be used as before. Modifying the remaining tourto...n wy 4wy (n — 1) w3 . ..
yields one isolated node n — 1 € S between w;, w3 € V\S.

e Tours in (L7): Set m = w;, then this may induce at most three adjacent nodes
a,n,b e V\Sorbm(n — 1) as the only path of three nodes of S.

e Tours in (L8) require at most two adjacent nodes a, n € V\S.

All in all we build exactly one tour less than in Theorem 2.3. This proves Theorem 3.7.
(]

Proof of Theorem 3.8 For n = 6,7 we verified the statement by means of a linear
algebra package and for n > 8 the proof is similar to the proof of Theorem 2.3 but this
time we need to adapt the n-permutation-block used for C_'Zl?; as well as the iterative
steps of Csfrzn- For the tours of C:illifn we only have to show that the desired structure
can be achieved.

Weset,w.l.o.g.,i = 1, j = 2. In atour satisfying x5 + Zlk26V<3> yik2 = 1 either

nodes 1 and 2 are adjacent or there is exactly one node between them. Thus, éZfrln is
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formed for the choice of n by all tours of the form

12 ... n+1Dozn... or

c1h2.. (G+Dewan ... withhe(3,..., 7). (25)

In comparison to taking all tours ... (n + 1) @i n ... as in the proof of Theorem 2.3
this reduces the rank by two in the case 7 = 5 and by one for n = 6. Thus, forn = 6
the same approach still works if no more ) are lost in the remainder of the proof.

Therefore, we choose n = 6, collect r¢ — 1 linearly independent tours of éjfrln in the
set C’Z"ln an(} Przoceed in constru(iting~ ch = éjl;uéjliuét’}li

The set C:}lfm = Uﬁ<k<n—1 Tk, Ty, = {tkl, ..., 0%, is built iteratively, similarly
to Csfn. Again the aim is to construct tours during steps 7 < k < n — 1 whose
incidence vectors are roots of (14) and form a lower triangular matrix on variables
el =1,...,n.

The adapted iterative steps forn < k < n — 1 are:

(1) ...ak3*k+Dwnl2... foraef{4,....k—1}
(2-edge (k, 3, k + 1) is not used as &),

(i2) ... 3ka(k+VD)aynl2... forae (4, ... .k—1},
(i3) ...akbk+1Dwrnl2...,fora,bef{d,....k—1},a < b,

(i4) ... kabk+D)wynl2...  fora,be{3,....k—1},a #b,

k+1Dwrn2lka...

Nkt Daynizka,.., orecB k=1
k12atk+ 1) on...,

. o k2latk+ D ogn...,

6) 1 ria2ktD)wyn..., foraceB....k=1}
. k2alk+ 1D oyn...,

i7) L k12(k+ D on. ..,

k21 k+Dorn...,
(i8) ...1k23(k+ DHawyn...,

L2kl k+ D) orn ...,
L lk2k+Dogn ...,

({10) ...12(k+ ) wgnab...,fora,be{3,...,k},a #b,{a,byN{k} #0,

(i9)

ok Doenkl2. ..,
ok + D ognk2l...,
ok +Donlk2...,
ok +Dogn2kl....

(i11)

In each tour either node 1 is next to node 2 or there is exactly one node between them.
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. n,2 ~n,2
Claim 1 |C); | = [C}:0 .

Proof of Claim 1.

|Tk|=(k—4)+(k—4)+(k_4)+(k—3>(k—4)+2(k—3>
—_—— —— 2 —_—

@i (i2) —_— (i4) (i5)
(i3)
+4k=3)+ 2 + 1 + 2 +2(k—=3)+ 4
—_— —~— —~— —~ e =~
(i6) i7) (i8) (i9) (i10) i11)

=3k - 3k—1=Txl.

2 A2 _
hence |C ;) | = |Cy;,, | and the claim is proved. m|

Claim 2 Each & fulfills

& ¢ CforallC e éjl:;u( U fh)u U &

n<h<k 1<h<i

Proof of Claim 2. Consider a fixed k with n < k < n — 1. In all previous tours
te Cdﬁ;}n U (Uﬁ<h<k Th) node k is adjacent to node k + 1 while node # is a neighbor
of node n — 1 and the next two nodes on the other side of n are out of {1, ...,k - 1},
so the underlined 2-edges have not appeared before. By construction, 2-edges ¢, and
E}(, ! # T, being built in the same step (i) cannot be contained in the same tour. It

remains to show that a 2-edge é;; chosen in iteration step (i) is not contained in a tour
of a previous iteration step (i), [ < J.

Tours in step (i2): all tours created in (i1) contain the 2-edge (k, 3, k + 1).

Tours in step (i3): all tours created in (i1)—(i2) contain the edge {3, k}.

Tours in step (i4): in all tours created in (i1)—(i3) there is exactly one node between
node k and node k + 1.

e Tours in step (i5): in all tours created in (i1)—(i3) the edges {1, k}, {2, k} are for-
bidden. With 7 = 6 and therefore n > 8 it follows that node 2 is not adjacent to
node k in (i4).

e Tours in step (i6): in all tours created in (i1)—(i3) there is exactly one node between
node k and node k + 1 and in (i4),(i5) the 2-edges E;; used here are forbidden.

e Tours in steps (i7), (i8), (i9): the respective single 2-edges do not appear in the
tours (i) with smaller j.

e Tours in steps (i10), (i11): in all tours created in (i1)—(i9) the nodes n and k are
separated by node k + 1 on the one side and by at least two nodes on the other.

This completes the proof of Claim 2. O

Note that (8) holds for 6‘2’;,1"06'3;31, so by invoking Claim 2 of the proof of
Theorem 2.3 we can make use of (L1)—(L8) if these admit tours as realizations that
are roots of (14).
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Claim 3 For each step (L1)—(L8) there is a tour having node 1 adjacent to node 2 or
exactly one node between these two.

Proof of Claim 3. Choose wi, w2, w3z € {3,...,n —2}.

e (L1), (L7): Either {a, b} = {1, 2}, i.e., there is exactly node n — 1 between the two
nodes, or they can be placed next to each other.

e (L2)—(L6): put node 1 next to node 2.

e (L8): If a ¢ {1,2} put nodes 1,2 next to each other, otherwise force a 2-edge
(1,n,?2).

In comparison to the proof of Theorem 2.3 we create exactly one tour less in the first
step and the same number in steps two and three. This proves Theorem 3.8. O

Proof of Theorem 3.9 We set, w.l.o.g.,i = n, j = n — 1 and use the notation T =
{ti,..., I‘T‘}, S={s,..., S|S‘} with |T'| > 3, |S| > 1. Roots of (15) satisfy

X{n—1,n} + z Yn—1kn) + Z Yiensy = 1.
(n—1,k,n)eV® keS (k,n,)eV®) kileT

Thus, either the edge {n — 1, n} is contained in the tour, or there is exactly one node
between nodes n — 1 and n and this node belongs to set S, or n lies between two nodes
which belong to set T. Forn = 6, |S| = 1, |T| = 3 we verified the assumption using
a linear algebra package. For n > 7 the proof is similar to the proof of Theorem 2.3,
we use the same notation and only explain the necessary adaptations.

All tours which belong to Cs;}n U ngi contain the edge {n — 1, n} and therefore it
remains to adapt the third step. Setting {w1, wy, w3} = {1, 12, 13} steps (L1)—(L4) can
be performed without any problems because node n lies between two nodes belonging
to set 7. The next steps (ST1)—~(ST6) replace (L5)-(L8) and for |S| > 1, |T| > 3

these constructions are possible.
(ST1) ...n—Dsyna...,fora e (SUT)\{s1}
(the 2-edge (n — 1, s1, n) is not used as an e‘AL),

(ST2) ...(n—1)ans; ..., fora € S\{s1},

..m—1Danb..., fora,b e S\{s1},a < b,
..(m—1Danb..., forae S\{s1},beT,

(ST4) ...(n—1D)syanb... fora,beT,{a,b} ,Q_ {w, w2, w3}, a < b,

(ST3) [ ’

(ST5) ...si(n—Danm... foraecT withm € T,m # a,

owin—Dwrnws...,
(ST6) { ... wi(n—Dwsnwy...,
..wz(n—l)wgnwl....

Because all tours in ng,ln U ngi contain the edge {n — 1, n} the underlined 2-edges

of (ST1)-(ST6) have not been used in these steps. Furthermore the eiL of tours built
during one of these steps are in conflict. It remains to show Claim 1.
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Claim 1 The 2-edges efL of step (ST]) are not contained in tours in (L1)-(L4) and
(STl), I < J.

Proof of Claim 1. e Tours in step (ST1): in all tours of (L1)-(L4) node n lies
between two of the nodes wi, wo, w3 € T.

e Tours in step (ST2): in all tours of (L1)—(L4) two nodes lie between n and n — 1
and the tours in (ST1) contain the 2-edge (n — 1, 51, n).

e Tours in step (ST3): in all tours of (L1)—(L4) node n lies between two of the nodes
wi, wy, w3 € T and the tours in (8T1)—(ST2) contain the 2-edge {s1, n}.

e Tours in step (ST4): in all tours of (L1)—(L4) node n lies between two of the nodes
wy, w2, w3 € T and in the tours in (ST1)—(ST3) node n is adjacent to some node
s €S.

e Tours in step (ST5): in all tours of (L1)—(L4), (ST4) two nodes lie between n and
n — 1, and in the tours of (ST1)—~(ST3) anode s € S lies between nodes n — 1, n.

e Tours in step (ST6): in all tours of (L1)—(L4) the 2-edges (wi, n— 1, wy), (wy, n—
1, w3), (w2, n — 1, ws) are forbidden explicitly. In all tours of (ST1)—(ST5) node
n — 1 is adjacent to at least one node s € S.

This proves Claim 1. O

Claim 2 We build exactly one tour less than in the proof of Theorem 2.3.

Proof of Claim 2. Tt suffices to compare |C§’,’.,3n| = n? — 4n + 3 with the number of
tours created in steps (L1)-(L4), (ST1)—(ST6). The number of tours equals

(n_4)+(1+1)+(n—5)—|—(n—5)+(|S|—1+|T|)+(|S|_1)
2 —_— - —) Y——

T (L2 (L3) (L4) (ST1) (ST2)
(L)

[ () oz

(8T5) (STH)
(ST3) (ST4)
= 30> =30+ 2+ 2SI+ T + 3(S| + T — 1 =n” —4n +2
2 2 2 2 -
—— ——
n—2 n—2

1,3
|CﬁNn|_'L
This completes the proof. O
Proof of Theorem 3.10 Validity holds because all edges contained in the inequality are

in pairwise conflict. Weset,w.l.o.g.,i =1, j =2, T = {n—1,n},S={3,...,n-2}.
Roots of (16) satisfy

2+ D Y+ Ya-nin + Ya-nm = 1. (26)
1k2eV 3 keS

Such a tour either contains the edge {1, 2}, or there is exactly one node s € S between
nodes 1,2, or one of the nodes 1,2 lies between the nodes (n — 1) and n. Forn = 6,7
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we verified the assumption by means of a linear algebra package and for n > 8 the
proof is similar to the proofs of Theorem 2.3 and Theorem 3.8, so we use the same
notation. We start with setting up an appropriate n-permutation block with n = 6. As
in (25), in all tours of this block either node 1 is adjacent to node 2 or exactly one
node 5 € {3,4,5,6} C S lies between them and in each case these first six elements
are followed by (1 4 1) w;; n. Like in the proof ¢ of Theorem 3.8, the resulting number
of linearly independent tours is one less than |C”): dim | of the proof of Theorem 2.3. Fur-
thermore, the iterative part (i1)—(i11) of the proof of Theorem 3.8 is also applicable
here, because T = {n — 1, n} and so by claims 1 and 2 of the proof of Theorem 3.8

the number of tours equals |C dlml It remains to adapt the third step constructing the
set Cdim.
(821) ...a(n—1)b3n412... fora,be{5, ....,.n—2},a<b

(we do not use the 2-edge (3, n, 4) as an eiL),

5(n—163n21...,

$2.2) S Dean2t....
(S2.3) :::%‘;Z;i:::’forae{s,...,n—z},
6 —1)43n512...,
S2.4) i 1)34ns12...
(S2.5) .21(m—1Damno..., |forae{3,...,n—2}
: d2m—Damno..., | withm,o € {3,4,5\{a},m # o,

(S2.6) ...anb12(n—1) [fora,be{3,...,n—2},a<b,

{a, b} ¢ {{3,4}, {3, 5}, (4, 5}},
(S2.7) ...5n63(n— 1412 ...,

.21lnamn—1)..., forae{3,...,n—2},
. A2namn—1)..., forae{5,...,n—2},
with m € {3, 4}\{a}, 3 € {a, m},

(S2.8)

(829) ...(n—Danl2...,forac{3,...,n—2},

L.3m—D1ln4...,

(S2.10) [...3(n—1)2n4...
nln—-12..

(3211)[ .(n I)M....

Forn = 6, n > 8, these yield tours whose incidence vectors satisfy (26). Indeed, the
tours in (82.1)—(82.9) contain edge {1, 2} and in (S2.10)—(S2.11) all tours contain
the 2-edge (n — 1, 1, n) or (n — 1,2, n).

Claim 1 Each underlined 2-edge eiL has not appeared in previous tours.

Proof of Claim 1. Because n and n — 1 are adjacent in all previous tours, we only
have to show that a 2-edge ¢ used in step (S2.7) is not used in tours of steps (S2.1),
[ <.
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Tours in step (82.2): the tours in (S2.1) contain the 2-edge (3, n, 4).

Tours in step (82.3): in the tours of (82.1), (S2.2) the edges {3, n—1}and {4, n—1}
are forbidden.

Tours in step (S2.4): in (82.1)-(S2.3) node 7 is adjacent to two of the nodes 2,3,4.
Tours in step (82.5): in all tours in (82.1)—(S2.4) the edges {1,n — 1}, {2, n — 1}
are forbidden.

e Tours in step (S2.6): in the tours in (S2.1)-(S2.5) only the 2-edges (2, n, 3),
(2,n,4),(3,n,4), (3,n,5), (4,n, 5) are used.

e Tours in step (82.7): in the tours in (82.1)—(S2.6) at least one of the nodes 3,4 is
not adjacent to node n — 1.

e Tours in step (82.8): in the tours in (§2.1)—(S2.7) node 1 is not adjacent to node
n,in (82.1), (52.4)—(S2.7) node 2 is not adjacent to node n and in (S2.2)—(S2.3)
the tours contain the 2-edges (2, n, 3), (2, n, 4).

e Tours in steps (S2.9), (52.10): in the tours in (S2.1)—(S2.8) there are at least two
nodes between nodes n — 1, n.

e Tours in step (82.11): the tours in step ($2.1)—(52.9) contain edge {1, 2} and in
(82.10) the two edges of (S2.11) do not appear. O

. ~n,3
It remains to calculate |C ;7 |-

3| = n—2 1 n—2 5 ) )
Cainl = 2 ) + ) )~ + -2 +
—_— (52.9)+(S2.10)  (S2.11)
(S2.1)+(S2.3)+(S2.5)+(S2.7)  (S2.2)+(52.4)+(S2.6)+(S2.8)
= 3= )

With the introductory considerations Theorem 3.10 follows. O

Proof of Theorem 3.12 Any tour must visit at least two nodes outside S consecutively
because |S| < 5. The two 2-edges entering a corresponding exterior segment of the
tour show the validity of the inequality. For S = {i, j} the inequality is facet defining
by Theorem 3.8, because

Z Yikl + Z Vikl =2

ikleV3), jelk,l} jkleV®) i¢{k,1}
(2)

— Z Xik — Z Yikj + Z Xjk — Z Yikj = 2
ikeV2 k#£j ikjev3) jkeV 2 ki ikjevi3)
[N —
=2—x;; (by (1)) =2—x;; (by (1))

— xij + Z yikj = 1.

ikjev®

Thus we may assume |S| > 3 and n > 7. For n = 7 we verified the statement
with a computer algebra system, so let # > 8 and consider, w.l.o.g., T = {t; =
Lo=2,....40 =TI}, |IT| > %andS =V\I ={s1 =TI+ 1,...,55-1 =
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n — 1, 515 = n}. Again, we use the proof-framework of Theorem 2.3 with its nota-
tion and explain the differences only. An incidence vector of a tour satisfies (18) with
equality, Zijkev<3>: ies,jkev\s Yijk =2, if deleting S from the tour decomposes the
tour into isolated nodes and exactly one path consisting of at least two nodes (like in
Fig. 7b), i.e., the tours have the structure

Ly tins oo os liy SjisSjys ey Sjy Lipyy Skys Skos« v+ Skp - 'tiITI Slys Slys o v Sy
block of T-nodes block of S-nodes block of S-nodes block of S-nodes
of sizem > 2 of sizeo > 1 of size p > 1 of sizeg > 1

Set C:;f ,ln is constructed for 7 = 5 in the same way as in the proof of Theorem 2.3.
Because nodes 1 to 5 belong toset T (n > 8, |S| > 3, || < %), the desired T -block-
structure is obtained automatically. In the inductive part the same is true for steps
(M)-(15) aslongask € T.

It remains to adapt the steps for nodes k € S. We distinguish the two cases k = s;
and k > s1. For k = s the three steps (11)—(I3) can still be used and are then followed
by steps (SEC1.1)-(SEC1.3) below. In this, (SEC1.1) and (SEC1.3) replace (14),
whereas (SEC1.2) deals with the 2-edges of (I5). They read

(SEC1.1) ...absymwynlsy... fora,be T\{1},a #b
(the 2-edge (n, 1, s1) in not used as an e;.(),

(SEC1.2) ... mosywynab..., fora,b € (T U {s1}),s1 € {a,b}, (a,b) #
(1, s1), withm, o € T\{1}, {a, b, m, o}| =4,

(SEC1.3) ...absywynsy...,fora,b e T, 1€ {a,b},a #b.

Note that in comparison to (I5) the element (n, 1, s1) is lost in (SEC1.1), (SEC1.2).

For k = s;,2 < i,k < n — 2 the procedure is almost identical to (11)—(15) up to
the splitting of (14) into the two steps (SECi.4) and (SECI.5) and the modifications
ensuring the desired structure. To this end, the position of all nodes s € S that are not
mentioned explicitly is represented by S with arbitrary internal order.

(SECi.1) ...Msi+1wkn5'...,f0rae{2,...,s,~_1}
(the 2-edge (s;, 1, s;+1) is not used as an e};),

(SECi.2) ...1s;asiv1ornS..., forae{2,...,5-1},

(SECi.3) ...as;bsiy1oxnS... fora,be{2,...,si_1},a <b,

(SECi.4) ...mﬂ wxnmSsi... fora,beT,a+#b, withme T, |{a,b, m}|
=3 (IS = 1 because s € ),

(SECi5) ...Sabsjiywyn..., fora,be{l,...,si_1},a#b,{a,b}NS #0,

(SECi.6) ...Ssipimynab... fora,be{l,...,s;},a#b,s; €{a,b).

The tours form roots of (18). The proof that the underlined 2-edges have not been used
before is analogous to the proof of Claim 1 of the proof of Theorem 2.3 and skipped
here. The number of tours of the entire second group is |Czlir2n| — 1.

For the tours in C:}f?n we specify the position of S, apart from that the procedure is
identical to (L1)—(L8). Fix wy, wy, w3 € T, [{wy, wa, w3} = 3.
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(LSEC1) ...a(n—1)bSwinw,..., fora,be{l,...,n—2\{w, wr},a <b,
(the 2-edge (w1, n, wy) is not used as an eiL),
.mmn—DoSwinws...,
.mn—=DoSwrnws...,
(LSEC3) ... w1 (n— DaSwanws..., forae{l,....,n—2\{wi, wa, wz},
(LSEC4) ... o (n— DaSwinws..., forae{l,....,n—2\{w, wa, w3},
(LSEC5) ...anbSm(m —1)o..., fora,b € {1,....,n —2},a < b, |{a,b} N
{wi, wy, ws}| =1, withm,o0 € T, {m, o} 7¢_ {wr, wa, w3}, {a, b, m, o}|
=4,
.nw3Swi(n—Dws...,
(LSEC6) { ...nw2Swi(n— Dws...,
..nwlgwg(n—l)w3...,
(LSEC?7) ...anbSmn—1)...,fora,be{l,...,n—2)\{w, wz, w3},a < b,
withm € {1,...,n =2}, {a, b, m}| =3,
(LSEC8) ...n—1)anS...,forae{l,...,n—2}

(LSEC2) withm, 0 € T\{w, w2, w3}, m # o,

Again, the tours form roots of (18) and, as in Claim 2 of the proof of Theorem 2.3,
the underhned 2-edges have not been used before, so we obtain the same number of
tours |C'}; dim | in this third step.

In total the construction results in |C Zim| — 1 affinely independent tours, which
proves Theorem 3.12. O

Proof of Lemma 3.13 We prove the statement by reduction from MAX-2-SAT. Given
a 2-SAT-formula with m variables and |C| clauses, the task is to find a truth assign-
ment for the variables maximizing the number of fulfilled clauses. Consider a 2-graph
G = (V E) with node set V = {s,t1,} U {x;,—x;: i = 1, ,m}. The idea is
to include 2-edges in G so that an optimal solution of (stltz-cut) corresponds to an
optimal MAX-2-SAT solution where literals belonging to S are set to true and liter-
als belonging to T are set to false. To this end we encode a clause (a Vv b),a,b €
{xi,—x;j:i=1,...,m} with a2-edge (s, —a, —b) as the clause is false if and only if
both literals are set to false. These 2-edges are assigned costs of value one. In order to
ensure that, for each i € {1, ..., m}, exactly one literal of x; and —x;, is contained in
T we add the 2-edges (s, x;, —=x;), (s, =x;i, x;) with costs |C| + 1. Similarly for set S
we introduce 2-edges (x;, t1, ), {(—x;, t1, t) with costs |C| + 1. All transformations
are possible in polynomial time, so it remains to show correctness.

Let S be a solution of (sz1#>-cut). Foreachi € {1, ..., m} atleast one of the 2-edges
(s, xi, —x;), (s, =x;, X;), {xi, t1, t2) and (—x;, 11, t») is contained in the cut and causes
costs of |C|+ 1. Because |{x;, —x;}N S| = 1if and only if exactly one of those 2-edges
is contained in the cut, any solution corresponding to a proper assignment of the vari-
ables (i.e.,Vi € {1,...,m}: |{x;, ~x;} N S| = 1) has costs at most (|C|+ 1) -m + |C]|
whereas the cut value of any other solution is at least (|C| + 1) - (m + 1). There-
fore any optimal solution S* corresponds to a proper assignment with as few 2-edges
(s, —a, —b) as possible contained in the cut. Its objective value (|C| 4+ 1) - m + k
corresponds to a solution of MAX-2-SAT with all literals in $*\{s} set to true and k
unsatisfied clauses.
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For the converse direction we observe that for any 2-SAT assignment we can con-
struct a solution of (st #y-cut) with costs exactly (|C |4 1)-m +k where k is the number
of unsatisfied clauses by setting S := {s} U {x;: x; = true} U {—x;: x; = false}.
This completes the proof. O

Proof of Theorem 3.14 We prove this statement by reduction from (st11>-cut). Let

G = (V, E) be an undirected 2-graph with node set V, |[V| = 7, and E the set of

weighted undirected 2-edges with weights w, > 0 polynomially bounded in 7 for all

e E E. The set V contains three marked nodes s, 7, 72 € V. We construct a 2-graph
= (V’/, E’) with node set

V' =VUT U{s1, s} UV x{1,2,3D)

where T is a set of artificial nodes to be introduced later and E C E'. The inclusion
of additional 2-edges in E’ will ensure that in any optimal solution (7' U {t,5,}) C T
and {s, s1, s2} C S. The challenge is to guarantee that all cost coefficients fulfill the
degree constraints (1) and the flow constraints (2). As in (6) these can be transformed
to

> wix =1, forall j e V', (27)
ijkev’3)
and
> wkij= D wij, forallij e V', (28)
kijeVv'®) ijkeV/3)

using only variables, here weights, corresponding to V'**). We denote by

dw):= D W

uvweV'3)

the node degree of v € V'.
The node set 7’ and the 2-edge set E’ are constructed by putting

= {OT» lT, sy (18ﬁ_ l)T}

and by successively adding 2-edges (and weights) to E’. In this construction, some
2-edges may be added more than once. In this case their weights are summed up.

(S1) Inorder to enforce T’ C T, add 2-edges

Ep = U [(a,b, ¢):a,b,ce{(kmod 1877, ...,
k=0,6,...,18n—6

(k + 11 mod 18n)7}, {a, b, c}| = 3]
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(52)

(S3)

with weights w, = 4Zfef wy +1=: Dforall e € E7/. Note, each k adds

a complete 2-graph on the corresponding two successive blocks of 6 nodes,

thereby forming a tightly linked giant cycle on these blocks of 7’. This being

done, all nodes in T’ have a node degree 100D.

Let (i, j, k) € E,i < k, w,jky > 0. In order to ensure (28) for these

original edges we complete them to a 2-cycle Cy by inserting the 2-edges

(J, k,s1), (k,s1,82), (s1,52,07), (52,07, 17), (O, 17, 27), ..., (187 =3)T,

(18n—2)7, 18n— 1)), (18 —=2)r, (18n — D)7, i), (187 —1)T, 1, j), each

with weight wy; ; xy. In order to ensure the correct dependence of the objective

value on the assignment of 7, j, k to S or 7' two additional 2-cycles are needed:

1. Add Ci; = {{i, j,s1), (J, s1, 52), (51, 82, 1), (s2, 1, j)}, each with weight

w, / k)

2. and Cr ={{j,k,071), (k, 07, 17), (O, 17,27), ..., ((18n —3) 7, (18n —
2)r, (18n — 1)T> ((18n = 2)r, (18n — D)7, j), (187 — D)1, j, k)}, each
with weight “42.

Claim (S2).1 In any assignment of the nodes of V' to Sand T with T’ C T, s1,

s7 € S the weights of the artificial 2-edges of (S2) in the cut sum up to 3wy; ; ).

Proof of Claim (S2).1. Note that (s, O, 17) € Cp contributes wy; j x) to each

cut, so it remains to consider the other 2-edges.

e i,j,keS:The?2-edges (i,(18n — 1), (18n —2)7) € Co and (J, (18n —
Dr, (18n—2)7), (k, 07, 17) € C, have weight wy; j x) +—5" ’” + ‘21") =
2W(i,jik)-

e i,j e SkeT: {8 —1r, (U8 —2)r) € Cp and (j, (187 —
Dr, (187 — 2)7), (j, k, 07) € C» have weight wy; j ) + “44 4 ZEr0
= 2w, jk)-

e i,k e€S,jeT :(il8 — 1), (1817 —2)r) € Co, (k, j, (18n —
D7), (k, 07, 17) € C; have weight w(;, 5 + “52 + 28 = 2y 4.

e i€S,j,keT: (i (8 —1)r, (187 —2)7), (s1,k, j) € Cp have weight
Wi jky + Wk = 2Wi k)

e j,ke S,ieT:{i(l8 —1)r) € Cyand (j,(18ﬁ— D7, (18n —
2)r), (k,0r, I7) € C; have weight wy; j &) + “2’“ + (’sz = 2W j k)-

o ke S,i,jeT: <S2,l ), (sl,] i) € C an (k,],(lSn — D7), (k,0r,
17) € C, have weight ”k) + ”k + ‘ L4+ w(i’zj’l‘) =2W(i jk)-

e j e Si,keT :(]l(lSn—l)T) € Coand(] (18n—1)T (18n
—2)7), (j. k, Or) € C» have weight wy; j ) + —5 + 28 = 2wy ;4.

o i,j,k eT: (sl,k jy € Cp and (i, j, s1), (52,1, j) € Cj have weight

wii, k) + A = 2w . =

1, eT,s,s1,s2 € S is enforced for optimal solutions by adding the 2-edges

of the following 2-cycles, each 2-edge with weight D,

e (11,07, 17), (07, 17, 27), ..., (187 —2)7, (18n — D), 1), {(18n — D),
t1,07),

o (1,07,17), (07, 17,27),...,((187 = 2)7, (187 — )7, 1), (187 — D),
t2,0r),
2-triangles for {s, 1, 51}, 1.e., (s, t1, $1), {t1, S1, S), (51, 8, 1), and {s, 12, s2},
a 2-triangle for each {s1, 52, v} with v € V'\{s1, s2}.
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(S4) It remains to fulfill condition (27), i.e., all node degrees need to have the same
value K, so that dividing all weights by K yields (27) in the end. For this
purpose, the artificial nodes V x {1, 2, 3} were introduced. These will allow
to compensate differences in degree via further 2-cycles. Currently, the node
degrees read

Node Current node degree
N < D + 3D
— =~

Eand (52) (83
1, < D + 3D
— ——

. Eand(52) (S3)
veV\is, t,n} < D + D
. Eand (52) (S3)
ve (Vx{1,2,3}) = D

(83)

51,82 =%~wa+D+22~Tz-D
f€E ($3)

—_——————
(82)

/ _ 3,
veT =100D+3-> wp+2D+D

(S1) feE (83)
————
(52)

For n > 5 the node degrees of s1, so which we denote by K = % > FEEWS +

D +22-7- D are the highest ones. We increase the degree of v € V by 2-cycles
of length four with (v, (v, 1), (v, 2)), ((v, 1), (v, 2), (v, 3)), ((v, 2), (v, 3), v),
((v,3), v, (v, 1)). Then the degree of nodes in (V x {1, 2, 3}) can be filled up
by 2-triangles for {(v, 1), (v, 2), (v,3)},v € V. In the end, a 2-cycle over all
elements in 7’ with weight K — (100D + % > feTD W +2D + D) completes

the construction of G’.

It remains to show correctness. Recall, a 2-edge (i, j, k) € V' (3) contributes its
weight, if (1 € SAj,keT)v(ke SAL, jeT)).

First observe that for any feasible solution S C V' with 3 < |S§| < |V'|/2, (T' U
{t1,n}) C T,{s,s1,s} C S, (V x {1,2,3}) € S and V\{s, 11, tp} partitioned arbi-
trarily, the objective value is less than or equal to 4 - > reE Wy Indeed, a constant
offset of 3+ > Fev® wy is caused by (S2) as proven in Claim (S2).1, all other arti-

ficial 2-edges do not contribute to the cut. For each node v € V the three nodes
{v} x {1, 2, 3} may jointly belong either to S or,if v € T, to T. In both cases no costs
arise. For solutions observing this structure the cut value is minimal for an optimal
(st1r2-cut) solution on V. Let Zs,11,1, b€ the optimal value of (s#1#;-cut) and denote by
2= Zsnn 32 regWs < D the value of a corresponding solution constructed
within G’. We need to show that all solutions having not the described structure have
higher objective value.
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e T’ C T :Considerasolution having anonempty subset Ty C T’ with Ty C S. Then
thereisak € {0, 6, ..., 1817 — 6} so that some of the nodes of Ty := {k, ..., k+5}
liein S,i.e., Ty NS # B.If [Ty N S| < 4 then costs of atleast D > 4'Zf'ef w f arise
and this cannot be optimal. So consider the case |7 N S| > 4. As T is completely
2-edge connected t0 T(k+6 mod 187) We may assume |T(x+6 mod 187) N S| > 4 by
the same argument. In the end we get |7 N S| > 4 forall k € {0, 6, ..., 1817 — 6}
which contradicts | S| < % So we have T’ C T for any feasible solution with
objective value less than D.

e 51,5 € S :Assume si,s2 € T then costs of at least D arise because sy, 5o are
connected via triangles to all other nodes by (S3) and there has to be at least one
node v € V' with v € S. So, w.l.0.g., the case s1 € S, s» € T remains. But this
entails costs of at least D (and much higher) as s1, s» are connected via triangles
to all nodes v € T’. This proves sy, s2 € S.

e f1,tr € T: Assume, w.l.o.g.,#; € S. Because Or, 17 € T, the 2-edge (t1, Or, 17)
produces costs of D by (S3) and this cannot be optimal.

e s € S:Assumes € T.Because s; € S, € T, the 2-edge (s, s, #1) produces
costs of D by (S3) and this cannot be optimal.

Thus, any solution with objective value at most z has the desired structure and z is
therefore the optimal value. Conversely, given an optimal solution with value z* for
G' the optimal value of (stif-cut) is z3, ,, =2z" =3 > pwy. i

Proof of Theorem 3.15 Validity holds, because for tours that visit two nodes of V\S
consecutively the first sum yields at least 2 while all other tours use one of the 2-edges
in the second sum when visiting 7. Theorem 3.2 proves the statement for |S| = n — 3,
because for V\S = {i, j, I =k}

Z [ymij + Ymji + Ymik + Ymki + Ymjk + ymkj]

meS

+ 2 Z Ymko >2

mkoeV®) : m,oeS

2(1=2, es[ymki +Ymkj1=yikj) by (6)

= Z[ymij + ymjil + Z[ymik — Ymkil =+ Z[)’mjk — Ymkjl =2yikj = 0

meS meS meS

2xij—yjik—Yijk by (1) Xik—Yjik—Xik+Yikj —Yijk+Yikj

= 2 —2yjik — 2yijk = 0 &= Xij = Ykij + Vijk-

We first consider the case ’% < |S| < n — 5 and defer the case |S| = n — 4 to the
end of the proof. Set, w.l.o.g., S ={si =n—[S|+1,...,55-1 =n— 1,55 =
np,V\S =T ={l =t,2 =t,....47-1, 41| = t}. Deleting S in a tour corre-
sponding to a root of inequality (19) decomposes the tour into isolated nodes in T
and at most one path in 7 that must contain . We use the same proof structure and
notation as in the proofs of theorems 2.3 and 3.12. In particular, |T| > 5 so we may
use the same n-permutation block with 7 = 5. As long as k € T in the iterative steps,
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(I1)—(15) may be used without modification. The steps have to be adapted for k € S,
starting with a specific ordering for k = s which is then followed by the usual iterative
scheme for k = s;,2 <i < |S| — 1. The case k = 51 proceeds along (11)—(I13) and
(SEC1.1)~(SEC1.3) but the positioning of node 7 requires additional care.

(SUB1.1) ...asi1symyn..., fora e T\{1},
(the 2-edge (s1, 1, s2) is not used as an e}(),
(SUB1.2) ...1sjasoyn..., fora € T\{l, 1}
(the missing (s1, 7, s2) is compensated later in (SUBH1)),
(SUB1.3) ...asibsswyn..., fora,b € T\{1},a > b (this ensures  in the T-
path),
(SUB1.4) ...abs;mynlsy..., fora,b e T\{l},a #b
(the 2-edge (n, 1, s1) is not used as an e;'{ and is the one 2-edge that is
lost),
(SUB1.5) ...mosywynasi ..., fora € T\{1,1} withm,o € T\{1}, [{a, m, o}
=3
(the missing (n, 7, s1) is compensated later in (SUB#1)),
(SUB1.6) ...mos,wynsja...,fora €T withm,o € T\{1}, |{a, m, 0}| =3,
(SUB1.7) ...absywynsy ..., fora,beT,1¢€{a,b},a#b.

For k = 5;,2 <i < |S| — 1 the structure follows (SECI.1)-(SECI.6) of the proof of
Theorem 3.12 with the same S defined there:
(SUBI1) ...asilsipyoxnS... fora € {2,...,si-1},
(the 2-edge (s;, 1, s;11) is not used as an e};),
(SUBi.2) ...1s;asiyioxnS...,fora e {2,...,si_1}\{f}
(the missing (s;, 7, si+1) is compensated later in (SUBt1)),

i ...asibsiyyornS..., fora,be{2,...,5,_1}]\{t},a <D,
(SUBL3) [...t_siasi_,_] oxnS..., forae (2, ..., si_1)\{i},
(SUBi4) ...absiy wrnmSs;..., fora,b e T, a £ b, withm € T\{t}, |{a,
b, m}| =3,

(SUBI.5) ...Sabsiyiwin... fora,be{l,....,si 1)\{t},a #b,{a,b)NS # @
(the missing (s, f,si+1), 1 < j < i, are compensated later in (SUBH)
and (1, s}, si+1), | < j < i, are compensated in (SUBI.7)),

(SUBI.6) ...mSsiy1wynab... fora,be{l,... si},a#t,a#b,s;c{a,b),
with m € T\{t}, |{a, b, m}| =3
(the missing (n, 7, s;), 1 < j < i, are compensated later in (SUB1)),

(SUBIi.7) ...tasis1oxnS ... fora e {sy,...,si_1}.

For the nodes n — 1, n we have specific steps that are organized close to (L1)—(L8)
((L5) and (L7) are subsumed in (SUBLS5) and so (L8) corresponds to (SUBLY)). Fix
wy, w2, w3 € S\{n — 1, n}, [{wy, wz, ws}| = 3.

...a(n—l)bS‘wlnwz...,fora,beT,a>b,
(SUBL1) {...an—DbSwinw,..., fora,be S\{w,wr,n—1,n},a>b,
am—1DbSwinwy..., forae T, be S\{w,wy,n—1,n}

(the 2-edge (wy, n, wy) is not used as an eiL),
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1 (n—l)tzs‘w]nw_g...,
...tl(n—l)tzngnw3...,
(SUBL3) ...a(n— DwiwrnwsS...,forae{l,...,n—2\{wy, wy, w3},
(SUBL4) ...a(n— DwrwinwsS..., forae{l,...,n—2\{wy, wy, w3},
...Mg(n—l)...,fora,beT,a>b,
...anbSm—1)...,foraeT,be S\{n—1,n},
.anbS(m—1)..., fora,be S\{n—1,n},

{a, b} & {w1, w2, w3}, a > b,

(SUBL2)

(SUBL5)

oonwzwi(n—Dwa S...,
(SUBL6) {...nwowi(n—Dw3S...,
onwiwa(n—1wsS...,
(SUBL7) ...(n— l)anS... forae{l,...,n—2}\{}
(the missing (n — 1,7, n) is compensated later in (SUBH1)).

The only 2-edges missing in these lists in comparison to the proof of Theorem 3.12
are the 2-edges (s;, 1, sjyforl <i < j < S|, i.e., those that require tours with no
two consecutive 7-nodes in order to form roots of (19). As none of these 2-edges
have appeared in the tours above, the construction of this case is completed by the
following last step.

(SUBt1) sitsjwij for 1 < i < j < |S| where w;; denotes an appropriately

completed alternating sequence of the remaining nodes in T\{f} and in
S\{si, 55}

The construction above generates |C Zl.m| — 1 affinely independent tours, that are roots
of (19), and proves the statement for the case % <|S] <n-5.

For the remaining case |S| = n — 4 we verified the case n = 8 by means of a com-
puter algebra system and consider n > 9 in the following. For |T| = 4 the approach
with an initial permutation block having 7 = 5 can still be applied, but the block has to
be set up with care so as to ensure that all generated tours are indeed roots of (19). In
particular, using the same notation as before, the permutations having s; in the middle
as well as the permutations (7, s1, #;, £;, %x) and (t;, t;, 1y, s1, 1) with i, j, k € {1, 2,3},
I{i, j, k}| = 3 may not be used. This reduces the rank by 3 to 51. In exchange, the
iterative process may start with (SUBJ.1)-(SUBI.7) immediately, because the switch
to the first element of S is already covered by the initial permutation block. As before
the construction is completed by (SUBL1)—(SUBL7) and (SUBt1) without further
modifications. In counting the number of tours, we may use the formulas of Claim 3
of the proof of Theorem 2.3 if we reassign the 2-edges of (SUBt1) to the correspond-
ing steps where they were omitted. The latter is possible for all except the 2-edges
(s1,1,s2) and {sq, f, n) omitted in the missing initial iterative step for s, so we assign
them to rj;. All in all we obtain forn =5

=+ lnt24+@+s5n -1 +35=1n —2® + ln= f(m)
affinely independent tours, which completes the proof. O
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Proof of Theorem 3.20 We first show validity. Put E; := {avw, awd, tuw}, Ey :=
{uvw, uwv, vuw}, E;“ = {udw, uwv, vaw, vwi, wiv, woi}, ET = E]+ u E;’ u
E;’ . For tours not using the 2-edges of E™, validity follows from observations 3.17
and 3.18 (Observation 3.19). In discussing the other possibilities we will only con-
sider relevant configurations, i.e., in the given tour segments the number of elements
appearing in (23) cannot be increased by simple exchange operations.

Ifatour C € C, contains a 2-edge of E1+, w.l.0.g. uvw, this excludes all 2-edges of
E;’ A tour with uvw € C can include at most one 2-edge of E; Consider, w.l.o.g.,
the case uvw € C, then the relevant configurations are . ..u [k,y]wouvw... and
...wvuvwu... where the notation [.] marks potential replacements for the direct
edge between predecessor and successor. Both contain at most four elements of (23)
(including vitv and vwu), so we may assume ET N C = {avw}. In a relevant tour
of this type v has to be next to, w.1.0.g., # in order to keep the element vuv (in all
other configurations o does not contribute or by E* N C = {#vw} tours containing
the 2-edge uvw can have at most 3 elements in (23)), so the only relevant cases are
v vwkgwlwlkwulu ..., . uvuvwlkgylw...,and... wlkyJuvuvw...,
each of them having at most 4 elements in (23). In the following we may assume
CNEf =0.

Next suppose C N E; # ¢, then, w.l.o.g., {uvw} = C N E;‘ In this case
only the elements wuv, vwu of E3+ may be in C, as well. If both are active, then,
w.l.o.g,...wuvwulk,]v... is the only relevant configuration giving a count
of at most 4. Suppose next, w.l.o.g., only vwu € C, then the relevant config-
urations are, w.l.o.g., ...uvwu l[kyylwlkyylv..., and ...vuvwu lkyylw...,
both yielding at most 4 elements of (23). So consider C N ET = {uvw}. If v
is next to, w.l.o.g., & then in view of the previous case the remaining relevant
cases are, w.l.o.g., ... u[kyJvuvwlkgylw...and ... wky,Jukplvuvw.. ..
If v is neither next to u# nor to w, the remaining relevant cases are, w.l.o.g.,
o W [kgylw kol v lkyu...and .. u[kyz] i 0w [kgy] w [kyy]v. ... Each of
these induces at most 4 elements of (23).

Finally, suppose C N (Ef' U E;‘) = ) and assume, w.l.0.g., uvw € C. All other
elements of E;L are then excluded from C. By C N E;‘ = {J, w is not next to i, so first
suppose v is next to i, then the relevant configurationis . .. u [kyJvu v w [kyglw . ..
(wvu € Efr may not be used). If u is next to u we have the relevant config-
urations ... vwu [kyzluvw...and ... v [ky,ulkyzluvw [kyg]w. ... In the last
case, none of these nodes is next to u, so the remaining relevant configurations are
ouvwlkyylvwu...aswellas...uvw[ky,]uwv. ... Inall cases the number of
elements of (23) is at most 4, which completes the proof of validity.

The proof that (23) is facet defining for n > 13 follows the structure and uses the
notation of Theorem 2.3. Weset,w.l.o.g,u = l,v=2,w =3, u =4, v=5,w =206
and use an n-permutation block with roots of (23) for 7 = 9. This results in r9 = 349,
so due to the comb-structure the rank is reduced by one in comparison to Theorem 2.3.
The iterative steps creating the set CZ;i need to be adapted so that the subsequences
can indeed be completed to roots of (23), i.e., we will show afterwards that there are
realizations containing exactly four of the edges or 2-edges of inequality (23). Up to
the exchange 1 <> 7 and the generation sequence, the steps cover exactly the same
2-edges as (11)—(15) and read
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(Ie-1) ...akTk+Doyn...,forae{8,...,k—1}
(the 2-edge (k, 7, k + 1) is not used as an e};),

(Ic-2) ... Tkatk+ D owyn...,forae{8,..., k—1},

Ic-3) ...akbk+Vwgn..., fora,be{8,...,k—1},a <b,

(Ic-4) .. mkabk+ 1) wgn..., fora,be{7,...,k—1}withme{7,...,k—1},
l{a, b, m}| =3,

(Ig-5) ...akbk+Vwyn...,foraec{l,...6},be{7,....,k—1},

(Ic6) ...motk+1)wrnSakbs ..., fora,bef{l,...,6},a <b,withm,o €
(7,...,k—=1},m #0,S8,8 C{l,...,6\{a,b},S #0,S #3,5NS =@,
|ISUS" U{a, b}| =6,

U7 ...katk+Dowyn..., forae{l,...6}

(Ic-8) ...abk+ V) wynmo...,fora,be{l,...,k—1},{a,b}N{l,...,6} #
@B, withm,o € {l,...,k— 1}, |{a, b,m, 0}| =4,

(Ie-9) ...(k+ V) wynab...,fora,be{l,...,k},a#b,k €{a,b}.

Because n = 9 and n > 13 we have |{7, ...,k — 1}| > 3, so the constructions of

steps (Ic-1)—(I¢c-9) are possible for all 7 + 1 < k < n — 2. The rules ensure that each

underlined 2-edge has not appeared in any tour constructed earlier. It remains to show

that tours can be chosen so as to yield roots of (23).

(Case 1) If k is not supposed to be adjacent to any node of {1, ..., 6}, we may
place the subsequence 412365 (= uuvwwv) anywhere in the free
area. This applies to tours in steps (I¢-1)—-(I¢c-4), and step (I¢-9) with
a,bell, ... k}.

(Case 2) If only one node ¢ € {1,..., 6} is supposed to be adjacent to a node
p € {7,...,k} and there are no further requirements on the continuation
of the tour in the region beyond ¢, the nodes of {1, . .., 6} can be arranged
consecutively with ¢ in first or last position (see the marked node below).

Thus, there are appropriate tours for step (I¢-5), step (I¢c-8) with a €
{1,...,6},b € {7,...,k — 1} and in step (I¢-9) with a = k,b €
{1,...,6}.

(Case 3) In step (I¢-6) node k is required to be adjacent to at least two nodes

of {1,...,6} on either side. This is possible for any 2-edge akb with
a,b e {l,...,6}asillustrated by the marked 2-edge below.

~.‘
$ % 9 e—e—9 o s—9 o +—o
) o,
(Case 4) If a node ¢ € {l,...,6} is supposed to lie between two nodes in
VA\{l, ..., 6} but on one side the continuation of the tour is free, the
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remaining nodes {1, ..., 6}\{g} can be arranged on the free side as fol-
lows (node ¢ is marked).

< L <]

Thus, appropriate tours are available in step (I¢-7), in step (/¢-8) with
ae{l,....k—1},be{l,...,6}andinstep (/¢-9) witha € {1, ..., 6},
b=k.

(Case 5) Finally, in step (I¢-8) with a,b € {1,...,6}, it is required to provide
the ordered pair ab with one side being free for any continuation. For
each required pair the graphs below depict an appropriate ordering (ab is
marked), that allows to arrange the nodes {1, ..., 6}\{a, b} in an appro-
priate sequence on this free side.

Next, using the same arguments, the steps (L1)—(L8) are adapted so that for fixed
wi, w2, w3 € {7,...,n — 2}, {wy, wy, w3}| = 3, all required tours of Cfon can be
realized as roots of (23); in some cases the distance between nodes n — 1 and n needs
to be increased. The possible situations are similar to the ones for steps (/¢-1)—(/ ¢-9).

e Tours in (L1): There are three cases.
- a,be{l,...,n—2}: We can place the subsequence 4 123 65 right to w», see
(Case 1).
— a€ef{l,...,6},b e {7,...,n — 2}: The continuation of the left side of a is
free and can be done according to the sequences in (Case 2).
- a,be{l,...,6}: The situation equals (Case 3). With adapted tours
. Sam—-DbSwinwy..., S,8 c {I,...,6)\{a,b},|S] = 1,|8| =
3,5NS =@, SUS"U{a, b} = {1, ..., 6}according to (Case 3) we get tours
that are roots of (23) and there are still at least two nodes between n — 1 and n.
e Tours in (L2): Using m,0 € {7,...,n — 2}\{wy, wa, w3}, m # o, we place the
subsequence 4 123 65 right to ws3.
e Tours in (L3), (L4), (L5): There are two cases. Note, in (L5) b ¢ {1, ..., 6} by
a < b and definition of wy, wa, ws.
— ae€{7,...,n—2}: We can place the subsequence 4 12365 left to a.
— a € {l,...,6}: The continuation of the tour on the left side of a is free and so
we can use one of the subsequences presented in (Case 2).
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e Toursin (L6): We can place the subsequence 4 12 3 6 5totheleftof n, see (Case 1).
e Tours in (L7): There are three cases.

a,be{7,...,n—2}: We set m = wi and place the subsequence 412365 to
the right of n — 1.

— ae{l,...,6},be{7,...,n—2}: Weset m = wy and continue the tour on

the left side of @ according to the sequences presented in (Case 2).

— a,bell,..., 6): Withadapted tours ... Sanb S'(n—1)..., 5,8 c{l,...,6}\

{a,b},|1S|=1,181=3,SNS =0,SU S U{a,b} ={1,...,6}according
to (Case 3) we get tours that are roots of (23) and there are still at least two
nodes between n — 1 and n.

e Tours in (L8): There are two cases.

— ae€{7,...,n—2}: We can place the subsequence 4 12365 to the right of n.
— a € {l,...,6}: The continuation on both sides of the tour is free and so we can

use one of the subsequences presented in (Case 2) on an arbitrary side.

In summary, we created exactly one tour less than in the proof of Theorem 2.3, hence
Theorem 3.20 follows. O
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