RAIRO. THEORETICAL INFORMATICS AND APPLICATIONS

HANS-JOACHIM BOCKENHAUER

SEBASTIAN SEIBERT

Improved lower bounds on the approximability
of the traveling salesman problem

RAIRO. Theoretical Informatics and Applications, tome 34, n°3
(2000), p. 213-255

<http://www.numdam.org/item?id=ITA_2000__34 3 _213_0>

© AFCET, 2000, tous droits réservés.

L’acces aux archives de la revue « RAIRO. Theoretical Informatics and Ap-
plications » implique I’accord avec les conditions générales d’utilisation (http:
/lwww.numdam.org/conditions). Toute utilisation commerciale ou impression sys-
tématique est constitutive d’une infraction pénale. Toute copie ou impression de
ce fichier doit contenir la présente mention de copyright.

NuMmbDAM

Article numérisé dans le cadre du programme
Numérisation de documents anciens mathématiques
http://www.numdam.org/


http://www.numdam.org/item?id=ITA_2000__34_3_213_0
http://www.numdam.org/conditions
http://www.numdam.org/conditions
http://www.numdam.org/
http://www.numdam.org/

Theoretical Informatics and Applications
Theoret. Informatics Appl. 34 (2000) 213-255

IMPROVED LOWER BOUNDS
ON THE APPROXIMABILITY
OF THE TRAVELING SALESMAN PROBLEM

HANs-JOACHIM BOCKENHAUER! AND SEBASTIAN SEIBERT!

Abstract. This paper deals with lower bounds on the approximabil-
ity of different subproblems of the Traveling Salesman Problem (TSP)
which is known not to admit any polynomial time approximation al-
gorithm in general (unless P = A/P). First of all, we present an im-
proved lower bound for the Traveling Salesman Problem with Triangle
Inequality, A-TSP for short. Moreover our technique, an extension of
the method of Engebretsen [11], also applies to the case of relaxed and
sharpened triangle inequality, respectively, denoted Ag-TSP for an ap-
propriate 8. In case of the A-TSP, we obtain a lower bound of g’g—ig —€

on the polynomial-time approximability (for any small € > 0), com-

pared to the previous bound of 238, —¢ in [11]. In case of the Ag-TSP,

for the relaxed case (3 > 1) we present a lower bound of %&1&@ — g,
and for the sharpened triangle inequality (3 < 8 < 1), the lower bound
s %gﬁ—fg — €. The latter result is of interest especially since it
shows that the TSP is APX-hard even if one comes arbitrarily close to

the trivial case that all edges have the same cost.

AMS Subject Classification. 68Q25, 68R10.

1. INTRODUCTION

The Traveling Salesman Problem (TSP) is one of the hardest optimization prob-
lems in NPO. (Recall that NPO is the class of optimization problems whose
underlying threshold languages belong to A"P. For a formal definition of the class
NPO see e.g. [15].) It is intractable (provided P # N'P) in general because it does
not admit any polynomial time p(n)-approximation algorithm for any polynomial
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p in the input size n. On the other hand there are large subclasses of input in-
stances of the TSP that admit polynomial-time approximation algorithms with a
reasonable approximation ratio. The Euclidean TSP (also called geometric TSP)
even admits a polynomial time approximation scheme [2,3,14] and the A-TSP
(TSP with triangle inequality, also called metric TSP) can be approximated by
Christofides algorithm with an approximation ratio of % [10]. Generally, recent
research has shown that the “relation” of an input instance of the TSP to the
triangle inequality may be essential for estimating the hardness of this particular
input instance. We say, for every 8 > %, that an input instance of the general
TSP satisfies the §-triangle inequality if

cost({u,w}) < B+ (cost({u,v}) + cost({v,w}))

for all vertices u,v,w. By Apg-TSP we denote the TSP whose input instances
satisfy the [-triangle inequality. Obviously, we have A;-TSP= A-TSP. If 8 > 1
then we speak about the relaxed triangle inequality, and if % < B < 1 we speak
about the sharpened triangle inequality. Note that at 8 = %, we reach the trivial
case that all edges have the same cost, and 8 < % is impossible.

Considering the relaxed triangle inequality, in [1,5,6] it has been proved that Ag-
TSP can be approximated in polynomial time with approximation ratio min{44,
382}. Also, [5] contains a proof that there exists a small ¢ > 0 such that Ag-
TSP cannot be approximated with approximation ratio 1 +¢- 3 for 8 > 1, unless
P =NP.

The sharpened triangle inequality was considered first in [7,8]. There, some
algorithms were developed to obtain an approximation ratio between 1 and 1.5,
depending on 8. More precisely, methods were developed to adopt algorithms for
the metric TSP to the case of the sharpened triangle inequality, and also a new
algorithm, the so called Cycle Cover Algorithm has been proposed. This leads to

a combined upper bound of approximability of min {1 + gﬁ—fJf—;IL_—I, % + % . %}

which tends to 1 for 8 — %, and to 1.5 for 8 — 1.
In this paper, we will show improved, respectively first, lower bounds for these

problems as follows. In the case of A-TSP, we get a lower bound of % — ¢, for

Ap-TSP, B > 1, we get 58800 — ¢ and for Ag-TSP, § < 8 < 1, we obtain
%?f—ﬂg%g — € as lower bound, each one for an arbitrary small € > 0. Note that
for the case of the sharpened triangle inequality, this is the first lower bound at all.
In view of the fact that the Euclidean TSP, in some sense an orthogonal subclass of
the metric TSP, admits a polynomial time approximation scheme, it is somewhat
surprising that the case of the sharpened triangle inequality is APX-hard for 3
arbitrarily close to %

Our proof is based on the idea of Engebretsen, who reduced a special case of a
linear equations problem, called LinEq2-2(3), to the TSP subproblem with edge
costs 1 and 2 only. This special case of the TSP was considered for the first time
in [17]. We extend this proof technique by considering the reduction to input
instances of Ag-TSP whose edge costs are from {1,m,l}, 1 < m < I. (We use
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{1,2, 3} for the metric TSP, and appropriate values, depending on S, for the other
cases.) This modification requires some crucial changes in the construction of
Engebretsen as well as some essentially new technical considerations.

Overall the proof is performed by a gap-preserving reduction from
LinEq2-2(3), for which Berman and Karpinski have shown a lower bound of 332 —¢,
for an arbitrary small £ > 0.

This paper is organized as follows. In the next section, we give the definitions
and state the results. Section 3 is devoted to the proof of the central theorem, and
we conclude in Section 4.

2. DEFINITIONS AND RESULTS

Let B be an optimization problem, Lp the language of all inputs for B, and

A an algorithm producing a feasible solution A(z) for any x € Lg. For an input

z, we denote by opt(z) the cost of an optimal solution. Let oo € RZ}. A is an
" a-approzimation algorithm for B if for all inputs z € Lp,

opt(z)  cost(A(z))
o { oot et} <

The Traveling Salesman Problem with G-triangle inequality, Ag-TSP for short, is
- the following approximation problem.

Input: A complete graph G = (V, E), V = {v1,... ,u,} and a cost function
cost : E — Q which obeys the B-triangle inequality

cost({u, w}) < B - (cost({u,v}) + cost({v, w})) for all u,v,w € V.

Output: A Hamiltonian tour in G, given by a permutation 7 on {1,... ,n}.
n

Goal: Minimize Zcost({v,ri,v,,(iﬂ) wod n 1)
=1

The A(y,m,3-T'SP is the subproblem of A-TSP where all edge costs are from the
set {1,m,l}.

Next, we give the definition of LinEq2-2(3) for which we give gap-preserving

reductions to Ag-TSP.

Input: A set {e1,...,e,} of linear equations modulo 2 over a set of variables
{z1,... ,Zm} where each equation contains exactly two variables, and each
variable occurs exactly three times.

Output: An assignment of binary values to the variables {z1,... ,Zm}.

Goal: Maximize the number of equations from {eq, ..., e,} which hold under
the given assignment.

Finally, we have to clarify what type of reduction we will use between these two
problems. We will use a gap-preserving reduction as introduced in [4]. The notion
of gap problem is only implicit there. Also, the definition has been used in some
modified ways since. We will use the following definition as in [15].
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Let A be an optimization problem with input language L. Let size(z) denote
the size of an input in an appropriate way. Moreover let 0 < ¢ < s be two
constants. The gap problem (c, s)— A is the following decision problem.

Input: An instance z € L4 such that either
1. oeiz) <¢, or

size(x)

9. o) ~ o

s1ze(x -

Output: '(I‘ile decision which of the two cases applies.

As size(z), we use the number of vertices in a TSP instance, and the size of a
LinEq2-2(3) instance is the number of equations.

Note the following difference to viewing languages as decision problems. Here,
we don’t have a “positive” and a “negative” answer but two different answers
which can be handled symmetrically. Consequently, when speaking about NP-
hardness of a gap problem, it doesn’t matter to which answer of the gap problem
the positive answer of a language in NP is mapped.

Let (¢,8)— A and (¢/, s’) — B be two gap problems. A gap-preserving reduction
from (c,s8)—A to (¢, s')— B is a polynomial time algorithm computing a mapping
y: La — Lp such that one of the following two cases applies.

1. forall x € La:

opt 4 (z opt g (y(x)) /
sizea (z Sc= sizeg (y(z) < ¢, and
opta(z) ~ oy optp(u(z)) - .

sizea(x) — sizep (y(x)) = 77
2. forall x € La:
t 4 (2) optp (y(z))
;I;e‘:(z) < Cc = 511:2)62(?;(1)) 2 SI, and
opt 4 (z) > = optp (y(z)) <<
sizea () —

sizeg (y(z)) =~ 7
We write (¢, s)—A <gp (¢/,s')—B.

With the previous definition, we are able to deal with gap problems coming
from both, maximization and minimization problems, without further distinc-
tion. Please remember that all one wants to use the reduction for is to show
NP-hardness of gap problems.  This in turn implies a lower bound on the approx-
imability of the underlying optimization problem.

Theorem 2.1. [4] Let (¢,s)—A and (¢/,s')— B be two gap problems. If (c,s)—A
is N'P-hard, and (c,s)—A <gp (¢, s')—B then
1. (¢,s')—B is NP-hard, and
2. there is mo polynomial time approximation algorithm for B having a ratio
better than %, unless P = NP.

The basis of our hardness proofs will be the following result of Berman and Karpin-
ski, stated here in our terminology.

Theorem 2.2. [9] For every arbitrary small €1,e2 > 0, (% + €1, 2’3—2 — 82) —

LinEq2-2(3) is N'P-hard.

From this, we will present a gap-preserving reduction to the three variants of
Apg-TSP studied here (i.e. cases % <f<1,B=1,8>1). To give a uniform



IMPROVED LOWER BOUNDS ON THE APPROXIMABILITY OF THE TSP 217

treatment, we will first clarify how we can get, in each of theses cases, instances
which use only three different edge costs.

We call a triple of edge costs 1 < m < [ admissible for Ag-TSP if m < f(1+1),
1 < B(Q1+m), and 1 +1 < 2m. The first two conditions mean that triangles
consisting of two edges with cost 1 and one edge with cost m satisfy the G-triangle
inequality, as well as triangles that consist of one edge of each cost. The last
condition assures that the cost of a Hamiltonian tour will not be increased if we
substitute two edges of cost m by one edge each of cost 1 and [. This fact will be
needed frequently in the proof.

Theorem 2.3. Let 3 > %, and 1 <m <1 be admissible edge costs for Ag-TSP.
Then for arbitrary small €1,e9 > 0

(8L + Bey, 3BL — 3e)) —LinEq2-2(3) <gp (LP2EL 46, TBLLEDL _ 9) — A-TSP.

It is obvious that we can use edge costs 1,2, 3 for case § = 1. Also, one can easily

check that for % < B < 1 the costs 1,283, and 23? + 3 are admissible, as are the

costs 1,20, and 48 — 1 in case 8 > 1. Moreover, these are the maximal admissible

edge costs for the respective cases.

Using these values, from Theorems 2.1, 2.2, and 2.3, we immediately obtain
lower bounds on the approximability.

Theorem 2.4. Unless P = NP, for every small € > 0, the following holds.

1. There is no polynomial time (%&% —e)-appromimation algorithm

for Ap-TSP, 3 <B<1;

2. there is no polynomial time (% — 5)—approxz’matz’on algorithm for A-TSP;
3. there is no polynomial time <% —E) -approximation algorithm for

Ap-TSP, B> 1.

3. PROOF OF THE CENTRAL THEOREM

This section is devoted to the proof of Theorem 2.3. In the following, when
referring to the three edge costs 1, m, [ we will usually work with the values 1,2, 3.
This is not only because these are the values for the most prominent case, the
metric TSP. We also believe that the reader will get a better intuition, because
these values correspond in a close way to the distance in a skeleton graph as you
will see below. All one has to keep in mind is that, when replacing two edges
of cost 2 by one of cost 1 and 3, each, we just use that fact that the costs are
admissible, especially 2m < 1+ 1.

First, we will give a short outline of the proof.

For a given LinEq2-2(3) instance we first construct an undirected graph Gg
which consists of 68n + 1 vertices, if the given LinEq2-2(3) instance has 3n equa-
tions and 2n variables. This graph consists of one equation gadget for each equa-
tion of the LinEq2-2(3) instance and one variable cluster for each variable. These
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components are connected to each other in such a way that every variable cluster
is connected via exactly two edges to every equation gadget belonging to an equa-
tion in which this variable occurs. We call these edges the connector edges. Then
we construct a Ay o 33-TSP instance G from Gg by setting the edge costs for all
edges in Gg to one and setting all other edge costs to the maximal possible value
from {2, 3} such that the triangle inequality is still satisfied. This construction is
described in detail in Section 3.1.

We will show the following correspondence between the optimal assignment for
the LinEq2-2(3) instance and the optimal Hamiltonian tour for the constructed
TSP instance. We will prove that an optimal Hamiltonian tour in G uses e edges
of cost # 1 iff an optimal assignment for the LinEq2-2(3) instance satisfies all
but e equations. The main technical difficulty lies in additionally showing that all
these expensive edges must have a cost of 3, i.e. they connect vertices of distance
at least 3 in Gy.

To prove this claim we will show that any Hamiltonian tour in G can be trans-
formed in such a way that

e the costs do not increase;

e the modified tour does not use edges of cost 2;

e every vertex incident to an edge of the tour of cost 3 lies inside an
equation gadget;

e every equation gadget contains 0 or 2 vertices that are incident to (1)
an edge of the tour of cost 3, and ‘

o for every six connector edges belonging to the three occurrences of
the same variable either all or noné of these edges are used by the
tour.

The idea behind the construction of an assignment for the LinEq2-2(3) instance
from a given Hamiltonian tour of the form as claimed above is that a variable is
assigned the value 1 iff all connector edges belonging to the occurrences of this
variable are used by the tour. Then an equation gadget without vertices incident
to an edge of cost 3 of the tour corresponds to a satisfied equation and an equation
gadget with two such vertices corresponds to an equation that is not satisfied.
To present a more detailed overview of the proof we need the details of the
construction and some more definitions which we will give in Section 3.1. For this
reason we postpone the overview of the structure of the proof to Section 3.2.

3.1. THE CONSTRUCTION

The complete construction of Gy is shown schematically for a sample instance
with 9 equations and 6 variables in Figure 1.

For each equation in I we will construct an equation gadget, represented by
a shaded box in Figure 1. For simplicity, only the vertices a, b, ¢, e, f, h,l,m from
Figure 2 are shown in Figure 1.

Depending on the type of the equation we will construct two types of gadgets.
The equation gadgets for equations of the type = + y = 0 are called equation
gadgets of type 0 (¢f Fig. 2a), and the equation gadgets for equations of the
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FIGURE 1. The complete construction of Gy for a sample instance
with 9 equations and 6 variables.

a I k m b a I k m b
c d e o f g |h d e n ofgh

N A\ (b)/

2}

FIGURE 2. The equation gadget of type 0 is shown in (a), the
equation gadget of type 1 is shown in (b).

C1 d1 el C2 d2 €2 C3 . d3 €3

FIGURE 3. The variable cluster.

type  +y = 1 are called equation gadgets of type 1 (c¢f. Fig. 2b)*. Every
equation gadget contains exactly six vertices that are connected to the rest of
the graph. The vertices a and b are used to link all equation gadgets in a long
chain in arbitrary order. This linking is done by identifying vertex b of one gadget
with vertex a of the next gadget. The other four vertices are used to connect the
equation gadget to the variable clusters which are defined as follows.

For each variable in I we construct a variable cluster consisting of four vertices
connected as a path and a second path using just vertices from three of the equation
gadgets. In each of the three gadgets three vertices are used. The structure of a
variable cluster is shown in Figure 3. Furthermore, in Figure 1 one of the variable
clusters is drawn with bold lines.

The equation gadgets and variable clusters are linked in the following way:
the vertices ¢,d,e and f,g,h are used to connect the equation gadget with the
variable clusters, they are called the connector vertices of this gadget. The
edges from the connector vertices to the vertices outside this gadget are called
connector edges. The connector vertices ¢, d,e (f, g, h respectively) together

INote that every equation modulo 2 with exactly two variables can be written either as
z+y=0orasz+y=1.
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with the corresponding connector edges and the edges {c,d} and {d,e} ({f,g}
and {g, h} respectively) are called a connector of the equation gadget. The edges
{¢,d} and {d, e} ({f,g} and {g, h} respectively) are called the internal edges of
the connector.

The vertices @ and b of every variable cluster are used to link all variable clus-
ters in a long chain in arbitrary order. In contrast to the chain of the equa-
tion gadgets here the vertex b of one variable cluster is connected to the vertex
a of the next variable cluster via an additional edge. The vertices {c1,d1, €1},
{ca,d2, e2}, {cs3,ds, e3} are identified with the connector vertices {c,d, e} ({f,g,h}
respectively) of the three connectors corresponding to the three occurrences of this
variable in the equations.

Finally, the first equation gadget in the chain and the first variable cluster in
the chain are connected via one additional edge, and also the last equation gadget
and the last variable cluster are connected wvia an additional edge.

From this graph Gy, we construct an instance of Ay 33)-TSP by defining a
complete graph G with the vertex set V(Gg) and a cost function cost : E(G) —
{1,2,3}. This cost function is defined by

1 if {z,y} € E(Go)

2 if{z,y} ¢ E(Go) and there exists a z € V(G) such that
{z, 2z} € E(Go) and {y, z} € E(Go)

3  otherwise.

cost({z,y}) =

This means that edges from Gy have cost 1 and all other edges have the maximal
possible cost from {2, 3} such that the triangle inequality is still satisfied.

In the sequel, we will need some more definitions for our proof. We start with
the following notation describing how the connectors are traversed by a given
Hamiltonian tour.

Definition 3.1. Given a Hamiltonian tour in G, we say that a connector is tra-
versed if both connector edges are traversed by the tour, untraversed if none of
the connector edges is traversed, and semitraversed otherwise.

Every Hamiltonian tour H in G defines a path cover P in Go, t.e. a set of
pairwise vertex-disjoint paths that cover all vertices in V(Gy). Every edge of cost
1 in H corresponds to an edge on a path from P, and every edge of cost > 2
corresponds to a pair of endpoints of different paths in P (unless the path cover
consists of exactly one path). This correspondence between Hamiltonian tours in
G and path covers in Gy leads to the following definition.

Definition 3.2. Given a Hamiltonian tour H in G, a vertex z is called an end-
point of H if at least one of the edges of H incident to z is not in E(Gy), it is
called a double endpoint, if both edges of H incident to z are not in E(Gy). We
say that two vertices z and y are connected by the tour H, if there exists a
path from z to y in G that uses only edges from H. We call a pair of endpoints
(z,y) critical, if z and y are not connected by the tour and cost({z,y}) < 2.
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Observe that the tour does not contain any edge of cost 2, if there are no critical
pairs of endpoints in it. An edge of cost 2 can result only from a pair of endpoints
(z,y) at distance 2 in Gp. But if that pair is not critical, it is connected by the
tour. Only if z and y are the only endpoints, the edge {z,y} can form, together
with the connection in Gy, a Hamiltonian circle in G. This special case — that
the Hamiltonian tour in G already defines a Hamiltonian path in Gy — will be
handled separately in Section 3.7. Otherwise, the edge {z,y} would close a circle
containing not all vertices, which is impossible in a Hamiltonian tour.

3.2. OVERVIEW OF THE PROOF

In this section, we will give an overview of the structure of the proof of
Theorem 2.3. In Section 3.1, we have constructed a TSP instance from a given
LinEq2-2(3) instance. To establish the gap in our reduction, we will prove the
following main lemma.

Lemma 3.3. Let I be a LinEq2-2(3) instance and let G be the corresponding TSP
instance as constructed in Section 8.1. The cost of an optimal Hamiltonian tour
in G is |[V(G)| + (I — 1)e if and only if in the LinEq2-2(3) instance I at most all
but e equations can be satisfied at the same time.

Note that when we use in the metric case edge cost [ = 3, the cost of the optimal
tour will be |V(G)| + 2e.

One direction of the proof of Lemma 3.3 is straightforward. Starting from an
assignment to the variables of the LinEq2-2(3) instance, we obtain a tour of the
claimed maximal cost as follows. It traverses the graph of Figure 1 essentially
along the outer cycle, taking some detours through variable clusters and equation
gadgets. If a variable is set to 1 in the given assignment, the tour uses the edges
of the variable cluster which visit all three gadgets of those equations where the
variable occurs. Otherwise it uses the the shortcut below in Figure 3.

Thus, for a satisfied equation of type z + y = 1, in the corresponding gadget
exactly one of the connectors is visited as part of a variable cluster. The rest of
that gadget can be traversed as shown in Figure 4a.

Similarly, in a gadget for a satisfied equation of type x + y = 0, both or none
of the connectors are traversed as part of a variable cluster. Thus, it admits a
traversal as depicted in Figures 4b and c.

It remains to include the vertices of equation gadgets for unsatisfied equations
in the tour. Here, the traversal of the variable clusters implies that, for a gadget
of type 1, both or none of the connectors are left open. And for a gadget of type 0,
exactly one of the connectors remains open. In this case, we add pieces to the tour
as depicted in Figures 4d—{.

Only in the last step, we have used edges which are not part of Gg (the dashed
edges in Fig. 4). These connect vertices having distance at least 3 in Gy, thus they
have cost 3. All other edges are part of Gy, i.e., they have cost 1 in G.
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a 1 k m b a 1 k m b
3 7 % J
cp 8 & of g ln e, _d en of g |n
A (a)/ A\ (b)
a 1 k m b a I k m b

7
Y o f g la c d e o f g |h

FIGURE 4. The traversal of equation gadgets.

Overall, an assignment leaving e equations unsatisfied results in a tour of cost
V] + 2e.

For the opposite direction, we have to show that an arbitrary Hamiltonian tour
through G can be modified, without increasing the cost, into a tour which has the
structure of a tour constructed from an assignment as above. Then, an assignment
can be inferred from that tour having the claimed quality in a direct reversal of
the above procedure.

The mentioned transformation of an arbitrary tour consists of a lengthy proce-
dure with many case distinctions. In the following we will give an overview of the
steps that are necessary to prove the hard direction of Lemma, 3.3.

Recall that to prove this claim we have to show that any Hamiltonian tour in G
can be transformed in such a way that condition (1) holds.

The proof will be organized as follows:

1. given an arbitrary Hamiltonian tour in G that is not the extension of a
Hamiltonian path in Gp, we will transform the tour without increasing its
cost in the following way;

(a) eliminate all critical pairs of endpoints at distance 1 from the tour. This
will be done in Section 3.3;

(b) transform the tour locally to take a certain way through an equation gad-
get, without using any critical pair of endpoints inside the gadget. We
will describe this local transformations of the tour inside one equation
gadget in Section 3.4, where we will also show that the described way
of traversing an equation gadget is optimal in the sense that no other
traversal of the gadget can be of lower cost. We will describe these local
transformations first for equation gadgets without semitraversed connec-
tors, and after that for equation gadgets with semitraversed connectors;
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(c) eliminate all critical pairs of endpoints from the tour. The necessary
transformations will be described in Section 3.5;

(d) eliminate all semitraversed connectors from the tour. We will present
this transformations in Section 3.6. After performing this step, the tour
is of the form as claimed in condition (1);

2. given a Hamiltonian tour in G with exactly two endpoints, show that the
edge connecting these two endpoints cannot have cost 2. We will prove
this claim in Section 3.7. This means that in this special case, there is no
modification to be done;

3. construct the assignment to the variables of the underlying LinEq2-2(3) in-
stance from the tour. The construction of the assignment will be described
in Section 3.8.

3.3. ELIMINATION OF CRITICAL PAIRS OF ENDPOINTS AT DISTANCE ONE

In this section, we will show that we can transform any Hamiltonian tour with-
out increasing its cost in such a way that the modified tour does not contain any
critical pair of endpoints at distance 1.

Lemma 3.4. Suppose that we have a Hamiltonian tour H with two endpoints
z and y at distance 1 that are not connected by the tour. Then there exists a
Hamiltonian tour H' with two endpoints less than H and with cost(H') < cost(H).

Proof. Let H be a Hamiltonian tour with two endpoints z and y at distance 1 in
Go such that = and y are not connected by the tour. Since z and y are endpoints
there exists a vertex w at distance > 2 from z in Gy and a vertex w’ at distance
> 2 from y in G such that {z,w} and {y,w'} are edges of H.

If the tour H is of the form zwPyw’ P,z for some paths P, and P, in G, then
we can obtain the claimed Hamiltonian tour H' from H by replacing the edges
{z,w} and {y,w'} by the edges {z,y} and {w,w’}. This transformation is shown
in Figure 5a. Since the distance between w and w’ can be at most 3, we have

cost(H') = cost(H) — cost({z, w}) — cost({y, w'})
+cost({z,y}) + cost({w,w'})

cost(H) —2—2+1+3

= cost(H),

N

and obviously H' has two endpoints less than H.

If the tour H is of the form zwPyw'yPex for some paths Py and Py in G, we
have the situation as shown in the left part of Figure 5b. Note that the existence
of an edge {z, 2’} of cost > 2 on the path P, is due to the fact that z and y are not
connected by the tour. Observe that we can assume that the distance between x
and u in Gy is 1, and also the distance between y and v in Gg is 1. Otherwise an
analogous transformation as in the first case would be possible.

If one of the edges {z,w}, {y,w'}, or {z,2’} of H has cost 3, we can apply
the transformation as shown in Figure 5b. By this transformation we save the
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FIGURE 5. The transformations in the first two cases of the proof
of Lemma 3.4.

costs of the edges {z,w}, {y,w'}, or {z,2'} which sum up to at least 7, but we
have to add the costs of the edges {w, 2}, {w', 2}, and {z, y} which sum up to at
most 7. Thus, the resulting tour H’ has no higher costs than H, and obviously H’
has two endpoints less than H. Note that we can see the change in edge costs as
replacing two edges of cost 2 by one of cost 1 and one of cost at most 3, besides
one additional replacement of an edge of cost 3 by one of less or equal cost. In
the following, we will see that this is a general scheme of the replacements we will
perform.

At this point it remains to analyze the case that all three edges {z,w}, {y,w'},
and {z, 2’} of H have costs of 2 and that furthermore no edge of cost 3 exists on
the path P,. This leads to the situation in Gy as shown in Figure 6 where the
Hamiltonian tour H is drawn with bold lines.

In the following we will distinguish three cases according to whether the vertices
u and v, and the vertices v and v’ respectively, are identical or not. We will
start with the case that v = v’ and v = v’. In this case we can transform the
Hamiltonian tour H as shown in Figure 7a. Here, we replace two edges of cost 2
by one of cost 1 and at most 3 each, besides one additional replacement of an edge
of cost 2 by one of less or equal cost Thus, the costs of the obtained Hamiltonian
tour H’ do not exceed the costs of H. Furthermore, the three endpoints z, w,
and w’ of H are not endpoints of H’', but H' has only one additional endpoint,
namely s.
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FIGURE 6. The situation in the critical case of the proof of Lemma 3.4.

Now we will analyze the case that u # u’. If one of the edges incident to u’
that is used by the tour H has costs > 2, we can use the transformation as shown
in Figure 7b. Here, we replace two edges of cost 2 by one of cost 1 and one of cost
at most 3, besides one additional replacement of an edge of cost 1 by one of equal
cost. Furthermore, the endpoints w, v/, and z of H are no endpoints in H’, and
only the vertex ¢ might be an additional endpoint of H’, if the edge {v’,¢} has
cost 1.

If both edges of H incident to u’ are of cost 1, then the degree of v’ in Gg has
to be 3, since the edge {u’, 2z} is not used by H. In the sequel we will distinguish
two cases.

If v = v/, then we have the situation as in the left part of Figure 7c, and we can
transform the tour as shown in this figure. Again, we replace two edges of cost 2
by one of cost 1 and one of cost at most 3, besides one additional replacement of
an edge of cost 1 by one of equal cost. Furthermore the endpoints z and w’ of H
are not endpoints of H’, and no new endpoint is added by the transformation.

If v # v/, we can assume without loss of generality that also both edges of H
incident to v’ are of cost 1, otherwise we could use a transformation analogous to
the one shown in Figure 7b. This implies that also the degree of v has to be 3
in Gg. From the facts u # v’ and v # v’ we can conclude that also the vertices z
and y are of degree 3 in Gp.

In this case we can use a transformation as shown in Figure 7d. Note that this
transformation does not reduce the number of endpoints in the Hamiltonian tour,
but it moves one endpoint from the vertex z to the vertex s. As in the previous
cases the cost of the Hamiltonian tour does not increase since we replace two
edges of cost 2 by one of cost 1 and one of cost at most 3, besides one additional
replacement of an edge of cost 1 by one of equal cost.

It remains to show that this transformation can only finitely often lead to a
similar situation again, but at some point it will lead to a situation as already
solved in the previous cases. If the transformation leads to a similar situation
again, this is because there exists another endpoint r of the tour at distance 1
to s. In this case we will leave the tour through s unchanged, but we will use an
analogous transformation to remove the endpoint from r. To show that a sequence
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FIGURE 7. The transformations in the critical case of the proof of Lemma 3.4.

of transformations of this type will always be finite, it suffices to show that each
transformation produces one additional vertex that cannot play the role of the
vertex s. For the proof consider a sequence of k transformations of this type,
where the vertices are denoted as shown in Figure 7d with the number of the

transformation as subscript (i.e. as x;,¥;, S;,... for the situation before the i-th
transformation).
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Now we will show that z; # s; for all 1 > 2. Without loss of generality we can
assume that z; # s32. Assume that z; = s; for some i > 3, and consider the
vertices v1, v}, w1, 51, and the other neighbor of ;. These are all the vertices at
distance 2 from z; in Gg. This means that one of them has to be equal to z;.
Since every degree 3 vertex in Gg has at least one neighbor of degree 2, the vertices
u1, ¥1, w1 have to be of degree 2. This immediately implies v; # z; and wy # ;.
It furthermore implies that the other neighbor of u; is not equal to z;, since the
degree of the common neighbor u; of z; and s; has to be 3. Furthermore, we know
v} # x; because y; is an endpoint and thus y; # u}. Finally, s; # z; since 7y is
no longer an endpoint of the tour after the second transformation and therefore
71 # Yi- a

According to Lemma 3.4, we can in the following assume that a Hamiltonian
path does not contain any pair of endpoints at distance 1 that are not connected
by the tour. This implies that every critical pair consists of two endpoints at
distance 2.

In the following sections, we will mainly consider the graph Gy, and thus all
distances, paths, and other graph-theoretic notations are always understood with
respect to Gg, unless otherwise noted.

3.4. LOCAL TRANSFORMATION OF THE TOUR INSIDE THE EQUATION GADGETS

In this section, we will show that an optimal tour can be assumed to traverse
every equation gadget in a special way without any critical pair of endpoints inside
the gadget. This proof will be divided into four lemmas. In Lemma 3.6 (Lem. 3.7
respectively) we will show the claim for a gadget of type 0 (type 1 respectively)
without semitraversed connectors. In Lemma 3.8 we will prove the claim for an
equation gadget containing exactly one semitraversed connector, and in Lemma 3.9
for an equation gadget with two semitraversed connectors.

To describe the local properties of a Hamiltonian tour we will need the following
definition.

Definition 3.5. Let H and H’ be two Hamiltonian tours in G, let X be an
equation gadget of Gp, and let X be the subgraph of G induced by the vertices
of X. We say that H’' can be constructed from H by a local transformation
with respect to X, if H and H’ do not differ on the edges from E(G) — E(X),
i.e. if the tour H is only changed inside the gadget X to obtain H’, but not on
the connector edges and not outside X.

Recall that, according to Lemma 3.4, we can in the following assume that
any Hamiltonian tour does not contain two endpoints at distance 1 that are not
connected by the tour.

) 2If 21 = s2 we just transform the right part of the tour as shown in Figure 7d instead of the
left part. It is impossible that z1 = s and y1 = s’2 since z1 is adjacent to yi1, but s2 is not
adjacent to s.
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FIGURE 8. The traversal of an equation gadget of type 0 without
semitraversed connectors.

Lemma 3.6. Suppose that we have a Hamiltonian tour H traversing an equation
gadget X of type 0 in such a way that there are no semitraversed connectors in it.

(a) If X has zero or two traversed connectors, it is possible to modify the tour H
by a local transformation with respect to X such that there are no endpoints
in the gadget.

(b) If X has exactly one traversed connector, it is possible to modify the tour
H by a local transformation with respect to X such that the modified tour
has ezxactly two endpoints inside the gadget X, and these endpoints are at
distance > 3 in Gg.

(¢) If X has exactly one traversed connector, it is not possible to modify the tour
H by a local transformation with respect to X such that the modified tour
has less than two endpoints inside X or ezactly two endpoints inside X that
form a critical pair.

Proof. The Hamiltonian tours claimed in (a) are shown in Figures 8a and b, the
Hamiltonian tour claimed in (b) is shown in Figure 8c.

Now it remains to prove (c). Since the equation gadget is symmetric, it suffices
to show the claim for the case that the connector with the vertices {c,d, e} is
traversed.

First, we will show the nonexistence of a tour with exactly two endpoints at
distance 2 in the gadget that are not connected by the tour.

Assume that we have a critical pair of endpoints (z,y). If there exists a common
neighbor 2z of z and y that has degree 2, then z obviously has to be another end-
point of the tour. Therefore to prove the nonexistence of exactly two unconnected
endpoints of distance 2 in the gadget it is sufficient to prove the nonexistence of a
Hamiltonian path from a to b in a slightly modified gadget. This modified gadget
can be constructed from the original one by removing the vertices {c,d, e} and
extending it by exactly one edge connecting two vertices x and y at distance 2
such that the common neighbor of x and y has degree 3. Note that the vertices f
and h can be treated as degree 2 vertices since the second connector is untraversed,
and also the vertex [ (n respectively) can be treated as a degree 2 vertex since the
edge {c,1} ({e,n} respectively) cannot be used by the tour.
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FIGURE 9. The possibilities of choosing an additional edge in the
proof of Lemma 3.6 (c).

In Figure 9 the possibilities of choosing such an edge are shown. In Figure 10
for each of these 18 cases those edges are shown that have to be traversed by the
tour (e.g. because they are incident to a vertex of degree 2).

As an example we will analyze Case 1 and Case 5 in detail: in Case 1 of
Figure 10 all edges of Gy that are drawn with bold lines have to be traversed
by the Hamiltonian path from a to b because they either belong to the traversed
left connector or are incident to a vertex of degree 2. Since the right connector
is untraversed, the vertices f and h can be treated as vertices of degree 2. If
one of these edges would be untraversed, one of the degree 2 vertices would be an
additional endpoint. But from the figure it is clear that, if all these edges are used,
either the vertex n and the upper neighbor of ¢ or the upper neighbors of 4 and j
have to be additional endpoints. Thus, it is impossible to construct a Hamiltonian
path from a to b using only the edges of Gy and the one additional edge of cost 2.

In Case 5 of Figure 10 also all edges of Gy that are drawn with bold lines
have to be traversed by the Hamiltonian path because they either belong to the
traversed left connector or are incident to a vertex of degree 2, where f and h are
again treated as degree 2 vertices. In this case we get an immediate contradiction
since the additional edge from the upper neighbor of i to the vertex o cannot be
used by the Hamiltonian path since the vertex o is already the neighbor of two
degree 2 vertices.

In all other cases an analogous analysis leads to a contradiction, too.

It remains to show that it is impossible to construct a tour with less than two
endpoints. Since the tour has to enter or to leave the gadget via the vertices a and
b and one connector is traversed and the other one is untraversed, the number of
endpoints inside the gadget has to be even. Thus, we only have to show that there
does not exist a tour without endpoints inside the gadget. Such a Hamiltonian
tour without endpoints in the gadget must use all edges incident to vertices of
degree 2, where f and h can again be treated as degree 2 vertices. This leads to
the situation as shown in Figure 11 where all these mandatory edges are drawn
bold. From this figure it is immediately clear that such a Hamiltonian tour cannot
exist. Od
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FiGURE 10. The case analysis in the proof of Lemma 3.6 (c).
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FIGURE 11. The situation in the proof of Lemma 3.6 (c), if we
assume that there are no endpoints inside the gadget.
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Lemma 3.7. Suppose that we have a Hamiltonian tour H traversing an equation
gadget X of type 1 in such a way that there are no semitraversed connectors in it.

(a) If there is exactly one traversed connector, it is possible to modify the tour
H by a local transformation with respect to X such that the modified tour
has no endpoints inside the gadget X.

(b) If there are zero or two traversed connectors, it is possible to modify the tour
H by a local transformation with respect to X such that the modified tour
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FIGURE 12. The traversal of an equation gadget of type 1 without
semitraversed connectors.
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Fi1GURE 13. The possibilities of choosing an additional edge in
the proof of Lemma 3.7 (c).

has exactly two endpoints inside X, and these endpoints are at distance > 3
m Go.

(c) If there are zero or two traversed connectors, it is not possible to modify the
tour H by a local transformation with respect to X such that the modified
tour has less than two endpoints inside X or exactly two endpoints inside X
which form a critical pair.

Proof. The Hamiltonian tour claimed in (a) is shown in Figure 12a, the
Hamiltonian tours claimed in (b) are shown in Figures 12b and c.

Now it remains to prove (c). The nonexistence of a tour with exactly two
endpoints at distance 2 not connected by the tour can be shown by a similar case
analysis as in the proof of Lemma 3.6 (c). The possible cases for using an additional
edge of length 2 are shown in Figure 13a for the case that both connectors are
untraversed, and in Figure 13b for the case that both connectors are traversed.
All cases not shown in Figure 13 can be handled symmetrically. In Figure 14 for
each of these cases those edges are shown that have to be traversed by the tour
(e.g. because they are incident to a vertex of degree 2) for the case that both
connectors are untraversed, and in Figure 15 these edges are shown for each of the
cases, if both connectors are traversed. As in the proof of Lemma 3.6, in each of
the cases shown in Figure 14 and in Figure 15 the tour needs at least one more
endpoint in the gadget, which gives the contradiction.
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FIGURE 14. The case analysis in the proof of Lemma 3.7 {c), if
both connectors are untraversed.
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FIGURE 15. The case analysis in the proof of Lemma 3.7 (c), if
both connectors are traversed.

It remains to show that it is impossible to construct a tour with less than two
endpoints. Since the tour has to enter or to leave the gadget via the vertices a and b
and both connectors are either traversed or untraversed, the number of endpoints
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FIGURE 16. The situation in the proof of Lemma 3.7 (c), if we
assume that there are no endpoints inside the gadget. In (a) the
situation is shown for the case of two untraversed connectors, and
in (b) it is shown for the case of two traversed connectors.
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FIGURE 17. The traversal of an equation gadget of type 0 with
exactly one semitraversed connector.

inside the gadget has to be even. Thus, we only have to show that there does
not exist a tour without endpoints inside the gadget. Such a Hamiltonian tour
without endpoints in the gadget must use all edges incident to vertices of degree 2,
where again as in the proof of Lemma 3.6 the connector vertices of the untraversed
connectors can be treated as degree 2 vertices. This leads to the situation as shown
in Figure 16 where all these mandatory edges are drawn bold. From this figure it
is immediately clear that such Hamiltonian tour cannot exist. O

Lemma 3.8. Suppose that we have a Hamiltonian tour H traversing an equation
gadget X in such a way that there is exactly one semitraversed connector in it.

(a) It is possible to modify the tour H by a local transformation with respect to
X in such a way that there is exactly one endpoint in the gadget X .

(b) It is not possible to modify the tour H by a local transformation with respect
to X in such a way that there is no endpoint in the gadget X .

Proof. In case of a type 0 equation gadget the Hamiltonian tours claimed in (a)
are shown in Figure 17, in case of a type 1 equation gadget the tours claimed in
(a) are shown in Figure 18.

It remains to show the claim (b), i.e. that it is impossible to construct a tour
without an endpoint in the gadget. The tour has to enter (or to leave) the gadget
via the vertices a and b and via the semitraversed connector. This implies that
the number of endpoints inside the gadget has to be odd. O
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FiGURE 18. The traversal of an equation gadget of type 1 with
exactly one semitraversed connector.
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Ficure 19. The traversal of an equation gadget of type 0 with
two semitraversed connectors.

Lemma 3.9. Suppose that we have a Hamiltonian tour H traversing an equation
gadget X in such a way that there are two semitraversed connectors in it.

(a) It is possible to modify the tour H by a local transformation with respect to
X in such a way that there are exactly two endpoints inside the gadget X
which are connected by the tour.

(b) It is not possible to modify the tour H by a local transformation with respect
to X in such a way that the modified tour contains less than two endpoints
inside X or exactly two endpoints inside X that form a critical pair.

Proof. The Hamiltonian tours claimed in (a) are shown in Figure 19 for type 0
equation gadgets and in Figure 20 for type 1 equation gadgets.

It remains to show the claim (b). The nonexistence of a tour with exactly
two endpoints at distance 2 that are not connected by the tour can be shown by
a similar case analysis as in the proof of Lemma 3.6 (c). The possible cases of
adding an edge of cost 2 are shown in Figure 21 for a gadget of type 0 and in
Figure 22 for a gadget of type 1. All cases not shown in the figures are handled
symmetrically. The case analysis for the case that the connector edges incident
to the vertices ¢ and h are used by the tour is shown in Figure 23 for a gadget
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FIGURE 20. The traversal of an equation gadget of type 1 with
two semitraversed connectors.
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FIGURE 21. The possibilities of choosing an additional edge for
a type 0 equation gadget in the proof of Lemma 3.9 are shown
in (a) for the case that the connector edges incident to ¢ and h
are used, in (b) for the case that the connector edges incident to e
and f are used, and in (c) and (d) for the case that the connector

edges incident to e and h are used.
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of type 0 and in Figure 26 for a gadget of type 1. The case analysis for the case
that the connector edges incident to the vertices e and f are used by the tour is
shown in Figure 24 for a gadget of type 0 and in Figure 27 for a gadget of type 1.
The case analysis for the case that the connector edges incident to the vertices e
and h are used by the tour is shown in Figure 25 for a gadget of type 0 and in
Figure 28 for a gadget of type 1. The cases in which the connector edges incident

to the vertices ¢ and f are used by the tour can be handled symmetrically.

Now we will show that it is impossible to construct a tour without endpoints
in the gadget.
Since the tour has to enter or to leave the gadget at the vertices a and b and at
the two connectors, the number of endpoints in the gadget is even.
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F1GURE 22. The possibilities of choosing an additional edge for
a type 1 equation gadget in the proof of Lemma 3.9 are shown in
(a) for the case that the connector edges incident to ¢ and h are
used, in (b) for the case that the connector edges incident to e
and f are used, and in (c¢) and (d) for the case that the connector
edges incident to e and h are used.
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F1GURE 23. The case analysis for a type 0 equation gadget in the
proof of Lemma 3.9, if the connector edges incident to ¢ and h
are used.
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FIGURE 24. The case analysis for a type 0 equation gadget in the
proof of Lemma 3.9, if the connector edges incident to e and f
are used.

If not all internal edges of the connectors are used, we have at least one endpoint
in the gadget, namely the vertex d or g. Together with the observation above we
have at least two endpoints in the gadget. Therefore we can assume without loss
of generality that all internal edges of the connectors are traversed by the tour.

Assume that there exists a Hamiltonian tour without endpoints in the gadget.
If the tour enters the gadget via the vertex ¢ (h respectively), it has to follow
the route as shown in Figure 19a for type 0 gadgets and in Figure 20a for type 1
gadgets. Otherwise the lower neighbor of the vertex i (the lower neighbor of j
respectively) would be an endpoint. If the tour enters the gadget via the vertex
e (f respectively), it has to follow the route as shown in Figure 19¢ for type 0
gadgets and in Figure 20c for type 1 gadgets. This implies that at least the
vertex k cannot lie on those paths of the Hamiltonian tour entering the gadget via
the connectors. This contradicts our assumption since k has to be traversed by
the tour. O

3.5. ELIMINATION OF CRITICAL PAIRS OF ENDPOINTS AT DISTANCE TWO

Due to the above lemmas we know that, for any Hamiltonian tour, there exists
a modified tour of the same or smaller cost that does not contain a critical pair
of endpoints inside the same equation gadget. Now we will show that no critical
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F1GURE 25. The case analysis for a type 0 equation gadget in the
proof of Lemma 3.9, if the connector edges incident to e and h
are used.
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FIGURE 26. The case analysis for a type 1 equation gadget in the
proof of Lemma 3.9, if the connector edges incident to ¢ and h
are used.
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FIGURE 27. The case analysis for a type 1 equation gadget in the
proof of Lemma 3.9, if the connector edges incident to e and f
are used.
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FIGURE 29. The transformations for the proof of Lemma 3.10.

pair of endpoints exists in Gy. Therefore we first prove a technical lemma about
paths of the tour ending at adjacent vertices.

Lemma 3.10. Suppose that we have a Hamiltonian tour that connects two adja-
cent endpoints z and y via a path in Go containing at least one additional neighbor
v of y. If there is another endpoint z that is adjacent to v, we can modify the tour
without increasing its cost such that the modified tour contains two endpoints less,
unless all edges of the tour outside Go incident to z, y, and z are distinct and
have costs of 2.

Proof. Let z’ be the neighbor of z vie an edge of cost > 2 in the tour, let 3" be
the neighbor of y via an edge of cost > 2 in the tour, and let 2’ be the neigh-
bor of z via an edge of cost > 2 in the tour. If the Hamiltonian tour is of the
form xPjvyy Pozz' Pyx'x for some paths Py, P,, and P3; in G, we can perform
the transformation as shown in Figure 29a, provided that at least one of the
edges {z,z'}, {vy,v'}, {7, 2’} has cost 3. If the Hamiltonian tour is of the form
2 Pyvyy’ Py2' 2 Psx’x for some paths P;, P, and P; in G, we can perform the trans-
formation as shown in Figure 29b. If the endpoints 2z and %’ are identical, the
tour has to be of the form zPyvyzPyz’z for some paths P; and P, in G, and we
perform the transformation as shown in Figure 29c. Finally, if the endpoints z
and z’ are identical, then the tour is of the form z P vyy’ P2zx for some paths P;
and Ps in G, and we can perform the transformation as shown in Figure 29d. O

Now we are able to prove the following lemma:

Lemma 3.11. Suppose that we have a Hamiltonian tour of G. Then we can
modify this tour without increasing its cost such that the modified tour does mot
contain any critical pair of endpoints.

Proof. By Lemmas 3.6-3.9 we know that there does not exist a critical pair of
endpoints inside one equation gadget.
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We will now show that, if the tour through an equation gadget contains one of
the vertices in {c,d, e, f, g, h,l,m,n,0} as an endpoint®, then there exists a tour
of the same or smaller cost in which there is no other endpoint at distance 2
to this vertex that is not connected wia the tour. We will prove this claim by
distinguishing five cases depending on whether ¢, d, e, [, or n is an endpoint of the
tour. The remaining cases can be handled symmetrically.

Case 1: Assume that the tour contains ¢ as an endpoint.

Let us first consider the case that the vertices ¢ and d are both endpoints and
are connected by the tour. We have to distinguish two cases.

We first assume that the connector edge incident to c is not traversed by the
tour. If the path from ¢ to d consists only of the edge {c,d}, this contradicts
Lemmas 3.6, 3.7, 3.8, or 3.9, respectively, since the gadget has to contain at least
one endpoint more than the number proved in these lemmas. This is immediate
for the case of at most one semitraversed connector, and it is shown in Figures 30a
to d for the case that both connectors are semitraversed. If the path from c to
d does not consist of the edge {c,d}, we have one of the situations as shown in
Figures 30e to j. In all these cases the tour needs at least three endpoints in the
gadget which contradicts Lemmas 3.6, 3.7, or 3.9, respectively. In all cases not
shown in Figure 30 even the existence of the two endpoints ¢ and d contradicts
the Lemmas 3.6, 3.7, or 3.8, respectively.

Let us now assume that the connector edge {c,z} incident to c is used by the
tour. The vertex = cannot be an endpoint of the tour, since it has to lie on the
path from c to d. If one vertex y outside the gadget that is at distance 2 from ¢,
i.e. that is a neighbor of z, is an endpoint of the tour, we can apply Lemma 3.10
to remove two endpoints from the tour. Since only one of the neighbors of 2 can
be an endpoint of the tour (otherwise z would have to be an endpoint at distance
1 to c that is not connected to ¢ which contradicts Lem. 3.4), the vertex ¢ can be
connected to no other endpoint at distance 2 than to y, and thus Lemma 3.10 is
applicable.

Now we consider the case that there does not exist a path of the tour from ¢
to d, i.e. that d is no endpoint of the tour. Then the edge {c,d} has to be used
by the tour since d is a vertex of degree 2. Furthermore the connector edge {c, z}
incident to ¢ is not used by the tour. If a neighbor y # ¢ of = is an endpoint of
the tour, then x has to be an endpoint, too. But this is a contradiction since in
this case z would have to be connected by the tour to c as well as to y.

Thus, the claim holds for the vertex ¢ and with an analogous argument also for
the vertex h.

Case 2: Assume that the tour contains e as an endpoint.
Let us first consider the case that the connector edge {e,z} is not used by the
tour. If in this case another neighbor y of z is an endpoint, too, then also = has to

3Note that the vertices a and b already belong to the neighboring equation gadgets, and all
other vertices of the gadget have distance > 3 to vertices outside the gadget.
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FIGURE 30. The case analysis in the proof of Lemma 3.11, if ¢
and d are endpoints of the tour, and the connector edge incident
to ¢ is not used. The figures (a) to (d) show the cases, in which
the edge {¢,d} is used, and (e) to (j) show the cases, in which the
edge {c, d} is not used by the tour.
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FI1GURE 31. The case analysis in the proof of Lemma 3.11, if e
and d are endpoints of the tour, and the connector edge incident
to e is used by the tour.

be an endpoint and z has to be connected as well to e as to y by the tour which
is a contradiction.

Thus, in the following we can assume that the connector edge {e,z} is used by
the tour. This implies that also d has to be an endpoint and therefore has to be
connected to e via a path of the tour. Furthermore the edge {c, d} has to be used
since d is a vertex of degree 2. (Otherwise d would be a double endpoint which
would contradict Lems. 3.6, 3.7, 3.8, or 3.9 respectively.) But this results in one
of the situations as shown in Figure 31 which again contradict Lemmas 3.6, 3.7,
or 3.9, respectively. In the cases not shown in Figure 31 already the existence of
two endpoints inside the gadget gives a contradiction.
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FiGURE 32. The cases in the proof of Lemma 3.11, if d is a double endpoint.

Thus, the claim holds for the vertex e and with an analogous argument also for
the vertex f.

Case 3: Assume that the tour contains d as an endpoint.

Let us first assume that d is a double endpoint of the tour. Then the connector
containing d has to be traversed, otherwise ¢ or ¢ would be another endpoint which
would contradict Lemmas 3.6, 3.7, 3.8, or 3.9, respectively. The two remaining
possible situations, namely a type 0 gadget with two traversed connectors and a
type 1 gadget with this connector traversed and the other untraversed are treated
in Figure 32, where it is shown that both cases contradict Lemma 3.6 or Lemma 3.7,
respectively, since at least one additional endpoint is needed.

Therefore we can assume in the following that d is a single endpoint. If ¢ is
another endpoint of the tour, this leads to a contradiction as already shown in
Figure 30. If e is another endpoint of the tour and the connector edge incident
to e is used, this leads to a contradiction as shown in Figure 31. If e is another
endpoint and the connector edge incident to e is not used, this again contradicts
Lemmas 3.6, 3.7, 3.8, or 3.9, respectively, as shown in Figures 33a to d for the
case that the edge {d, e} is used, and in Figures 33e to j for the case that the edge
{d, e} is not used. Thus, we can assume that neither ¢ nor e is an endpoint of the
tour. We will in the following distinguish two cases depending on which of the
edges incident to d is used.

Let us first consider the case that the edge {c, d} is used. We have to show that
neither the neighbor z. of ¢ via the connector edge nor the neighbor z. of e via
the connector edge can be an endpoint of the tour not connected to d. If z. is
an endpoint of the tour, then the edge {c,!} has to be used, unless d and z. are
connected by the tour. Since also z. has a degree 2 vertex y. as a neighbor, y.
has to be also an endpoint of the tour that is furthermore connected to z.. This
situation can be transformed as shown in Figure 34a such that the critical pair
of endpoints is moved to the inside of the gadget without increasing the cost of
the tour and without affecting any other endpoints. But this is a contradiction to
Lemma 3.8 and Lemma 3.9, since we have proved the nonexistence of a critical pair
of endpoints inside one gadget there. If z. is an endpoint of the tour, then also one
of its neighbors y. has to be an endpoint since it is a degree 2 vertex. Furthermore
z. and y. have to be connected by the tour. Thus, we have the situation as shown
in Figure 35a, and Lemma 3.10 is applicable, since it is not possible to connect
the endpoint d to another endpoint than z. via an edge of cost 2, since z. cannot
be an endpoint in this case as shown above.
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FiGURE 33. The case analysis in the proof of Lemma 3.11, if e

and d are endpoints of the tour, and the connector edge incident
to e is not used by the tour.

Let us now consider the case that the edge {d,e} is used. We have again to
show that neither the neighbor z. of ¢ via the connector edge nor the neighbor z.
of e via the connector edge can be an endpoint not connected to d. This can be
shown similarly as in the preceding case. If z. is an endpoint of the tour, then
the edge {e,n} has to be used by the tour unless d and z. are connected by the
tour. In this case the transformation shown in Figure 34b can be applied. By this
transformation the critical pair of endpoints is moved to the inside of the gadget
which again is contradicting Lemmas 3.8 and 3.9. To show the claim for vertex
. we use the same argument as for the vertex z. in the previous case: if x. is an
endpoint, then also its neighbor y. of degree 2 has to be an endpoint connected to
z. which results in the situation as shown in Figure 35b. With the same argument
as in the previous case Lemma 3.10 is applicable in this case.

Thus, the claim holds for the vertex d and with an analogous argument also for
the vertex g.

Case 4: Assume that the tour contains [ as an endpoint.

Let m’ be the other neighbor of a, i.e. the vertex m in the preceding equation
gadget of the chain (or the first vertex of the first variable cluster in the chain, if
the considered equation gadget is the first one in the chain). Then (I,m’) cannot
be a critical pair of endpoints since this would imply that a is a double endpoint
of the tour which would result in three endpoints inside the gadget. It remains to
show that the neighbor x of ¢ via the connector edge cannot be an endpoint of the
tour that is not connected to I. We will distinguish two cases.
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FIGURE 34. Figure (a) shows the transformation in the proof of
Lemma 3.11, if d and z. are endpoints and the edge {c, d} is used,
(b) shows the transformation, if d and z. are endpoints and the
edge {d, e} is used.
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Ficure 35. Figure (a) shows the situation in the proof of
Lemma 3.11, if d and z. are endpoints and the edge {c,d} is
used, (b) shows the situation, if d and z. are endpoints and the
edge {d, e} is used.

Let us first assume that a is an endpoint of the tour, too. As shown in Figure 36
this leads to a contradiction to Lemmas 3.6, 3.7, 3.8, or 3.9, respectively, in all
cases.
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FIGURE 36. The case analysis in the proof of Lermama 3.11, if a
and [ are endpoints. (a—f) show the cases for a type 0 gadget
depending on how the connectors are traversed, and (g-1) show
the cases for a type 1aga<%get. '

FIGURE 37. The situation in the proof of Lemma 3.11, if [ and z
are endpoints and the edge {a,!} is used.

Now we assume that a is no endpoint of the tour. Then the edges {m’,a} and
{a,1} are used by the tour. If z is an endpoint of the tour, then also its neighbor
y of degree 2 is an endpoint, and z and y are connected by the tour. This implies
that ¢ cannot be another endpoint since it would have to be connected to x, too.
Thus, we have the situation as shown in Figure 37, and Lemma 3.10 can be applied
because the only possible endpoint at distance 2 to [ that is not connected to !
is 2%. Thus, the claim holds for the vertex [ and with an analogous argument also
for the vertex m.

Case 5: Assume that the tour contains n as an endpoint.

41If the vertex m of the previous gadget in the chain would be an endpoint not connected to [,
then a would have to be a double endpoint at distance 1 to ! contradicting Lemma 3.4.
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FIGURE 38. The situation in the proof of Lemma 3.11, if n and
z are endpoints is shown in (a) for the case that the connector
edge incident to e is not used, and in (b) for the case that this
connector edge is used.

Then we have to show that the neighbor = of e via the connector edge cannot
be an endpoint that is not connected to n. Assume that z is an endpoint. If its
neighbor y of degree 2 is no endpoint of the tour then either e or the neighbor
of degree 2 of n has to be an endpoint. But if e is an endpoint, then it has to
be connected to both z and n which is not pessible, and if the degree 2 neighbor
of n is an endpoint, then Lemma 3.10 is applicable since this neighbor of n cannot
be connected to an endpoint via an edge of cost 2. Thus, we can assume in the
following that y is an endpoint of the tour, and z and y are connected by the tour.
This implies that e cannot be an endpoint since it would have to be connected
to z, too. We distinguish two cases depending on which of the edges incident to e
are used.

Let us first assume that the connector edge {e,z} is not used. Then the edges
{d,e} and {e,n} are used. Therefore that neighbor of n, which has degree 2, has
to be an endpoint of the tour. The resulting situation is shown in Figure 38a.
Obviously, Lemma 3.10 is applicable in this case since this neighbor of n cannot
be connected to an endpoint via an edge of cost 2.

Now we assume that the connector edge {e, z} is used by the tour. This results
in the situation shown in Figure 38b, in which again Lemma 3.10 can be applied
because the only endpoint at distance 2 from n in Gy is z.

Thus, the claim holds for the vertex n and with an analogous argument also for
the vertex o.

Up till now we have shown that a critical pair of endpoints cannot contain any
vertex from an equation gadget. Now it remains to show that there cannot be two
endpoints at distance 2 outside the equation gadgets that are not connected by
the tour. Consider two adjacent variable clusters as shown in Figure 39. Without
loss of generality we can assume that as is an endpoint of the tour. We have
to prove that neither y; nor y, is an endpoint of the tour that is not connected
to ag. All other cases can be handled symmetrically. It is impossible that y; is
an endpoint not connected to ag via the tour, since by would also be a (possibly
double) endpoint in that case that would have to be connected to both y; and ap
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FIGURE 39. The situation in the proof of Lemma 3.11, if the
considered endpoints lie outside the equation gadgets.

by the tour. If y» is an endpoint not connected to as via the tour, then x5 cannot
be another endpoint since it would have to be connected to both as and ys. Thus,
we have one of the situations as shown in Figure 39 depending on which of the
edges incident to zo are used. In both cases Lemma 3.10 can be applied since
there are no endpoints at distance 2 from as or y» inside the equation gadgets as
already proved above. Thus, in the case as shown in Figure 39a, y2 is the only
possible endpoint at distance 2 from a2, and in the case as shown in Figure 39b,
az is the only possible endpoint at distance 2 from ;. O

3.6. ELIMINATION OF SEMITRAVERSED CONNECTORS

In this section we will show how to eliminate semitraversed connectors from
the tour.

Lemma 3.12. Suppose that we have a Hamiltonian tour traversing a variable
cluster in such a way that there are some semitraversed connectors in it. Then it
18 possible to modify the tour without increasing its cost in such a way that there
are no semitraversed connectors in the cluster. Furthermore this transformation
does not create any critical pair of endpoints.

Proof. According to Lemma 3.8 and Lemma 3.9 we can assume that every semi-
traversal of a connector uses both internal edges of the connector.

When transforming a semitraversed connector into a traversed or an untraversed
one we will in some cases save one endpoint in the corresponding equation gadget
and in the other cases we will get an additional endpoint inside the gadget. The
possible cases, depending on the type of the gadget and the traversal of the other
connector of the gadget, are shown in Figure 40. In this figure, S stands for a
semitraversed connector, T' stands for a traversed connector, and U stands for an
untraversed connector. The changes in the number of endpoints inside the gadget
as claimed in Figure 40 follow directly from Lemmas 3.6, 3.7, 3.8, and 3.9.

First we consider the case that there is exactly one semitraversed connector in
the variable cluster. If this is the middle connector of the cluster, we have the
situation as shown in the left part of Figure 41. We can move this semitraversal to
one of the outer connectors of the cluster in the following way: if the transformation
of this semitraversed connector to an untraversed one saves one endpoint inside
the corresponding equation gadget, we transform the tour on the cluster as shown
in Figure 41a. If we have to transform the semitraversed connector to a traversed
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F1GURE 40. The change in the number of endpoints inside an
equation gadget, if a semitraversed connector is changed into a
traversed or untraversed one.
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FIGURE 41. In (a) it is shown how to move the semitraversal from
the middle connector of the cluster to the outer connector, if the
middle connector has to get untraversed, and in (b) this move is
shown for the case that the middle connector has to get traversed.

one to save one endpoint in the corresponding equation gadget, we perform the
transformation as shown in Figure 41b. In both cases we have one endpoint less in
the equation gadget corresponding to the middle connector of the variable cluster,
but we get an additional endpoint in one of the equation gadgets corresponding
to the outer connectors of the cluster. This transformation obviously does not
create any critical pair of endpoints according to Lemmas 3.6, 3.7, 3.8, and 3.9.
If the semitraversed connector of the cluster is one of the outer connectors, the
cluster is traversed by the tour in one of the two ways shown in Figure 42. By
moving the endpoint in the variable cluster into the equation gadget containing
the semitraversed connector, we can make this connector untraversed in the case

shown in Figure 42a or traversed in the case as shown in Figure 42b without
changing the number of endpoints. According to Lemmas 3.6, 3.7, and 3.8 this
transformation does not create any critical pair of endpoints.

Now we consider the case that the variable cluster contains exactly two semitra-
versed connectors. Then we have one of the four situations as shown in Figure 43.
In the case (a) we transform the tour in such a way that all connectors of the clus-
ters are traversed, if this saves an endpoint in the gadget containing the connector
C}. This results in at most one additional endpoint in the gadget containing Cs
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FIGURE 42. The traversal of the variable cluster, if the first con-
nector is semitraversed.

Cl 02 03 Ol Cg ’ Cg
(a) (b)

Ch Co C3 Ch Co C3
(c) (d)

FIGURE 43. The possible traversals of the variable cluster, if ex-
actly two connectors are semitraversed.

and therefore the number of endpoints does not increase. Otherwise we transform
the tour to the one shown in the left part of Figure 41. This gives one endpoint
less in the gadget containing C; and one additional endpoint in the cluster, and
we have reduced the number of semitraversals by at least one.

In the case (b) we transform the tour into the one shown in the left part of
Figure 41, if this saves an endpoint in the gadget containing the connector C;.
This results in one additional endpoint in the variable cluster, and therefore the
total number of endpoints remains unchanged. Otherwise we transform the tour
in such a way that all connectors become untraversed. This gives one endpoint
less in the gadget containing C; and at most one additional endpoint in the gadget
containing C2. Thus, we have reduced the number of semitraversals by at least
one without increasing the number of endpoints.

In the case (c¢) we transform the tour in such a way that either all connectors
become traversed, if this reduces the number of endpoints in the gadget containing
C; (Cjs respectively) by one. This leads to at most one additional endpoint in the
gadget containing C3 (C respectively). Otherwise we transform the tour in such
a way that all connectors are untraversed. This saves one endpoint in each of the
gadgets containing C, or Cs, and gives at most two additional endpoints in the
gadget containing Cs.

In the case (d) we transform the tour in such a way that either all connectors
become untraversed, if this reduces the number of endpoints in the gadget con-
taining C; (Cs respectively) by one. This leads to at most one additional endpoint
in the gadget containing C5 (C) respectively). Otherwise we transform the tour
in such a way that all connectors are traversed. This saves one endpoint in each
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FIGURE 44. The traversal of the variable cluster, if three connec-
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FIGURE 45. The situation in the proof of Lemma 3.13, if both
endpoints lie outside the equation gadgets.

of the gadgets containing C; or C3, and gives at most two additional endpoints in
the gadget containing Cs.

Finally, we consider the case that the variable cluster contains three semitra-
versed connectors. Then we have the situation shown in Figure 44. We change
the tour to that one shown in Figure 43a. This saves the endpoint in the cluster
not belonging to an equation gadget and it gives at most one additional endpoint
in the equation gadget containing the connector Cs.

Obviously none of these transformations creates a critical pair of endpoints. O

Note that after eliminating all semitraversals from the tour, either all connectors
of a variable cluster are traversed or all connectors of the cluster are untraversed.

3.7. A HAMILTONIAN TOUR WITH EXACTLY TWO ENDPOINTS

In this section we will deal with the case that a given Hamiltonian tour in G
has exactly two endpoints. We will show that also in this case the tour does not
contain an edge of cost 2 and that for each variable cluster either all connectors
are traversed or all connectors are untraversed.

Lemma 3.13. Any Hamiltonian tour in G with ezactly two endpoints does not
contain an edge of cost 2.

Proof. Let H be a Hamiltonian tour in G with exactly two endpoints. We will in
the sequel distinguish three cases.

Let us first assume that both endpoints lie inside the same equation gadget.
Then we can show analogously to the proof of Lemmas 3.6, 3.7, 3.8, and 3.9 that
the endpoints have to be at distance 3 from each other.

Secondly, we assume that both endpoints lie outside the equation gadgets at
distance 2 from each other. Then we have the situation as shown in Figure 45.
This immediately gives a contradiction since z has to be a vertex of degree 2 and
therefore a third endpoint of the tour.
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Finally, if there is an equation gadget that contains exactly one of the two
endpoints of the tour, this gadget has to contain a semitraversed connector. We
can reduce this case to one of the above cases by eliminating this semitraversal in
the same way as in the proof of Lemma 3.12. |

Lemma 3.14. Given a Hamiltonian tour in G with exactly two endpoints, for
each variable cluster either all connectors are traversed or all connectors are un-
traversed.

Proof. Let H be a Hamiltonian tour in G with exactly two endpoints. If there
exists a variable cluster in Gy for which not all connectors are traversed (not all
connectors are untraversed respectively), this variable cluster has to contain a
semitraversed connector. This semitraversal can be removed analogously as in the
proof of Lemma 3.12. O

3.8. CONSTRUCTION OF THE ASSIGNMENT

In this section, we will show how to construct an assignment to the variables of
the underlying LinEq2-2(3) instance from a Hamiltonian tour in G.

Lemma 3.15. Given a Hamiltonian tour with 2e endpoints (where a double end-
point counts as two), we can construct an assignment to the variables of the cor-
responding LinEq2-2(3) instance leaving at most e equations unsatisfied.

Proof. Given a Hamiltonian tour, we can by Lemma 3.12 and Lemma 3.14 con-
struct a new tour, without increasing its cost, that does not contain two endpoints
at distance 2 not connected by the tour and such that for each variable cluster
either all or no connector edges are traversed. Then we can construct an assign-
ment as follows: if the connector edges in a variable cluster are traversed by the
tour, the corresponding variable is assigned the value one, otherwise it is assigned
the value zero. By Lemma 3.6 and Lemma 3.7, this assignment has the property
that there are two endpoints in the equation gadgets corresponding to unsatisfied
equations, and zero endpoints in the equation gadgets corresponding to satisfied
equations. Thus, the assignment leaves at most e equations unsatisfied, if there
are 2e endpoints. O

Now we are ready to prove the lower bound on the approximation ratio. Remem-
ber that we have started from a (%g—é + %862, gg—é — %61)—LinEq2—2(3) instance
with 336n equations.

We remind of the fact that in general, we use edge costs 1, m,[, where in the
previous description the special case of 1,2,3 was used for better intuition.

Thus, if we construct an instance of Ayy 1, ;3-TSP from an LinEq2-2(3) instance
as described above, the graph in the Ay ., ;3-TSP instance contains 68n+1 vertices
given that the LinEq2-2(3) instance contains 2n variables and 3n equations. Since
the Hamiltonian tour traversing the Ay , ;3-TSP instance has to take an edge of
cost | between two endpoints, by Lemma 3.15 a tour with cost 68n + (I —1)e + 1
corresponds to an LinEq2-2(3) instance with 3n equations from which at most e
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are unsatisfied. Analogously, a tour with cost 7616n + (I — 1)e + 1 corresponds to
an LinEq2-2(3) instance with 336n equations from which at most e are unsatisfied.

Since we take inputs from (331 + %8¢y, 231 — 34¢)).LinEq2-2(3), the minimal
number e of unsatisfied equa’cxons (from 336n) is either above (5 — 62336)n =

(5 — 7616e2)n or below (4 + 32£1336)n = (4 + 3808¢1)n.
In the first case, the cost of an optimal tour is above 7616n+(14+1)(5—7616e2)n+
1, that is above 7611n + 5ln — 7616e5n. In the second case, the cost of an optimal
tour is below 7616m + (1 + 1)(4 + 3808¢1)n + 1, that is below 7612n + 4ln — 7616e1n
for large n.
Overall, a gap-preserving reduction from (33t + %8¢, 331 _ 34. ) LinEq2-2(3)

336 336 3
to (T82t4 4 oy —671611;6“ — €2)-Ag-TSP is established.

This completes the proof of Theorem 2.3.

4. CONCLUSION

‘We have shown lower bounds on the approximability of the Ag-TSP for every
non-trivial choice of 8. In case of the metric TSP, this is an improvement over the
previously known highest lower bound.

For the case of the relaxed triangle inequality, as a lower bound only the exis-
tence of a very small € was known such that 1+ Se is a lower bound [5]. Here, we
have given the first concrete lower bound. Since this tends to % for 8 — o0, one
goal for future research is clearly to look for such a concrete bound which grows
linearly in (.

Finally, in case of the sharpened triangle inequality, our results show the some-
what surprising fact that this special case of the TSP is APX-hard even if one
comes arbitrarily close to the trivial case of all edges having the same cost.

Very recently, after this paper was submitted, Papadimitriou and Vempala [16]
showed that it is AP-hard to approximate the A-TSP within }gg ¢ for an arbi-
trary small € > 0, but it is left open whether their rather complicated construction
can be transferred to the case of the Ag-TSP for 8 # 1.

Still, in all these cases, there is much room for improvement to close the gap
between upper and lower bounds.
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