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Abstract

2-Opt is probably the most basic and widely used local search heuristic for the TSP. This
heuristic achieves amazingly good results on “real world” Euclidean instances both with respect
to running time and approximation ratio. There are numerous experimental studies on the
performance of 2-Opt. However, the theoretical knowledge about this heuristic is still very
limited. Not even its worst case running time on Euclidean instances was known so far. In this
paper, we clarify this issue by presenting a family of Euclidean instances on which 2-Opt can
take an exponential number of steps.

Previous probabilistic analyses were restricted to instances in which n points are placed
uniformly at random in the unit square [0,1]2, where it was shown that the expected number
of steps is bounded by O(nlo) for Euclidean instances. We consider a more advanced model of
probabilistic instances in which the points can be placed according to general distributions on
[0,1]2. In particular, we allow different distributions for different points. We study the expected
running time in terms of the number n of points and the maximal density ¢ of the probability
distributions. We show an upper bound on the expected length of any 2-Opt improvement path
of O(n4+1/ 3. g8/ 3). When starting with an initial tour computed by an insertion heuristic, the
upper bound on the expected number of steps improves even to O(n3+5/6. $8/3). If the distances
are measured according to the Manhattan metric, then the expected number of steps is bounded
by O(n3® - ¢). In addition, we prove an upper bound of O(y/@) on the expected approximation
factor w.r.t. both of these metrics.

Let us remark that our probabilistic analysis covers as special cases the uniform input model
with ¢ = 1 and a smoothed analysis with Gaussian perturbations of standard deviation o with
¢ ~ 1/0%. Besides random metric instances, we also consider an alternative random input model
in which an adversary specifies a graph and distributions for the edge lengths in this graph. In
this model, we achieve even better results on the expected running time of 2-Opt.

*The first author is supported by DFG grant WE 2842/1. The second and the third author are supported by DFG
grant VO 889/2.
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1 Introduction

In the traveling salesperson problem (TSP), we are given a set {v1,ve, ..., v,} of vertices (cities) and
for each pair {v;,v;} of distinct vertices a distance d(v;,v;). The goal is to find a tour of minimal
length visiting each vertex exactly once and returning to the initial vertex at the end, that is, the
goal is to compute a permutation 7 minimizing

n—1

Z d(vﬂ'(i)7 Uﬂ(i-l-l)) + d(vw(n) ) Uw(l)) :
i=1

Despite many theoretical analyses and experimental evaluations of the TSP, there is still a
considerable gap between the theoretical results and the experimental observations. The Euclidean
TSP, for example, is known to be NP-hard in the strong sense [Pap77]. In a breakthrough result,
Arora has shown that the Euclidean TSP admits a polynomial time approximation scheme (PTAS)
and, hence, can be approximated arbitrarily well in polynomial time [Aro98]. Arora’s PTAS is based
on dynamic programming. However, the most successful algorithms on practical instances rely on
the principle of local search and very little is known about their complexity.

The 2-Opt algorithm is probably the most basic and widely used local search heuristic for the
TSP. 2-Opt starts with an arbitrary initial tour and incrementally improves on this tour by making
successive improvements that exchange two of the edges in the tour with two other edges. More
precisely, in each improving step the 2-Opt algorithm selects two edges {uj,us} and {vy, v} from
the tour such that uq,us,v1, v are distinct and appear in this order in the tour, and the algorithm
replaces these edges by the edges {u1,v1} and {ug,v2}, provided that this change decreases the
length of the tour. The algorithm terminates in a local optimum in which no further improving
step is possible. We use the term 2-change to denote a local improvement made by 2-Opt. This
simple heuristic performs amazingly well on “real-life” Euclidean instances like, e.g., the ones in
the well-known TSPLIB [Rei91]. Usually the 2-Opt heuristic needs a clearly subquadratic number
of improving steps until it reaches a local optimum and the computed solution lies within a few
percentage points of the global optimum [JM97].

There are numerous experimental studies on the performance of 2-Opt. However, the theoret-
ical knowledge about this heuristic is still very limited. Let us first discuss the number of local
improvement steps made by 2-Opt before it finds a locally optimal solution. When talking about
the number of local improvements, it is convenient to consider the state graph. The vertices in this
graph correspond to the possible tours and an arc from a vertex v to a vertex u is contained if u
is obtained from v by performing one improving 2-Opt step. On the positive side, van Leeuwen
and Schoone consider a 2-Opt variant for the Euclidean plane in which only steps are allowed that
remove a crossing from the tour. Observe that such steps can introduce new crossings. However,
van Leeuwen and Schoone show that after O(n?) steps, 2-Opt has found a tour without any cross-
ing [vLS80]. On the negative side, Lueker constructs TSP instances whose state graphs contain
exponentially long paths, that is, 2-Opt can take an exponential number of steps before it finds a
locally optimal solution [Lue75]. His result is generalized to k-Opt for arbitrary k& > 2 by Chandra,
Karloff, and Tovey [CKT99]. These results, however, use arbitrary graphs whose edge lengths do
not satisfy the triangle inequality. Hence they leave open the question about the worst case com-
plexity of 2-Opt on metric TSP instances. In particular, Chandra, Karloff, and Tovey ask whether
it is possible to construct Euclidean TSP instances on which 2-Opt can take an exponential num-
ber of steps. In this paper, we settle this question. We construct Euclidean instances whose state



graphs contain exponentially longs paths, that is, Euclidean instances on which 2-Opt can take an
exponential number of steps before finding a locally optimal solution. In chip design applications,
often TSP instances arise in which the distances are measured according to the Manhattan metric.
Also for this metric, we construct instances with exponentially long paths in the 2-Opt state graph.

Theorem 1.

a) For everyn € N, there is a graph in the Euclidean plane with 8n vertices whose corresponding
state graph contains a path of length 273 — 14.

b) For everyn € N, there is a graph in the plane with Manhattan metric with 16n vertices whose
corresponding state graph contains a path of length 2"+* — 22.

For Euclidean instances in which n points are placed uniformly at random in the unit square,
Kern shows that the length of the longest path in the state graph is bounded by O(n!) with
probability 1 —¢/n for some constant ¢ [Ker89]. Chandra, Karloff, and Tovey improve this result by
bounding the expected length of the longest path in the state graph by O(n'%logn) [CKT99]. That
is, independent of the initial tour and the choice of the local improvements, the expected running
time of 2-Opt is bounded by O(n'®logn). For instances in which n points are placed uniformly
at random in the unit square and the distances are measured according to the Manhattan metric,
Chandra, Karloff, and Tovey show that the expected length of the longest path in the state graph
is bounded by O(n®logn).

We consider a more general probabilistic input model and improve the previously known bounds.
The probabilistic model underlying our analysis allows that different vertices are placed in the plane
using different continuous probability distributions. The distribution of vertex v; is defined by a
density function f; : [0,1]? — [0, ¢] for some given ¢ > 1. Our upper bounds depend on the number
n of vertices and the upper bound ¢ on the density. We denote instances created by this input
model as ¢-perturbed Euclidean or Manhattan instances depending on the underlying metric. The
parameter ¢ can be seen as a parameter specifying how close the analysis is to a worst case analysis
since the larger ¢ is, the better worst case instances can be approximated by the distributions. For
¢ = 1, every point has a uniform distribution over the unit square and hence the input model equals
the uniform model analyzed before. Our results narrow the gap between the subquadratic number
of improving steps observed in experiments [JM97] and the upper bounds from the probabilistic
analysis. With slight modifications, this model also covers a smoothed analysis, in which first an
adversary specifies the positions of the points and after that each position is slightly perturbed by
adding a Gaussian random variable with small standard deviation ¢. In this case, one has to set
¢~ 1/02.

We also consider a model in which an arbitrary graph G = (V, E) is given and for each edge
e € E, a probability distribution according to which the edge length d(e) is chosen independently
of the other edge lengths. Again, we restrict the choice of distributions to distributions which can
be specified by density functions f : [0,1] — [0, ¢] with maximal density at most ¢ for a given
¢ > 1. We denote inputs created by this input model as ¢-perturbed graphs. Observe that in this
input model only the distances are perturbed whereas the graph structure is not touched by the
randomization. This can be useful if one wants to explicitely prohibit certain edges. However, if
the graph G is not complete, one has to initialize 2-Opt with a Hamiltonian cycle to start with.

We prove the following theorem about the expected length of the longest path in the 2-Opt state
graph for the three probabilistic input models discussed above.



Theorem 2. The expected length of the longest path in the 2-Opt state graph

a) is O(n* - ¢) for ¢-perturbed Manhattan instances with n points.
b) is O(n*+1/3 log(ne) - $%/3) for ¢p-perturbed Euclidean instances with n points.

¢) is O(m - n o) . @) for ¢-perturbed graphs with n vertices and m edges.

The experimental study in [JM97] suggests to use an insertion heuristic to compute the initial
tour to improve both the approximation ratio and running time. We show that also from a theoret-
ical point of view, using such an insertion heuristic yields a significant improvement since the initial
tour 2-Opt starts with is much shorter than the longest possible tour. In the following theorem, we
summarize our results on the expected number of local improvements.

Theorem 3. The expected number of steps performed by 2-Opt

a) is O(n>® -logn - ¢) on ¢-perturbed Manhattan instances with n points when one starts with a
tour obtained by an arbitrary insertion heuristic.

b) is O(n*+5/6 .log?(ng) - ¢3/3) on ¢-perturbed Euclidean instances with n points when one starts
with a tour obtained by an arbitrary insertion heuristic.

¢) is O(m - n'toM) . ¢) on ¢-perturbed graphs with n vertices and m edges.

In fact, our analysis shows not only that the expected running time is polynomially bounded
but it also shows that the second moment and hence the variance is bounded polynomially for ¢-
perturbed Manhattan and graph instances. For the Euclidean metric, we cannot bound the variance
but the 3/2-th moment polynomially.

Similar to the running time, the good approximation ratios obtained by 2-Opt on practical
instances cannot be explained by a worst-case analysis. In fact, there are quite negative results on

the worst-case behavior of 2-Opt. For example, Chandra, Karloff, and Tovey show that there are
logn
loglogn

Euclidean instances for which 2-Opt has local optima whose costs are 2 < > times larger than

the optimal costs [CKT99]. However, the same authors also show that the expected approximation
ratio for instances with n points drawn uniformly at random from the unit square is bounded from
above by a constant. We generalize their result to our input model in which different points can
have different distributions with bounded density ¢. For both Euclidean and Manhattan instances,
we obtain the following theorem.

Theorem 4. For ¢-perturbed Manhattan and Fuclidean instances, the expected approrimation ratio
of the worst tour that is locally optimal for 2-Opt is bounded by O(\/9).

The remainder of the paper is organized as follows. We start by stating some basic definitions
and notations in Section 2. In Section 3, we present the lower bounds. In Section 4, we analyze the
expected running time and prove Theorems 2 and 3. Finally, in Sections 5 and 6, we prove Theorem 4
about the expected approximation factor and we present some extensions of our analysis.

2 Preliminaries

We begin by stating some basic definitions and notations. First of all, an instance of the TSP
consists of a set V' = {vy,...,v,} of vertices (depending on the context, synonymously referred to



as points) and a symmetric distance function d : V x V — Rs>q which associates with each pair
{vi,v;} of distinct vertices a distance d(v;,v;) = d(vj,v;). The goal is to find a tour of minimal
length visiting each vertex exactly once and returning to the initial vertex at the end.

A pair (V,d) of a nonempty set V' and a function d : V' x V' — Rx¢ is called a metric space if
for all z,y,z € V the following properties are satisfied:

(a) d(x,y) =0 if and only if z =y (reflexivity),

(b) d(z,y) = d(y,z) (symmetry),
(¢c) d(z,z) < d(x,y) +d(y,z) (triangle inequality).

If (V,d) is a metric space, then d is called a metric on V. A TSP instance with vertices V' and
distance function d is called metric TSP instance if (V,d) is a metric space.

A well-known class of metrics on R? is the class of L, metrics. For p > 1, the distance dr, (P1, P»)
of two points P; = (z1,71) € R? and Py = (22, y2) € R? with respect to the L, metric is given by
dr,(P1, Py) = Y/|x1 — 22|P + [y1 — y2/P. The L; metric is often called Manhattan metric, and the
Ly metric is well-known as Euclidean metric. A TSP instance (V,d) with V' C R? in which d equals
dr, restricted to V' is called an L, instance. For p = 2, we also use the term Fuclidean instance.

A tour construction heuristic for the TSP incrementally constructs a tour and stops as soon as
a valid tour is created. Usually, a tour constructed by such a heuristic is used as the initial solution
2-Opt starts with. The most successful tour construction heuristics for metric TSP instances are
so-called insertion heuristics. These heuristics insert the vertices into the tour one after another,
and every vertex is inserted between two consecutive vertices in the current tour where it fits best.
To make this more precise, let T; denote a subtour on a subset S; of i vertices, and suppose v ¢ S;
is the next vertex to be inserted. If (z,y) denotes an edge in 7; that minimizes d(x,v) + d(v,y) —
d(z,y), then the new tour T;y; is obtained from 7; by deleting the edge (x,y) and adding the
edges (z,v) and (v,y). Depending on the order in which the vertices are inserted into the tour, one
distinguishes between several different insertion heuristics. Rosenkrantz et al. show an upper bound
of [logn]+1 on the approximation factor of any insertion heuristic on metric TSP instances [RSI77].
Furthermore, they show that two variants which they call nearest insertion and cheapest insertion
achieve an approximation ratio of 2 for metric TSP instances. The nearest insertion heuristic always
inserts the vertex with the smallest distance to the current tour, and the cheapest insertion heuristic
always inserts the vertex whose insertion leads to the cheapest tour T;, .

3 L; and L, Instances with Exponentially Long Sequences of Im-
proving 2-Changes

In 1975 Lueker constructed a family of TSP instances for which there exist exponentially long
sequences of improving 2-changes [Lue75]. Later his construction was generalized to k-changes with
arbitrary k > 2 by Chandra, Karloff, and Tovey [CKT99]. The instances in these constructions are
general TSP instances that do not satisfy the triangle inequality, and hence they leave open the
question whether there exist metric TSP instances with exponentially long sequences of improving
2-changes. In particular, Chandra, Karloff, and Tovey ask whether it is possible to construct such
instances in the Euclidean plane. We answer this question affirmatively by presenting families of
L1 and L» instances with exponentially long sequences of improving 2-changes.

In Lueker’s construction many of the 2-changes remove two edges which are far apart in the
current tour in the sense that many vertices are visited between them, no matter of how the



direction of the tour is chosen. This is crucial to the construction and also to its generalization to
k-changes. Our construction differs significantly from the previous ones as the 2-changes affect the
tour only locally. The instances we construct are composed of gadgets of constant size. Each of
these gadgets has a zero state and a one state, and there exists a sequence of improving 2-changes
starting in the zero state and eventually leading to the one state. Let Gy, ...,G,—1 denote these
gadgets. If gadget G; with ¢ > 0 has reached state one, then it can be reset to its zero state by
gadget G;_1. The crucial property of our construction is that whenever a gadget G;_1 changes its
state from zero to one, it resets gadget G; twice. Hence, if in the initial tour, gadget Gy is in its
zero state and every other gadget is in state one, then for every ¢ with 0 < i < n — 1, gadget G;
performs 2° state changes from zero to one as for i > 0, gadget G; is reset 2 times.

In Section 3.1, we describe the structure of the instances that we construct for the Euclidean
plane and we present the exponentially long sequence of 2-changes. Each of these 2-changes imposes
an inequality on the distances of the vertices as it has to decrease the length of the tour strictly.
In Section 3.2, we construct a set of points in the plane whose Ly distances satisfy all of these
inequalities. In Section 3.3 we describe how one can adapt the structure of the instance for the
Ly metric, and in Section 3.4 we give points in the plane whose L; distances satisfy the necessary
inequalities.

3.1 Exponentially Long Sequences of 2-Changes

Every gadget is composed of 2 subgadgets which we refer to as blocks. Each of these blocks consists
of 4 vertices that are consecutively visited in the tour. Let Bi and B denote the blocks of gadget
G; and let A;-, B;-, C’Ji», and D;- denote the four points the j-th block of the i-th gadget consist
of. If one ignores certain intermediate configurations that arise when one gadgets resets another
one, our construction ensures the following properties: The points are always consecutive in the
tour, the edge between B]i- and CJZ'- is contained in every tour, and B;- and CJZ'- are always the inner
points of the block. That is, if one excludes the intermediate configurations, only the configurations
ALBiCiDY and AiCZ:Bi-D;'» occur during the sequence of 2-changes. Observe that the change from

Vit g i it o
one of these configurations to the other corresponds to a single 2-change in which the edges Az-BJZ-

J
and C’;D; are replaced by the edges A;C; and B;D;, or vice versa. In the following, we assume
that the sum d(A;-, B;) + d(C’]’:, D;) of the distances between A;- and B;- and between C’;- and D;- is
strictly smaller than the sum d(A;, CJZ) + d(B;-, D;—), and we refer to the configuration A;B;C;D;- as
the short state of the block and to the configuration A;C;B}D;- as the long state. Another property
of our construction is that neither the order in which the blocks are visited nor the order of the
gadgets is changed during the sequence of 2-changes. Again with the exception of the intermediate
configurations, the order in which the blocks are visited is BYBIBIBS ... B 1By ~!. See Figure 1
for an illustration.

Due to the aforementioned properties, we can describe every non-intermediate tour that occurs
during the sequence of 2-changes completely by specifying for every block if it is in its short state
or in its long state. In the following, we denote the state of a gadget G; by a vector (x1,xz2) with
xj € {5, L}, meaning that block B;» is in its short state if and only if z; = S. Since every gadget
consists of two blocks, there are four possible states for each gadget. However, only three of them
appear in the sequence of 2-changes, namely (L, L), (S, L), and (S, S). We call state (L, L) the zero
state and state (5,5) the one state. In order to guarantee the existence of an exponentially long
sequence of 2-changes, the gadgets we construct possess the following properties:



Figure 1: Every tour that occurs in the sequence of 2-changes contains the thick edges. For each
block either both solid or both dotted edges are contained. In the former case the block is in its
short state; in the latter case the block is in its long state.

1. If gadget G; with 0 < i < mn—2isin state (L, L) and gadget G;41 is in state (S, S), then there
exists a sequence of 7 consecutive 2-changes involving only edges of and between the gadgets
G; and G;41 terminating with gadget G; being in state (S, L) and gadget G;11 in state (L, L).

2. If gadget G; with 0 <1i < n—2is in state (S, L) and gadget G;41 is in state (S, S), then there
exists a sequence of 7 consecutive 2-changes involving only edges of and between the gadgets
G; and G;41 terminating with gadget G; being in state (S, 5) and gadget G;11 in state (L, L).

If these properties are satisfied and if in the initial tour gadget Gy is in its zero state (L, L) and
every other gadget is in its one state (S,S), then there exists an exponentially long sequence of
2-changes in which gadget G; changes 2 times from state zero to state one. In order to see this, we
prove the following lemma.

Lemma 5. If gadget G; with 0 <i <n—1 is in the zero state (L, L) and all gadgets G; with j > i
are in the one state (S, S), then there exists a sequence of 2" T3~ — 14 2-changes in which only edges
of and between the gadgets G; with j > i are involved and that terminates in a state in which all
gadgets G; with j > i are in the one state.

Proof. We prove the lemma by induction on . If gadget G,,_; is in state (L, L), then it can change
its state with two 2-changes to (.S, .S) without affecting the other gadgets. Hence, the lemma is true
for i =n — 1. Now assume that the lemma is true for i + 1 and consider a state in which gadget G;
is in state (L, L) and all gadgets G; with j > i are in state (S,.5). Due to the first property, there
exists a sequence of 7 consecutive 2-changes in which only edges of and between G; and G;41 are
involved terminating with G; being in state (S, L) and G;41 being in state (L, L). By the induction
hypothesis there exists a sequence of 2"t2~% — 14 2-changes after which all gadgets G; with j > i are
in state (S, S). Then, due to the second property, there exists a sequence of 7 consecutive 2-changes
in which only G; changes its state from (S,L) to (S,S) while resetting gadget G;y; again from
(S,S) to (L,L). Hence, we can apply the induction hypothesis again, yielding that after another
2n+2=% _ 14 2-changes all gadgets G; with j > i are in state (S,.S). This concludes the proof as the
number of 2-changes performed is 14 + 2(2"27¢ — 14) = 2n+3~% _ 14, O

We still need to show how the aforementioned properties are achieved, that is, how the sequence
of 2-changes exactly looks like. We first present a sequence of 2-changes that satisfies the second
property. Observe that the initial situation in the second property is as follows: There are three
consecutive blocks, namely 33, Bi“, and Bé“, the leftmost one is in its long state, and the other



blocks are in their short states. We need to present a sequence of 2-changes in which only edges of
and between these three blocks are involved and after which the first block is in its short state and
the other blocks are in their long states. Remember that when the edges {u1,u2} and {v1,v2} are
removed from the tour and the vertices appear in the order uq,us,v1,v2 in the current tour, then
the edges {u1,v1} and {ug, vy} are added to the tour and the subtour between w; and vy is visited
in reverse order. If, e. g., the current tour corresponds to the permutation (1,2,3,4,5,6,7) and the
edges {1,2} and {5,6} are removed, then the new tour is (1,5,4,3,2,6,7). The following sequence
of seven 2-changes satisfies the second property; brackets indicate the edges that are removed from
the tour.

[

4y ¢l By Dy | A B i D | ag B O3 Dy
Ay Ot (B AR | DIt oft B | D) B Cy Dy
Ay o3t (Bt Dy | AT BT [Cftt DY | Ayt B ¢y Dy
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e e I e T B M e B
Ay By ch Bt | ot B ot oAyt | Dt Dy [af Dyt
A By (03 B | O oAl [D DIMT| ARt ot Byt Dyt
Aé Bé Cé D% Ai1+1 Ci+1 Bi’—l—l Di—H Aé—H C§+1 Bé-H Dé—H

w N

ot

D =~
~— — — ~— ~— ~— ~—

~J

A sequence of steps that satisfies the first property can be constructed analogously. Additionally,
one has to take into account that the three involved blocks Bi, Biﬂ, and Bé“ are not consecutive
in the tour but that block B lies between them. However, one can easily verify that this block is
not affected by the sequence of 2-changes, that is, after the seven 2-changes have been performed,
the block is in the same state and at the same position as before.

3.2 Embedding the Construction into the Euclidean Plane

The only missing step in the proof of Theorem 1 a) is to find points in the Euclidean plane such
that all of the 2-changes that we described in the previous section are improving. We specify the
positions of the points of gadget G,,—1 and give a rule how the points of gadget GG; can be derived
when all points of the gadgets G; with j > ¢ have already been placed. In our construction it
happens that different points have exactly the same coordinates. This is only for ease of notation;
if one wants to obtain a TSP instance in which distinct points have distinct coordinates, one can
slightly move these points without affecting the property that all 2-changes are improving. We
choose the following coordinates for the points in both blocks 81”_1 and 82”_1 of gadget Gp,—1.

—T -7 —T —T
A;.L BJT.L C’;L D;L
xz-coordinate 0 1 -0.1 -1.1

y-coordinate 0 0 14 4.8

First we show that A;’_lB;‘_lC';‘_lD;‘_l is the short state and that A?_lC;’_lB;‘_lD;‘_l is the
long state. This follows since

_ n—1 n—1 n—1 n—1 n—1 n—1 n—1 n—1y __
4.54... = d(A" BITY 4+ d(Cr L DY) < d(ATT O 4 d(BY T DY) = 6.64.



Figure 2: This illustration shows the points of the gadgets G,,_1 and G,,_2. One can see that G,,_o
is a copy of G,—1 rotated by —7/2, scaled by 3, and translated by (—1.2,0.1).

In order to describe how the points of gadget G; are chosen when the points of the gadgets G
with j > i are already determined, we use the fact that if one has a set of points in the Euclidean
plane that admit certain improving 2-changes, then these 2-changes are still improving if one scales,
rotates, and translates all points in the same fashion. In fact, our construction has the property
that each gadget is just a scaled, rotated, and translated copy of gadget G,,—1. Therefore, one can
assume without loss of generality that after appropriate scaling, rotating, and translating the points
of gadget G;4+1 have exactly the coordinates which we specified above for gadget G,,—1. Under this
assumption, we place the points of gadget G; as follows (see Figure 2):

1. Start with the coordinates that we specified for the points of gadget G,,_1.

2. Rotate these points around the origin by 37 /2.

3. Scale each coordinate with a factor of 3.

4. Translate the points by the vector (—1.2,0.1).

Hence, if the points of the gadgets G; with j > ¢ have been scaled, rotated, and translated such
that the points of G;11 are at those positions which we specified for gadget G,_1, we obtain the

following coordinates for the points of gadget ;. Observe that due to the construction, the points
in the two blocks B} and B again have the same coordinates.

AL | B | Ct| Dt
i i i i
z-coordinate || -1.2 | -1.2 | 3 | 13.2

y-coordinate || 0.1 | -2.9 | 04 | 3.4

Now it only remains to show that the sequences of 2-changes which reset gadget G; 1 from (S, S)
to (L, L) consist of improving 2-changes only. There are two such sequences; in the first one, gadget
G; changes its state from (L, L) to (S, L), in the second one, gadget GG; changes its state from (.S, L)
to (5,5). Since the coordinates in both blocks of gadget G; are the same, the inequalities for both
sequences are also the same. Hence, it suffices to consider only the first sequence.
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7.75... = d(A},Ct) + d(C5H, Dyt d
16.71... = d(BZ“ ASTYY 1 d(D
16.20... = d(B”l DY) +d(CiT, D”l

) Cz+1) + d(Cl,DH-l) =771.
o
701... = d(Bz—l—l A2+1) —I—d(Cl,DH_l)
)
)
)

(Aj
d(B”l DY) +d(AZ+1 Bi) = 15. 80
d(By, Cthy + d(Dy, DY = 16.14. .
d(B”l ch) +d(AZ+1 DS =6.96. ..
4.84... = d( ,Cohy 1 d(B}, ALY (A}
6.70... = d(c1 B”l) +d(AZ+1 D”l (
16.40. d(C’l,B”l) +d(D} D”l (

d(A%, BY) + d(CyT AT = 4.40.
d CZ+1 A2+1) _l_d(BZ-i-l D2+1) — 6. 64
d CI,D’) +d(Bitt, DY = 15.87. ..

VVVYVVVYV

This concludes the proof of Theorem 1 a) as it shows that all 2-changes in Lemma 5 are improv-
ing.

3.3 Modifying the Construction for the L; Metric

One important difference between the L and the Ly metric is that the L; metric is not invariant
under rotations of the coordinate system. It is, however, invariant under rotations of multiples of
/2. Hence, one might think that points in the plane whose L; distances satisfy all inequalities can
be constructed like the points in the Euclidean plane from the previous section. However, we were
not able to find such a construction for the plane with L; metric, and, in fact, we believe that such
a construction does not exist for the L metric.

Hence, we have to modify the construction of the gadgets and the sequence of 2-changes that
we described in Section 3.1. Our construction for the L1 metric is based on the construction for the
Euclidean plane, but it does not possess the property that every gadget resets its neighboring gadget
twice. Instead this property is only true for half of the gadgets. To be more precise, we construct
two different types of gadgets which we call reset gadgets and propagation gadgets. Reset gadgets
perform the same sequence of 2-changes as the gadgets that we constructed for the Euclidean plane.
Propagation gadgets also have the same structure as the gadgets for the Euclidean plane, but when
such a gadget changes its state from (L, L) to (S,S5), it resets its neighboring gadget only once.
Due to this relaxed requirements it is possible to find points in the plane with L; metric whose
distances satisfy all necessary inequalities. Instead of n gadgets our constructions consists of 2n
gadgets, namely n propagation gadgets GZP and n reset gadgets GZR. The order in which these
gadgets appear in the tour is GYGEGYGE...GP_,GE |

As before, every gadget consists of two blocks and the order in which the blocks and the gadgets
are visited does not change during the sequence of 2-changes. Consider a reset gadget sz and its
neighboring propagation gadget Gf-jrl. Then the two properties on which our previous construction
is based are still satisfied, that is, if G is in state (L, L) (respectively (S,L)) and GZJF1 is in
state (S,S), then there exists a sequence of 7 consecutive 2-changes resetting gadget Gi 1 to state
(L,L) and leaving gadget G in state (S, L) (respectively (S,S)). The situation is different for a
propagation gadget GZP and its neighboring reset gadget Gﬁ. In this case, if GZP is in state (L, L),
it first changes its state with a single 2-change to (S, L). After that, gadget GI changes its state
to (S, S) while resetting gadget G from state (S, S) to state (L, L) by a sequence of 7 consecutive
2-changes. In both cases, the sequences of 2-changes in which one block changes from its long to its
short state while resetting two blocks from their short to their long states are chosen analogously
to our previous construction for the Euclidean plane.

In the initial tour, only gadget GOP is in state (L, L) and every other gadget is in state (S,.5).
With similar arguments as for the Euclidean plane one can show that gadget Gf is reset from its
one state (L, L) to its zero state (S, 5) 2¢ times and that the total number of steps is 274 — 22.
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3.4 Embedding the Construction into the Plane with L; Metric

Similar to the construction in the Euclidean plane, the points in both blocks of a reset gadget Gf
have the same coordinates. Also in this case one can slightly move all the points without affecting
the inequalities if one wants distinct coordinates for distinct points. Again, we first choose points
for the gadgets GP' | and G® | and later describe how the points of the gadgets GP and GR

be chosen when all points of gadgets Gf and Gf with j > ¢ are already chosen. We choose the

following points for GF |

—T =T =T =T

Anj | Brj | Cny | Dy

x-coordinate 0 0 -0.7 | -1.2

y-coordinate 1 0 0.1 0.08

Furthermore, we choose the following points for GI_,

—T =T =T =T —T =T =T =T
A5 [ B | O [ D [ 45 | Brs' | Ora' | D
T -2 -3.3 -1.3 1.5 -0.7 -1.5 1.9 -0.8
Y 1.8 2.8 14 0.9 1.6 1.2 -1.5 -1.1

Before we describe how the points of the other gadgets are chosen, we first show that the 2
_, are improving. Therefore, consider first the 2-
change in which G¥'_ ;| changes its state from (L, L) to (S, L). This 2

within and between the gadgets G

5.6 = (AR, Bpy') +d(Cpy', Dpy') < d(Apy', Cpy') +d(BEy', D) =78

1andG

-changes

change 1S 1mprov1ng since

Next we show that the sequence of 2-changes in which G, changes its state from (S, L) to (S, 5)
while resetting Gf_l consists of improving steps only.

6.22 = d(Ap,', Cpy") +d(CEL L DS >

1.0 = d(Bjy,, As)) + d(Dpy' By >
242 = d(Bj,', Dy ) +d(CE L, DY) >
5.68 = d(Bj!, AT g d(Cps', Dyy) >

3.2 = d(Ap,!, O, +d(Bpy ALY >
2.92 = d(C}, L By, D+ d(A% 7 Dy) >
4.98 = d(Cp," B ") + d(D},' D) >

(A 21= Bp, 21

Again, our construction possesses the property that each pair of gadgets GZP and GZR is just a

scaled and translated version of the pair G

1 andG

. Since we have relaxed the requirements

for the gadgets, we do not even need rotations here. Hence, when we choose the coordinates for the
points of the gadgets GZP and GZR, we can after appropriate scaling and translating, assume without
loss of generality that the gadgets Gﬁl and Gfil lie at those positions that we have specified above

for the gadgets GE | and GE |
follows:

Under this assumption, we place the points of GZP and Gﬁ as

1. Start with the coordinates that we specified for the points of gadgets GL_| and GZ |

2. Scale each coordinate with a factor of 7.7.

3. Translate the points by the vector (1.93,0.3).

12



GE
that GE , is a copy of GF |, scaled by 7.7 and translated by (1.93,0.3).

Figure 3: This illustration shows the points of the gadgets G’ and GE ,. One can see

n—1s n—1»

Figure 3 shows the points of the gadgets GI_;, GE | and GZ .

Now it only remains to show that the sequences of 2-changes in which one block of GZR changes
from its long to its short state while resetting Gf:_l from (S,S) to (L,L) are improving. As the
coordinates of the points in the two blocks of gadget Gf are identical, it suffices to show the
inequalities for the sequence in which the first block of G changes from its long to its short state.
The coordinates of the points of gadget Gf are as follows:

A% | B, | Chy | Dij
z-coordinate -2 3.3 | -1.3 1.5
y-coordinate || 1.8 2.8 1.4 0.9

This yields the following inequalities.

15.42 = d(Af, C 1) +d(CHy , Dpy) > d(Ag,, Cpy) +d(Chy, D) = 14.36
11.056 = d(Byy, Afy) + d(Dg 1, Bh,) > d(B}j21, Dy ) + d(A;;;, Bj,) = 10.024
9.394 = d(Bply, Dig 1) + <c§3+11,D§3+11> > d(Bgy, Chyb) + d(Dy . D)) = 9.226

7.13 = d(Bjjll,A”l) +d(Cy, 1,D§3+21) > d(B;jll, 0;% )+ d(Aﬁj’ll,D”l) = 5.99

13.46 = d(AlevC;jzl) +d(B RpAgrél) > d(ARy, Bgy) + d(cszl’Agzl) =134

15 = d(CF, B + d(AE!, DEY) > d(CE Aioﬂl) +d(Byy, D) = 4.1
10.716 = d(Cly . By)) + d(Dip 1, D) > d(Clyy, D)+ d(By), Difl) = 10.704

This concludes the proof of Theorem 1 b) as it shows that all 2-changes are improving.
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4 The Expected Number of 2-Changes

In Sections 4.1, 4.2, and 4.3 we analyze the expected number of 2-changes on random L1, Ly, and
general TSP instances, respectively. Basically the previous results on the expected number of 2-
changes are obtained by analyzing the improvement made by the smallest improving 2-change. If
the smallest improvement is not too small, then the number of improvements cannot be large. In
our analyses for the Ly and the Lo metric, we consider not only a single step but certain pairs of
steps. We show that the smallest improvement made by any such pair is typically much larger than
the improvement made by a single step which yields our improved bounds. Our approach is not
restricted to pairs of steps. One could also consider sequences of steps of length k for any small
enough k. In fact, for general ¢-perturbed graphs with m edges, we consider sequences of length
VIogm. The reason why we can analyze longer sequences for general graphs is that these inputs
possess more randomness than ¢-perturbed L; and Ly instances since every edge length is a random
variable that is independent of the other edge lengths. Hence, the analysis for general ¢-perturbed
graphs demonstrates the limits of our approach under optimal conditions. For L; and Ly instances,
the gain of considering longer sequences is small due to the dependencies between the edge lengths.

4.1 The L; Metric

In this section, we analyze the expected number of 2-changes on ¢-perturbed L; instances. First
we prove a weaker bound than the one in Theorem 2. The proof of this weaker bound illustrates
our approach and reveals the problems one has to tackle in order to improve the upper bounds. It
is solely based on an analysis of the smallest improvement made by any of the possible 2-Opt steps.
If with high probability every 2-Opt step decreases the tour length by a polynomially large amount,
then with high probability only polynomially many 2-Opt steps are possible before a local optimum
is reached.

Theorem 6. Starting with an arbitrary tour, the expected number of steps performed by 2-Opt on
p-perturbed Ly instances is O(n® -logn - ¢).

Proof. In order to prove the desired bound on the expected convergence time, we only need two
simple observations. First, the initial tour can have length at most 2n as the number of edges is
n and every edge has length at most 2. And second, every 2-Opt step decreases the weight of the
tour by a polynomially large amount. The latter can be shown by a union bound over all possible
2-Opt steps. Consider a fixed 2-Opt step S, let e; and ey denote the edges removed from the tour
in step S, and let e3 and e4 denote the edges added to the tour. Then the improvement A(S) of
step S can be written as

A(S) = d(el) + d(eg) — d(eg) — d(€4) . (1)

Without loss of generality let e; = (v1,v2) be the edge between the vertices v; and vy, and let
es = (v3,v4), e3 = (v1,v3), and eq4 = (ve,v4). Furthermore, let x; denote the z-coordinate of vertex
v; and let y; denote its y-coordinate. Then the improvement A(S) of step S can be written as

A(S) =|z1 — zo| + |x3 — 24| — |21 — 23| — |72 — 24]

+ |y —vol + ly3 — yal — lyr — 3| — ly2 —val .

Depending on the order of the x- and y-coordinates, A(S) can be written as linear combination
of the coordinates, e.g., for x1 > x9 > x3 > x4 and y1 > y2 > y3 > y4 the improvement A(S)
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can be written as —2x9 + 2x3 — 2ys + 2y3. There are (4!)2 such orders and each one gives rise to
a linear combination of the xz- and y-coordinates with integer coefficients. For each of these linear
combinations, the probability that it takes a value in the interval (0, ¢] is bounded by e¢. In order
to see this, assume that all variables that appear in the linear combination, i.e., whose coefficients
are not zero, except one of them have already been determined by an adversary. No matter of how
the adversary has chosen these variables, the linear combination can only take a value in (0, ] if the
last variable takes a value in some interval of length at most €. This interval is determined by the
decisions of the adversary. However, for every such interval the probability that the last variables
takes a value in it is bounded by £¢. Since A(S) can only take a value in the interval (0,¢] if one
of the linear combinations takes a value in this interval, the probability of the event A(S) € (0,¢]
can be upper bounded by (4!)%e¢.

Let Apmin denote the improvement of the smallest improving 2-Opt step S, i.e., Apn =
min{A(S)|A(S) > 0}. We can estimate Ay, by a union bound, yielding

Pr[Amin < €] < (4)%en’s

as there are at most n? different 2-Opt steps. Let T denote the random variable describing the
number of 2-Opt steps before a local optimum is reached. Observe that 1" can only exceed a given
number ¢ if the smallest improvement A, is less than 2n /¢, and hence

2n

N2,,5
Pr[TZt]gPr[AmmgT] < 24

t

Since there are at most (n!) different TSP tours and none of these tours can appear twice during
the local search, T is always bounded by (n!). Altogether, we can bound the expected value of T
by
n! n!
2(41)2n’¢
E[T] = PriT >t < e

Bounding the n-th harmonic number by In(n) 4+ 1 and using In(n!) = O(nlogn) yields
E[T] = O0(n®-logn - ¢) .
O

The bound in Theorem 6 is only based on the smallest improvement Ap,;, made by any of the
2-Opt steps. Intuitively, this is too pessimistic since most of the steps performed by 2-Opt yield
a larger improvement than Any;,. In particular, two consecutive steps yield an improvement of at
least Apmin plus the improvement Agi)n of the second smallest step. This observation alone, however,
does not suffice to improve the bound substantially. Instead, we regroup the 2-changes to pairs such
that each pair of 2-changes is linked by an edge, i. e., one edge added to the tour in the first 2-change
is removed from the tour in the second 2-change, and we analyze the smallest improvement made
by any pair of linked 2-Opt steps. Obviously, this improvement is at least Ay + Agi)n but one
can hope that it is in fact much larger since it is unlikely that the 2-change that yields the smallest
improvement and the 2-change that yields the second smallest improvement form a pair of linked
steps. We show that this is indeed the case and use this result to prove the bound on the expected
length of the longest path in the state graph of 2-Opt on ¢-perturbed L; instances claimed in

Theorem 2.
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4.1.1 Construction of Pairs of Linked 2-Changes

Consider an arbitrary sequence of consecutive 2-changes of length ¢. The following lemma guarantees
that the number of disjoint and linked pairs of 2-changes in every such sequence increases linearly
with the length ¢.

Lemma 7. In every sequence of t consecutive 2-changes the number of disjoint pairs of 2-changes
that are linked by an edge, i.e., pairs such that there exists an edge added to the tour in the first
2-change of the pair and removed from the tour in the second 2-change of the pair, is at least
t/3—n(n—1)/12.

Proof. Let S1,...,S; denote an arbitrary sequence of consecutive 2-changes. The sequence is pro-
cessed step by step and a list £ of linked pairs of 2-changes is created. However, these pairs are not
necessarily disjoint. Hence, after the list has been created, pairs have to be removed from the list
until there are no non-disjoint pairs left. Assume that the 2-changes Si,...,.S;—1 have already been
processed and that now 2-change S; has to be processed. Assume further that in step S; the edges
e and e are exchanged with the edges e3 and e4. Let j denote the smallest index with j > ¢ such
that edge e3 is removed from the tour in step S; if such a step exists. In this case, the pair (5;,5;)
is added to the constructed list £. Analogously, let 5’ denote the smallest index with j° > ¢ such
that edge ey is removed from the tour in step Sj if such a step exists. In this case, also the pair
(Si,Sj) is added to the list L.

After the sequence has been processed completely, each pair in £ is linked by an edge but we still
have to identify a subset £’ of £ consisting only of pairwise disjoint pairs. This subset is constructed
in a greedy fashion. We process the list £ step by step, starting with an empty list £’. For each
pair in £, we check whether it is disjoint from all pairs which have already been inserted into £ or
not. In the former case, the current pair is inserted into £’. This way, we obtain a list £’ of disjoint
pairs such that each pair is linked by an edge. The number of pairs in £ is at least 2t — n(n —1)/2
since each of the t steps gives rise to 2 different pairs, unless an edge is added to the tour which is
never removed again. Each 2-change occurs in at most 4 different pairs in £, hence, each pair in
L is non-disjoint from at most 6 other pairs in £. This implies that £ contains at most 6 times as
many pairs as £’ which concludes the proof. O

Consider a fixed pair of 2-changes linked by an edge. Without loss of generality assume that in
the first step the edges {v1,v2} and {vs,v4} are exchanged with the edges {vy,v3} and {vy,v4}, for
distinct vertices vy, ...,v4. Also without loss of generality assume that in the second step the edges
{v1,v3} and {vs,v6} are exchanged with the edges {vi,v5} and {vs,vg}. However, note that the
vertices vs and vg are not necessarily distinct from the vertices v and v4. We distinguish between
three different types of pairs.

1. {ve,v4} N{vs,v6}| = 0. We can assume w.l.o.g. that in the second step the edges {v1,vs}
and {vs,vg} are added to the tour. See Figure 4.

2. {ve,v4} N{vs,v6}| = 1. We can assume w.l. o.g. that vo € {vs,v6}. We have to distinguish
between two subcases: a) The edges {v1,v5} and {v9,v3} are added to the tour in the second
step. b) The edges {v1,v9} and {vs,v5} are added to the tour in the second step. These cases
are illustrated in Figure 5.

3. {wv2,v4} N{vs,v6}| = 2. The case vo = v5 and vy = vg cannot appear, as it would imply that
the tour is not changed by performing the considered pair of steps. Hence, for pairs of this
type, we must have vy = vg and vy = vs.
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Figure 4: A pair of type 1: First the edges {v1,v2} and {v3,v4} are exchanged with the edges
{v1,v3} and {vy,v4}, then {v1,v3} and {vs,vs} are exchanged with {v1,vs} and {vs, vg}.

vy v U 2 by v o

V4 v3 U3

Figure 5: A pair of type 2: First the edges {v1,v2} and {v3,v4} are exchanged with the edges
{v1,v3} and {v9,v4}, then {vy,v3} and {vy,vs5} are exchanged with either {vy,vs} and {vy,vs3} or
{v1,v2} and {vs, v5}.

When distances are measured according to the Lo metric, pairs of type 3 result in vast de-
pendencies and hence the probability that there exists a pair of this type in which both steps are
improvements by at most € w.r.t. the Lo metric cannot be bounded appropriately. In order to
reduce the number of cases we have to consider and in order to prepare the analysis of ¢-perturbed
Lo instances, we exclude pairs of type 3 from our probabilistic analysis by leaving out all pairs of
type 3 when constructing the list £ in the proof of Lemma 7.

We only need to show that there are always enough pairs of type 1 or 2. Therefore consider two
steps S; and S; with ¢ < j that form a pair of type 3. Assume that in step S; the edges {v1,v2} and
{v3,v4} are replaced by the edges {v1,v3} and {v2,v4}, and that in step S; these edges are replaced
by the edges {vi,v4} and {ve,v3}. Now consider the next step S; with [ > j in which the edge
{v1,v4} is removed from the tour if such a step exists and the next step Sy with I’ > j in which
the edge {v2,v3} is removed from the tour if such a step exists. Observe that (S5;,.5;) and (S;, Sy)
cannot be pairs of type 3, that is [ # I, since otherwise the improvement of one of the steps S;, S;,
or S; must be negative. Hence, with each pair (S;,5;) of type 3 we can associate two pairs (S}, S;)
and (5}, Sy) of type 1 or 2, unless one of the edges added to the tour in S} is never removed again.
Observe that each pair of type 1 or 2 can be associated with at most 2 different pairs of type 3.
Hence, if z denotes the number of type 3 pairs, then the total number of pairs of type 1 or 2 must be
at least © —n(n —1)/4. Since the total number of pairs is at most 2¢, we have 2z —n(n—1)/4 < 2t
and hence z <t +n(n — 1)/8. Since the total number of pairs is at least 2t —n(n — 1)/2, the total
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number of pairs of type 1 or 2 is at least ¢t — 5n(n — 1)/8. Now the list £ is constructed exactly as
before, yielding the following lemma.

Lemma 8. In every sequence of t consecutive 2-changes the number of disjoint pairs of 2-changes
of type 1 or 2 is at least t/6 — 5n(n — 1)/48. O

4.1.2 Analysis of Pairs of Linked 2-Changes
We prove the following lemmas about pairs of type 1 and 2.

Lemma 9. In a ¢-perturbed Ly instance with n vertices, the probability that there exists a pair of
type 1 in which both 2-changes are improvements by at most € is bounded by O(n® - &% - ¢?).

Lemma 10. In a ¢-perturbed L, instance with n vertices, the probability that there exists a pair of
type 2 in which both 2-changes are improvements by at most € is bounded by O(n® - €% - $?).

Proof of Lemma 9. We use the notations from Figure 4, i.e., we assume that in the first step the
edges {v1,v2} and {vs,v4} are replaced by the edges {v1,v3} and {ve,v4} and that in the second step
the edges {v1,v3} and {vs,vs} are replaced by the edges {v1,vs5} and {vs,vs}. For i € {1,...,6},
let z; denote the z-coordinate of vertex v; and let y; denote its y-coordinate. Furthermore, let
A denote the (possibly negative) improvement of the first step and let Ag denote the (possibly
negative) improvement of the second step. A; and Ay can be written as

Al :\xl — $2’ + ‘LEg — LE4’ — ]331 — xg‘ — ’xg — a:4\
+y1 = yol + lyz — ya| — [y — vl — ly2 — y4l

and

Ag :|:E1 —JE3| + |l‘5 — £E6| — |331 — :E5| — |:E3 — l‘6|

+ly1 —ysl + s — yel — lyr — s — lys —wsl -

For any fixed order of the z-coordinates and the y-coordinates, A; and Ay can be expressed as
linear combinations of the coordinates with integer coefficients. For fixed orders o, and o, of the
z- and y-coordinates, let A(f”’ay and Ag””’ay denote the corresponding linear combinations. Let A
denote the event that both A; and Ag take values in the interval (0,¢], and for fixed orders o, and
oy, let A% denote the event that both linear combinations A(f”’ay and Ag””’ay take values in the
interval (0,¢]. Obviously A can only occur if for at least one pair of o, and o, the event A%+

occurs. Hence, we obtain the following estimate

Pr[A] < ) Pr[A®]

Oz,0y

Since there are only a constant number of different orders o, and oy, we only need to show that

for every pair of orders o, and o, the probability of the event A72:?v is bounded from above by

O(£2¢?). Then a union bound over all possible pairs of linked 2-changes of type 1 yields the lemma.

We divide the set of possible pairs of linear combinations (A‘fz’gy, Agz’oy) into three classes. We

say that a pair of linear combinations belongs to class A if at least one of the linear combinations
Oz,0y

equals 0, we say that it belongs to class B if A} = —A7"? and we say that it belongs to class C
if AT"°Y and AJ"?? are linearly independent. For orders o, and oy that yield pairs from class A or
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B, the event A%+“v can never occur since in both cases the value of at least one linear combination
is at most 0. For orders o, and o, that yield pairs from class C, we can apply Lemma 31 from
Appendix A which yields that the probability of the event 4°%%% is bounded from above by £2¢?.
Hence, we only need to show that every pair (A7"?Y, A7"°%) of linear combinations belongs either
to class A, B, or C.

Consider fixed orders o, and o,. We split AT and AJ"°Y into the z and the y parts, i.e.,
AT = X7* + Y)Y and AJ"Y = XJ* 4+ Y, ", and we show that the pair of linear combinations
(X7", X3") belongs either to class A, B, or C. For symmetry reasons the same must then be true
for the pair (Y77%,Yy"). One can easily see that this directly implies that also (A7T*7*, AJ*?¥) must
belong to one of the aforementioned classes.

Now assume for contradiction that the pair of linear combinations (X7*, XJ*) is linearly depen-
dent for the fixed order o, but does not belong to class A or B. Observe that this can only happen
if X7* does not contain z and x4 and if XJ” does not contain x5 and zg. The former can only
happen if either x3 > x4, T9 > x4, and xo > 21 or if 23 < x4, 22 < x4, and z9 < x1. The latter can
only happen if either x5 > xg, 3 > x4, and x5 > z1 or if x5 < xg, 3 < g, and x5 < x7.

n the case x3 > x4, 2 > x4, and xo > 1, We can write as
In th 3 > T4, T3 > T4, and 12 > T7, te X7*
—2x1 +2x3 if x1 > x3
sz:—azl—kxg—]a;l—xg\: ]
0 if z3 > x4

In the case 23 < x4, 2 < 24, and x5 < 21, We can write X7* as
3 4, L2 4, 2 1 1

0 ifxlza;g
X" =m — a3 — |1 — 23] = .
2x1 — 2x3 if z3 > 14

In the case x5 > xg, 3 > xg, and x5 > x1, we can write XJ* as
5 69 3 65 5 1 2

2%1 —2%3 if I ng
XJ* =x) —x3+ |1 — 23| = ]
0 if x3 > o1

In the case z5 < ¢, 3 < x¢, and x5 < 1, we can write XJ° as

0 ifx; >x
Xg””:—xl—kxg—k]a:l—xg\: ) L=
—2x1 +2x3 if 3 > 17

Hence, if one chooses the order such that xo, x4, x5, and xg cancel out, then in the case x1 > x3,
we have
X7 €40, -2z + 2z3}

and

XQU”C S {O,le - 2%3} .

Hence, the pair of resulting linear combinations in the case 1 > x3 belongs either to class A or to
class B. Analogously, in the case x3 > x1 we have

Xanc S {O,le — 2%3}

and
X3= € {0, —2x; + 2x3} .

Hence, also in this case, the pair of resulting linear combinations belongs either to class A or to
class B. 0
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With similar arguments we prove Lemma 10.

Proof of Lemma 10. We first prove the lemma for pairs of type 2 a). Using the same notations as
in the proof of Lemma 9, we can write the improvement Ay now as

Ag :|$1 —$3| + |l‘2 — ZE5| — |331 — ZE5| — |ZE2 — l‘3|

+ vy —ysl + ly2 —ys| — ly1 — us| — |ly2 —ys| -

Again we show that the pair of linear combinations (X7, X5*) belongs either to class A, B, or C,
which implies the same for the pair (A(lj””’gy, Ag”’ay) we are interested in. Assume for contradiction
that the pair of linear combinations (X7*, X5") is linearly dependent for the fixed order o, but does
not belong to class A or B. Observe that this can only happen if X7* does not contain z4 and if
X3* does not contain x5. The former can only happen if either 3 > x4 and x9 > 4 or if 3 < x4
and zo < x4. The latter can only happen if either zo > x5 and 1 > x5 or if z9 < z5 and x1 < x5.

In the case x3 > x4 and x9 > x4, we can write X7* as

—2x9 +2x3 if 1 > x3 and 1 > x9
—2x1 +2x3 if 1 > 23 and 21 < 29
X7® = oy — w2| — |w1 — @3] — 32 + 23 = : - N
221 — 219 if 1 <23 and x1 > 29
0 if 1 <23 and 1 < 29

In the case z3 < x4 and z2 < 4, we can write X7* as

0 if 1 > x3 and 1 > 29

—2x1 + 229 if 21 > 23 and 1 < 29
Xf””:\xl—m2]—|x1—x3\+x2—m3: . 3

2x1 — 2x3 if 1 <23 and 1 > 29

219 — 223 if z1 <23 and 71 < 29

In the case x5 > x5 and 1 > x5, we can write X5° as

0 if 11 > x3 and 29 > x3

219 — 223 if 1 > 23 and o9 < 23
Xg”:|l‘1—l‘3|—|$2—l‘3|—l‘1+l‘2: .

—2x1 + 2x3 if v1 < x3 and z9 > 23

—2x1 + 229 if 11 < x3 and z9 < 23

In the case x5 < 25 and 1 < x5, we can write XJ* as

211 — 229 if 1 > x3 and o > x3
2x1 — 2z if x1 > a3 and 29 <z
Xg””:\xl—x3]—|x2—x3\+x1—x2: 3 . = =3
—2x9 + 223 if 1 < x3 and x9 > 13
0 if 11 <z3 and 29 < x3

Hence, if one chooses the order such that x4 and x5 cancel out, then in the case x1 > x3, we
have
sz € {0, —2x1 + 2x9, —2x1 + 223, —279 + 223}
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and
ng € {0,2x1 — 2x9,2x1 — 223,229 — 223} .

Hence, the pair of resulting linear combinations in the case x1 > x3 belongs either to class A, B, or
C. Analogously, in the case x3 > x1 we have

sz S {0,23)1 — 2x9,2x1 — 273,209 — 23}3}

and
X9* € {0, 2z + 229, —2x1 + 223, —2w9 + 223} .

Hence, also in this case, the pair of resulting linear combinations belongs either to class A, B, or C.
It remains to consider pairs of type 2 b). For these pairs, we can write Ay as

AQ :]azl — xg‘ + ‘1’2 — $5’ — ‘1’1 — a:2] — |a:3 — 1’5‘

+ vy —ysl + ly2 —ys| — ly1 — v2| — lys —ys| -

Assume that the pair of linear combinations (X7*, X5*) is linearly dependent for the fixed order
o, but does not belong to class A or B. Observe that this can only happen if X7* does not contain
x4 and if XJ* does not contain x5. As we have already seen for pairs of type 2 a), the former can
only happen if either z3 > x4 and x9 > x4 or if x3 < x4 and xo < z4. The latter can only happen
if either x9 > x5 and x3 > x5 or if 29 < x5 and x3 < z5.

In the case z9 > x5 and x3 > x5, we can write X5° as

219 — 213 if x1 > z3 and 1 > 29
211 — 23 if 1 > 23 and 21 < 29
Xg’”:—xl—x2\+]azl—x3\+x2—m3: )

—2x1 + 229 if 1 < z3 and z1 > 29

0 if 1 <z3and x1 < 29
In the case x5 < x5 and z3 < x5, we can write XJ° as

0 if 11 > x3 and x1 > 29
211 — 229 if 1 > z3 and 21 < 29
X% = —|xy — 29| + |21 — 23| — 22 + 23 = .

—2x1 +2x3 if z1 < x3 and 1 > a9

—2x9 + 223 if 1 < z3 and z1 < 29

Hence, if one chooses the order such that x4 and x5 cancel out, then in the case x1 > x3 and
r1 > 2, we have
Xanc € {0, —2x9 + 2x3}

and
X37 € {0,2x9 — 223} .

Hence, the pair of resulting linear combinations in this case belongs either to class A or to class B.
One can easily see that also in the other three cases only pairs of class A, B, or C can occur. O
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4.1.3 The Expected Number of 2-Changes on ¢-perturbed L; instances

Based on Lemmas 8, 9, and 10, we are now able to prove part a) of Theorem 2.

Proof of Theorem 2 a). Let T denote the random variable that describes the length of the longest
path in the state graph. If T" > t, then there must exist a sequence Si,...,S; of t consecutive
2-changes in the state graph. We start by identifying a set of linked pairs of type 1 and 2 in this
sequence. Due to Lemma 8, we know that we can find at least t/6 — 5n(n — 1)/48 such pairs. For

i€ {1,2}, let AYD denote the smallest improvement made by any pair of improving 2-Opt steps of

mm

type . For t > n?, we have /6 — 5n(n — 1)/48 > t/16 and hence due to Lemmas 9 and 10,

Pr[T > { Pr [A(l) _3in]+P [A(z < }

IN

min min

- ofo{2])cofom{E.)
- ofom{e)

Since T is at most n!, this implies the following bound on the expected running time

|=n —I—ZO(mln{ nog? 1}>zo(n4.¢) .

This concludes the proof of part a) of the theorem. O

It is well-known that for an arbitrary set of n points in the unit square and for an arbitrary
metric on R? the optimal tour visiting all n points has length O(y/n) (see, e.g., [CKT99]). Further-
more, every insertion heuristic finds an O(log n)-approximation [RSI77]. Hence, if one starts with
a solution calculated by an insertion heuristic, the initial tour has length O(y/n - logn). Using this
observation yields part a) of Theorem 3.

Proof of Theorem 3 b). Since the initial tour has length O(y/n-logn), we obtain for an appropriate
constant ¢ and t > n?,

Pr[T >t < Pr[A(l cVn: 10%"} [A@ < ¢ vn logn f log n

min — min

7. L 42
_ 0 (mm{w7 1})
t2

n! 2
E[T] =n? —I—ZO <min{M,l}> = 0(n3® -logn - ¢) .

t2
t=1

This yields
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4.2 The L, Metric

Now we consider ¢-perturbed Lo instances. The structure of the analysis is very similar to the
analysis of ¢-perturbed L instances that we presented in the previous section. In fact, we only
exchange Lemmas 9 and 10 with their equivalent versions for the Lo metric.

Lemma 11. For ¢-perturbed Lo instances, the probability that there exists a pair of type 1 in which
both 2-changes are improvements by at most € is bounded by O(n% - €2 - (log?(1/¢) + 1) - ¢°).

Lemma 12. For ¢-perturbed Lo instances, the probability that there exists a pair of type 2 in which
both 2-changes are improvements by at most € is bounded by O(n® - £3/2 . (log(1/e) + 1) - ¢*).

The bounds which these lemmas provide are slightly weaker than their L; counterparts, and
hence, also the bound on the expected running time is slightly worse for Lo instances. The proof
of these lemmas is based on a careful probabilistic analysis of a single 2-change which is then
used to yield bounds on the improvement of pairs of linked 2-changes. We like to mention that
already the analysis of a single 2-change when used as in the proof of Theorem 6 yields a bound of
o(n’ - log?n - #3) for the expected number of 2-changes. For Lo instances in which all points are
distributed uniformly over the unit square, this bound improves already the previous known bound
of O(n'? -logn).

4.2.1 Analysis of a Single 2-Change

Before we can prove Lemmas 11 and 12, we have to understand the random variable that describes
the improvement of a single 2-change. In this section, we analyze this variable under certain condi-
tions. If, e. g., we would like to analyze a pair of linked 2-changes that share an edge e, it is helpful
to know the densities of the random variables that describe the improvements of the first and the
second 2-change under the condition that the length of e is given.

We analyze a 2-change in which the edges {O,Q1} and {P,Q2} are exchanged with the edges
{0,Q2} and {P,Q1} for some vertices O, P, ()1, and Q2. In the considered input model, each
of these points has a probability distribution over the unit square according to which it is chosen.
We consider a simplified random experiment in which O is chosen to be the origin and P, @1, and
Q- are chosen independently and uniformly from the interior of a circle with radius v/2 around the
origin. Due to the rotational symmetry of this model, we assume further that that P lies at position
(0,T), where T denotes the distance between O and P. In the next section, we explain how the
analysis of this simple random experiment helps us to analyze the actual random experiment that
occurs in the probabilistic input model.

Let Z; denote the difference d(O, Q1) — d(P,Q1) and let Zy denote the difference d(O,Q2) —
d(P,Q2). Then the improvement A of the 2-Opt step can be expressed as Z; — Z3. Before we
analyze A, we consider the random variables Z; and Zs and prove the following lemma about their
densities.

Lemma 13. Let i € {1,2}, let Q = Q;, and let R = d(O,Q) denote the distance between the
origin O and the point Q). Let Z denote the random variable d(O, Q) — d(P,Q), i.e., Z = Z;. For
z € [=7,min{7,2r — 7}], the conditional density fzr—r r— of the random variable Z, given T = T
and R =1 with 0 < r,7 < /2, can be upper bounded by

2 .
= if r>T1

f217=rr=r(2) < . 2Z _
G o T=T



For z ¢ [—7,min{7,2r — 7}|, the density fzir—r p=r(2) is 0.

The proof of this Lemma can be found in Appendix B.1.

Based on Lemma 13, we prove the following lemma which shows an upper bound on the con-
ditional density of the improvement A of the 2-Opt step given the distance T and the distances
Ry = d(0,Q1) and Ry = d(O,Q2). Observe that the distance T" affects both Z; and Z, while the
distances Ry and Ry affect only Z; or Z,, respectively.

Lemma 14. Let 7, r1, and ro be distances with r1 < ro and 0 < 7,171,792 < /2. Furthermore,
let Zy and Zs be independent random variables drawn according to the densities fp—r p—y,(2) and
f217=r,R=r,(2), Tespectively, and let A = Zy—Zy. For a sufficiently large constant k, the conditional
density of A for 6 > 0, given T, r1, and ro, is bounded by

f(ln(%)—i—l) ifr<riand T <ry
; 5 < . (1n (1) +1n (7|2(T1_1T2)_5‘) + 1) ifri <7t andry<T
AlT=7,R1=r1,Ra=r2 = = (In (%) +1) ifri <7 <1

s (0 @)+ () +1) Wresrsn

In order to prove this lemma, one basically just needs to calculate the convolution of the density
given in Lemma 13 with itself. We present these calculations in Appendix B.2. The Lemmas 13
and 14 contain most of the work. Now the necessary bounds on the density of A and Z; that are
summarized in the next four lemmas follow from these lemmas simply by integrating over some of
the conditions. The proofs of these lemmas can be found in Appendix B.3.

The next lemma gives an upper bound on the conditional density of the random variable A
under the condition that only one of the distances R; and Ry is given. It follows from Lemma 14
by integrating over all values of the other distance and of 7.

Lemma 15. Let r be an arbitrary distance with 0 < r < /2. For a sufficiently large constant k and
for i € {1,2}, the conditional density fa|r,—r(0) of A for 6 > 0 under the condition d(O,Q;) = r

can be bounded by
K 1
fA|Ri:r(5) < W : <ln <5> + 1>

If we integrate the conditional density given in Lemma 14 over all values which the distances
Ry and Ry can take, we obtain the following lemma.

Lemma 16. Let 7 be an arbitrary distance with 0 < 7 < /2. For a sufficiently large constant k,
the conditional density fair—-(0) of A for 6 > 0 under the condition T = T can be bounded by

far=-(9) < ; : <ln <%> + 1>

The following lemma gives a bound on the conditional density of the random variable Z;, given
the distance T'. It follows by integrating the conditional density given in Lemma 13 over all values
which the distance R can take.

Lemma 17. Let 7 be an arbitrary distance with 0 < 7 < /2. For a sufficiently large constant k
and for i € {1,2}, the conditional density fz,7—; of Z; under the condition T'= T can be bounded
by

K

fZi‘T:T(Z) < ﬂ
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if |2| < 7. Since Z; takes only values in the interval [—7,7], the conditional density fz,r—.(2) is 0
for z ¢ [—T,7].
If we consider only a single 2-change, then it is not necessary to consider the conditional density

of A. In order to get rid of the last condition, we can take the conditional density from Lemma 16
and integrate over all values T can take. This yields the following lemma.

Lemma 18. For a sufficiently large constant k, the density fa(0) of A for § > 0 can be bounded by

Fa(6) <k <ln (%) + 1)

4.2.2 Simplified Random Experiments

In the previous section we did not analyze the random experiment that really takes place. Instead
of choosing the points according to the given density functions, we simplified their distributions by
placing point O in the origin and by giving the other points P, 01, and ()5 uniform distributions
centered around the origin. In our input model, however, each of these points is described by a
density function over the unit square. We consider the probability of the event A € [0,&] in both
the original input model as well as in the simplified random experiment. In the following, we denote
this event by £. We claim that the simplified random experiment that we analyze is only slightly
dominated by the original random experiment, in the sense that the probability of the event £ in
the simplified random experiment is smaller by at most some factor depending on ¢.

In order to compare the probabilities in the original and in the simplified random experiment,
consider the original experiment and assume that the point O has position (x,%) € [0, 1]?. Then one
can identify a region R, ,) C RS with the property that the event &€ occurs if and only if the random
vector (P, Q1,Q2) lies in R(,,). No matter of how the position (z,y) of O is chosen, this region
always has the same shape, only its position is shifted. Let V = sup(, (0,112 VOI(R (2,4 N [0, 1]%).
Then the probability of £ can be bounded from above by @3-V in the original random experiment.
One can easily see that

R(m,y) N [07 1]6 = R(O,O) N ([_337 1- ;U] X [_yv 1- y])3 - 7—‘)’(0,0) N [_17 1]6 :

Hence for V' = vol(R(g) N [~1,1]°) we have ¥V < V'. Observe that the probability of £ in the
simplified random experiment can be bounded from below by (1/(27))3 -V’ since the circle centered
around the origin with radius v/2 contains the square [—1,1]? completely. Hence, the probability
of £ in the simplified random experiment is smaller by at most a factor of (27¢)3 compared to the
original random experiment.

Taking into account this factor and using Lemma 18 and a union bound over all possible 2-
changes yields the following lemma about the improvement of a single 2-change.

Lemma 19. The probability that there exists an improving 2-change whose improvement is at most

€ 1s bounded from above by
1
(@] <n4-6- <10g <E> + 1> -gb?’)

Using similar arguments as in the proof of Theorem 6, yields the following upper bound on the
expected number of 2-changes.

Theorem 20. Starting with an arbitrary tour, the expected number of steps performed by 2-Opt on
p-perturbed Ly instances is O(n” -log*n - ¢3).
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Pairs of Type 1. In order to improve upon Theorem 20, we consider pairs of linked 2-changes
as in the analysis of ¢-perturbed L; instances. Since our analysis of pairs of linked 2-changes is
based on the analysis of a single 2-change that we presented in the previous section, we also have
to consider simplified random experiments when analyzing pairs of 2-changes. For a fixed pair of
type 1, we assume that point vs is chosen to be the origin and the other points v, vo, vy, vs5, and
vg are chosen uniformly from a circle with radius v/2 centered at v3. Let £ denote the event that
both A; and Ay lie in the interval [0, £], for some given €. With the same arguments as above, one
can see that the probability of £ in the simplified random experiment is smaller compared to the
original experiment by at most a factor of (27¢)®.

Pairs of Type 2. For a fixed pair of type 2, we consider the simplified random experiment in
which vs is placed in the origin and the other points vy, vs, v4, and vs are chosen uniformly from a
circle with radius v/2 centered at vy. In this case the probability in the simplified random experiment
is smaller by at most a factor of (2w¢)*.

4.2.3 Analysis of Pairs of Linked 2-Changes

Finally, we can prove Lemmas 11 and 12.

Proof of Lemma 11. We consider the simplified random experiment in which vs is chosen to be the
origin and the other points are drawn uniformly at random from a circle with radius v/2 centered at
v3. If the position of the point v is fixed, then the events A; € [0,¢] and Ag € [0, ¢] are independent
as only the vertices v; and v3 appear in both the first and the second step. In fact, because the
densities of the points v, v4, vs, and vg are rotationally symmetric, the concrete position of vy is
not important in our simplified random experiment anymore, but only the distance R between vy
and v is of interest.

For ¢ =1 and ¢ = 2, we determine the conditional probability of the event A; € [0, ] under the
condition that the distance d(vy,v3) is fixed with the help of Lemma 15 and obtain, for a sufficiently
large constant x,

€
Pr [Az € [07 6] | d(’Ul,U3) = 7"] = /5_0 fAi|d(v1,v3):r(5) dé
K

e ()

Since for fixed distance d(vi,v3) the random variables A; and Ay are independent, we obtain

Pr(Ay Ay € [0.6] [d(on,vg) =] < .2 <ln <1> +1>2

(D) 1) 5

for a sufficiently large constant . For r € [0,1/2], the density Jd(vi,v5) Of the random variable
d(v1,v3) in the simplified random experiment is fj(y, 4,)(7) = r. Combining this observation with

IN
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the bound given in (2) yields

V2
Pr[Ay, A € [0,2] :/ P Pr(As, Ay € [0,¢] | d(vr, v3) = 7] dr
0

< V2 e <1n2 <§> + 1>

There are O(n®) different pairs of type 1, hence a union bound over all of them concludes the proof
of the lemma when taking into account the factor (2m¢)® that results from considering the simplified
random experiment. [l

Proof of Lemma 12. We consider the simplified random experiment in which vs is chosen to be the
origin and the other points are drawn uniformly at random from a circle with radius v/2 centered
at vo. In contrast to pairs of type 1, pairs of type 2 exhibit larger dependencies as only 5 different
vertices are involved in these pairs. Fix one pair of type 2. The two 2-changes share the whole
triangle consisting of v1, vo and v3. In the second step, there is only one new vertex, namely vs.
Hence, there is not enough randomness contained in a pair of type 2 such that A; and A, are nearly
independent as for pairs of type 1.

We start by analyzing pairs of type 2 a). First we analyze the probability that A; lies in
the interval [0,e]. After that we analyze the probability that As lies in the interval [0,e] under
the condition that the points vi, ve, v3 and v4 have already been chosen. In the analysis of the
second step we cannot make use of the fact that the distances d(vy,v3) and d(ve,v3) are random
variables anymore since we exploited their randomness already in the analysis of the first step.
The only distances whose randomness we can exploit are the distances d(vy,vs) and d(ve,vs). We
pessimistically assume that the distances d(v1,v3) and d(va,v3) have been chosen by an adversary.
This means the adversary can determine an interval of length e in which the random variable
d(vg,vs) — d(v1,v5) must lie in order for Ay to lie in [0, ].

Due to Lemma 15, the probability of the event Ay € [0, ] under the condition d(v1,v2) = r can
be bounded by

Pr[A; € [0,¢]|d(v,v2) =71] < % e (ln (é) + 1> (3)
for a sufficiently large constant k. Due to Lemma 17, the conditional density of the random variable
Z = d(ve,vs) — d(v1,v5) under the condition d(vy,v2) = r can be bounded by

K

T 214001 02)=r(2) < =

for |z] <.

The intervals the adversary can specify which have the highest probability of Z falling into them
are [—r, —r + ¢} and [r — ¢, r]. Hence, the conditional probability of the event Ay € [0,¢] under the
condition d(vy,v2) = r and for fixed points vs and vy is bounded from above by

K ! \/_

r K r
/z:max{r—s,—r} Vr? — 22 \/; z=max{r—e,—r} /T —

for a sufficiently large constant x’. Combining this inequality with (3) yields

r

k! 1
PriAy, Ay € [0,] [d(vr,v0) = 7] < T 372 <1n <g> +1>
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In order to get rid of the condition d(v1,v2) = 7, we integrate over all possible values the random
variable d(vy,v7) can take. For 0 < r < /2, the density of fa(vi v2)(7) equals 7. Hence, we get

Pr[A;, Ay € [0,e] < /jr il 'T"‘/ 32 <ln <§> + 1> dr =0 <€3/2 <ln (é) + 1>>

Applying a union bound over all O(n®) possible pairs of type 2 concludes the proof when one takes
into account the factor (2m¢)* due to considering the simplified random experiment.

For pairs of type 2 b), the situation looks somewhat similar. We analyze the first step and in
the second step, we can only exploit the randomness of the distances d(vg, vs) and d(vs,vs). Due to
Lemma 16, the probability of the event A; € [0, ] under the condition d(vy,v3) = 7 can be bounded

by
In E +1 (4)
€
for a sufficiently large constant k.

Due to Lemma 17, the conditional density of the random variable Z = d(ve, v5) — d(vs,v5) under
the condition d(vq,v3) = 7 can be bounded by

Pr[A; € [0,e]|d(va,v3) = 7] <

*\IR

F21d(vy05)=7(2) < N
for |z| < 7.
Similar to pairs of type 2 a), the conditional probability of the event Ay € [0,e] under the
condition d(vq,v3) = 7 and for fixed points v; and v3 is bounded from above by

K

T P T
L:max{7_57_r} VT2 =22 \/F z=max{T—e,—7} \/T —

for a sufficiently large constant x’. Combining this inequality with (4) yields

’f

! 1
Pr[Ay, Ay € [0,6] | d(va, vs) = 7] < o €2 <1n <_> N 1)
T g

In order to get rid of the condition d(vy,v3) = 7, we integrate over all possible values the random
variable d(vq,v3) can take. For 0 < 7 < /2, the density of fa(us,vs)(T) equals 7. Hence, we get

Pr (A, Ay € [0,¢]] < /Tj '{\'/;f/ g3 <ln <§> + 1) dr =0 <€3/2 <ln <§> - 1>>

Applying a union bound over all O(n®) possible pairs of type 2 concludes the proof when one takes
into account the factor (2m¢)* due to considering the simplified random experiment. O

4.2.4 The Expected Number of 2-Changes on ¢-perturbed L5 instances

Based on Lemmas 8, 11, and 12, we are now able to prove part b) of Theorem 2.
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Proof of Theorem 2 b). We use the same notations as in the proof of part a) of the theorem. For
t > n?, we have /6 — 5n(n — 1)/48 > t/16 and hence due to Lemmas 11 and 12,

16\/_71 A® < 16\/_71]

min —

AL <

min —

. n8(log?(t/n 1 . n13/2(log(t/n 1
O<mm{ (og’(t/n) + >¢571}>+0<mm{ (og(t/m) + >¢471}>

This implies the following bound on the expected length of the longest path in the state graph

n! n8 13/2
st Fo {4 o {0
t=1

Splitting the sums at t = n* - log(n¢) - $*/2 and t = n'3/3. log2/3(n¢) - ¢¥/3, respectively, yields

Pr[T > t] Pr +Pr

IN

E(T] = O (n* log(ng) - 6"2) + O (n'¥* - 10g?/3(ng) - 6°)
This concludes the proof of part b) of the theorem. O
Using the same observations as in the proof of part a) of Theorem 3 yields also part b).

Proof of Theorem 3 b). Since the initial tour has length O(y/n-logn), we obtain for an appropriate
constant ¢ and t > n?,

min — min —

nT 5 23/4 1.53/2 . . P
_ O<min{ - log? n210g t o }) +O<min{n log®“n -logt - ¢ 71}>
t $3/2

This implies

!
n n’ -1 1 t-® 23/4 ] 3/2 oot - Bt
E[T]:n2+ZO<min{ 08" nt2og ¢ }>+O<min{n ogtg/gz °8 ¢,1
t=1

Splitting the sums at t = n7/2 - log?(n¢) - ¢°/? and t = n?3/6 . log5/3(n¢) - ¢8/3 respectively, yields

Pr[T >t < Pr [A c-yn- log"] +Pr [A(Q) <@]

E[T] =0 (n7/2 log?(n) - ¢5/2> 10 <n23/6 og®3(n) - ¢8/3)
This concludes the proof of part b) of the theorem. O

4.3 General Graphs

In this section, we analyze the expected number of 2-changes on ¢-perturbed graphs. Observe that
¢-perturbed graphs contain more randomness than ¢-perturbed L; or Lo instances since each edge
length is a random variable that is independent of the other edge lengths. Similar to Ly instances,
it is easy to obtain a polynomial bound on the expected number of steps by just estimating the
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improvement made by any of the 2-changes. For L and Ly instances we improved this simple bound
by considering pairs of linked 2-changes. For ¢-perturbed graphs we pursue the same approach but
due to the larger amount of randomness, we are now able to consider not only pairs of linked steps
but longer sequences of linked steps.

We know that every sequence of steps which contains k distinct 2-changes shortens the tour by at
least AF) = Agi)n—l—- . -—I—Agfi)n, where Affl)m denotes the i-th smallest improvement. This observation
alone, however, does not suffice to improve the simple bound substantially. Instead we show that
one can identify in every long enough sequence of consecutive 2-changes, subsequences that are
linked, where a sequence Si,...,S, of 2-changes is called linked if for every i < k, there exists an
edge which is added to the tour in step S; and removed from the tour in step S;+1. We analyze
the smallest improvement of a linked sequence that consists of &k distinct 2-Opt steps. Obviously,
this improvement must be at least A®*) as in the worst-case, the linked sequence consists of the k
smallest improvements. Intuitively, one can hope that it is much larger than A®) since it is unlikely
that the k£ smallest improvements form a sequence of linked steps. We show that this is indeed the
case and use this result to prove the desired upper bound on the expected number of 2-changes.

To make this more precise, we introduce the notion of witness sequences, i.e., linked sequences
of 2-changes that satisfy some additional technical properties. We show that the smallest total
improvement made by a witness sequence yields an upper bound on the running time, that is,
whenever the 2-Opt heuristic needs many local improvement steps to find a locally optimal solution,
there must be a witness sequence whose total improvement is small. Furthermore, our probabilistic
analysis reveals that it is unlikely that there exists a witness sequence whose total improvement is
small. Together, these results yield the desired bound on the expected number of 2-changes.

4.3.1 Definition of Witness Sequences

In this section, we give a formal definition of the notion of a k-witness sequence. As mentioned
above, a witness sequence S1, ..., S; has to be linked, i. e., for i < k, there must exist an edge which
is added to the tour in step .5; and removed from the tour in step S;11. Let m denote the number
of edges in the graph. Then there are at most 4*~! . m**1 such linked sequences as there are at
most m? different choices for S; and once S; is fixed, there are at most 4m different choices for
Si+1. For a fixed 2-change the probability that it is an improvement by at most € is bounded by
e¢. We would like to show an upper bound of (€¢)k on the probability that each step in the witness
sequence S1,...,S is an improvement by at most €. For general linked sequences, this is not true
as the steps can be dependent in various ways. Hence, we need to introduce further restrictions on
witness sequences.

In the following definitions, we assume that a linked sequence S, ..., Sk of 2-changes is given.
In step S; the edges e;_1 and f;_1 are removed from the tour and the edges e; and g; are added to
the tour, i.e., for i < k, e; denotes an edge added to the tour in step 5; and removed from the tour
in step S;11. These definitions are illustrated in Figure 6.

Definition 21 (witness sequences of type 1). If for every i < k, the edge e; does not occur in any
step S; with j <1, then S1,...,Sk is called a k-witness sequence of type 1.

Intuitively, witness sequences of type 1 possess enough randomness as every step introduces an
edge which has not been seen before. Based on this observation, we prove in Lemma 24 that one
obtains the desired bound of (E¢)k on the probability that every step is an improvement by at most
¢ for these sequences.
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Figure 6: Illustration of the notations used in Definitions 21, 22, and 23. Every node in the DAG
corresponds to an edge involved in one of the 2-changes. An arc from a node u to a node v indicates
that in one of the 2-changes, the edge corresponding to node u is removed from the tour and the
edge corresponding to node v is added to the tour. Hence, every arc is associated with one 2-change.

Definition 22 (witness sequences of type 2). Assume that for every i < k —1, the edge e; does not
occur in any step S; with j <. If the edges ey, g and fr_1 occur in steps S; with j < k and if both
endpoints of fr_o occur in steps S; with j < k—1, then Si,...,Sy is called a k-witness sequence of
type 2.

In general, witness sequences of type 2 possess not enough randomness to obtain the desired
bound of (¢¢)¥ as the last step S, is dependent of the steps before. If we neglect the last step, we
obtain a bound of (¢¢)*~! on the probability that each of the first k — 1 steps is an improvement by
at most . However, due to the additional restrictions, there are much less than 4*~Im*+! witness
sequences of type 2. As the edges e, and g, must be chosen among those edges that occur in the
steps S; with j < k, there are only O(k?) choices for step Si. Furthermore, as the two endpoints
of fr—o must be chosen among those vertices that occur in steps S; with j < k — 1, there are only
O(k?) choices for step Si_1, too. Altogether this implies that the number of k-witness sequences
of type 2 can be upper bounded by O(k* - m*~1) which makes up for the missing e¢ term in the
bound on the probability that each step is an improvement by at most ¢.

Definition 23 (witness sequences of type 3). Assume that for every i < k —1, the edge e; does not
occur in any step S; with j <. If the edges ey, and gi occur in steps S; with j < k and if fr,—1 does
not occur in any step S; with j <k, then S1,...,Sy is called a k-witness sequence of type 3.

Analogously to witness sequences of type 1, witness sequences of type 3 possess enough ran-
domness to bound the probability that every step is an improvement by at most € by (¢)* as also
the last step introduces a new edge, namely fr_;. Analogously to witness sequences of type 2, one
can argue that the number of witness sequences of type 3 is only O(k?mF) as there are only O(k?)
choices for step Si.

4.3.2 Improvement Made by Witness Sequences

In this section, we analyze the probability that there exists a k-witness sequence in which every step
is an improvement by at most €.
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Lemma 24. The probability that there exists a k-witness sequence in which every step is an im-
provement by at most €

a) of type 1 is bounded from above by 4¥~'mF+1(eg)F.
b) of type 2 is bounded from above by k*4*mk=1(ep)F1.
¢) of type 3 is bounded from above by k*4*mF(ep)*.

Proof. We use a union bound to estimate the probability that there exists a witness sequence in
which every step is a small improvement.

a)

We consider k-witness sequences of type 1 first. As already mentioned in the previous section,
the number of such sequences is bounded by 45~ 1m**1 as there are at most m? choices for the
first step S1, and once S; is fixed, there are at most 4m choices for step S;+1. The number 4m
follows since if S; is fixed, there are two choices for the edge added to the tour in step S; and
removed from the tour in step S;41, there are at most m choices for the other edge removed in
step S;+1, and once these edges are determined, there are two possible 2-Opt steps in which
these edges are removed from the tour.

Now fix an arbitrary k-witness sequence Si,...,S; of type 1. We use the same notations as
in Figure 6 to denote the edges involved in this sequence. In the first step, the edges ey and
fo are replaced by the edges e; and g;. We assume that the lengths of the edges eg, fy, and
g1 are determined by an adversary. Analogously to (1), the improvement of step S can be
expressed as simple linear combination of the lengths of the involved edges. Hence, for fixed
lengths of eg, fo, and g1, the event that S is an improvement by at most € corresponds to the
event that the length d(eq) of e lies in some fixed interval of length €. Since the density of
d(eq1) is bounded by ¢, the probability that d(e1) takes a value in the given interval is bounded
by e¢. Now consider a step S; and assume that arbitrary lengths for the edges e; and f; with
j < i and for g; with j <4 are chosen. Since the edge e; is not involved in any step S; with
j < i, its length is not determined. Hence, analogously to the first step, the probability that
step S; is an improvement by at most € is bounded by £¢ independent of the improvements
of the steps S; with j < 4. Applying this argument to every step S; yields the desired bound

of (eg)¥.

In witness sequences of type 2, there are at most m? choices for step S;. Analogously to
witness sequences of type 1, the number of possible choices for S; with 1 < i < k — 1 is at
most 4m. The number of different vertices involved in steps S; with j < k — 1 is at most
4+ 2(k — 3) < 2k as the first step introduces four new vertices and every other step at most
2. Since the endpoints of the edge fi_o must be chosen among those vertices which have been
involved in the steps S; with j < k — 1, there are less than 4k? possible choices for step Si_1.
Furthermore, the number of edges involved in steps S; with ¢ < k is at most 44 3(k —2) < 3k
as the first step introduces four new edges and every other step at most three. Hence, there
are at most 9%k2 choices for step Si. Altogether, this implies that the number of different
k-witness sequences of type 2 is bounded by 36 - k*4*3mF~1 < ki4kmb-1,

For a fixed witness sequence of type 2, applying the same arguments as for witness sequences
of type 1, yields a probability of at most (E¢)k_1 that every step is an improvement by at
most €. This bound is worse by a factor of e¢ compared to the bound for witness sequences
of type 1 since e; has been involved in a step S; with ¢ < k, and hence, the improvement of
step Si can be completely determined by the improvements of the steps 5; with ¢ < k.
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c) With the arguments used above, one can easily see that the number of k-witness sequences
of type 3 is bounded by 9k24%—2mF < k24FmF*. Furthermore, similar to witness sequences of
type 1, we can bound the probability that a fixed k-witness sequence of type 3 consists only
of improvements by at most € by (¢¢)* since the last step introduces an edge which does not
occur in the steps S; with ¢ < k, namely fr_1.

0

Definition 25. In the following, we use the term k-witness sequence to denote a k-witness sequence
of type 1 or an i-witness sequence of type 2 or 3 with i < k. We call a k-witness sequence improving
)

if every 2-change in the sequence is an improvement. Moreover, by A( ws we denote the smallest
total improvement made by any improving k-witness sequence.

Due to Lemma 24, it is unlikely that there exists an improving witness sequence whose total
improvement is small.

Corollary 26. For arbitrarily chosen k and 0 < & < 1/(4F=2mb—1ph=2)1/(k=2)
Pr [Agfs) < 5} < 10k5 (4mep)?

Proof. Due to Lemma 24 and the fact that witness sequences of type 2 or 3 must consist of more
than two steps, applying a union bound yields the following bound on the probability that there
exists an improving k-witness sequence whose total improvement is at most ¢

Pr [Agfs) §€] < 4k—1 k-i-l €¢ Z Aaimi— €¢z 1 Z i24'm

k k

< 4k—1mk+1(6¢)k e Z(4m€¢)i—1 + K2 Z(4m€¢)i

=3 i=3

The condition € < 1/(4%=2mF-1¢+=2)1/(k=2) implies 4me¢p < 1. Hence we can bound the sum by

Pr [Agfg < 5] < 4R LR (e 1 4kS (dmeg)? + KB (dmeg)?
< ALk )R 4 5k (4meg)?

which implies the corollary since for e < 1/(4F=2mF=14pk=2)1/(#=2) the second term in the sum is
at least as large as first one. O

4.3.3 Finding Witness Sequences

In the previous section, we have shown an upper bound on the probability that there exists an
improving k-witness sequence whose total improvement is small. In this section, we show that in
every long enough sequence of consecutive 2-changes, one can identify disjoint k-witness sequences,
where both k and the number of witness sequences grow with the length of the sequence. This way,
we obtain a lower bound on the improvement made by any long enough sequence of consecutive

(k)

2-changes in terms of Ay .

33



Figure 7: A witness DAG: Initially the edges e1, e2, es and n — 3 other edges not shown in this
figure are contained in the tour. First, e; and ey are exchanged with e3 and e4, then e4 and es5 are
exchanged with eg and e7.

Lemma 27. Let k be chosen arbitrarily, and let Si,...,S; denote a sequence of consecutive 2-
changes performed by the 2-Opt heuristic with t > n2%. The sequence S, ...,S; shortens the tour
by at least t/4F+3 . A‘(,fs).

Basically we have to show that one can find ¢/4%+3 disjoint k-witness sequences in the given
sequence of consecutive 2-changes. Therefore, we first introduce a so-called witness DAG (directed
acyclic graph) which represents the sequence Si,...,S; of 2-changes. In order to not confuse the
constructed witness DAG W with the input graph G, we use the terms nodes and arcs when referring
to the DAG W and the terms vertices and edges when referring to G. Nodes of W correspond to
edges of G combined with a time stamp. The construction is started by adding the edges of the
initial tour as nodes into W. These nodes get the time stamps 1,...,n in an arbitrary order. Then
the sequence Si,...,.S; is processed step by step. Assume that the steps Si,....5;_1 have already
been processed and that step S; is to be processed next. Furthermore, assume that in step S; the
edges e;_1 and f;_1 are exchanged with the edges e; and g;. Since the edges e;_1 and f;_1 are
contained in the tour after the steps Si,...,S5;_1, there are nodes in W corresponding to these
edges. Let uy and ug denote the nodes with the most recent time stamps corresponding to e;_1 and
fi—1, respectively. We create two new nodes uz and u4 corresponding to edges e; and f;, each with
time stamp n + 4. Finally, four new arcs are added to W, namely the arcs (u1,us), (u1,uq), (uz,us),
and (ug,uq). We refer to these four arcs as twin arcs. Observe that each node in W has indegree
and outdegree at most 2. We call the resulting DAG W a t-witness DAG. An example of such a
DAG is depicted in Figure 7.

By the height of a node u, we denote the length of a shortest path from w to a leaf of W. After
the witness DAG has been constructed completely, we associate with each node u with height at
least k a sub-DAG of W. The sub-DAG W,, associated with such a node v is the induced sub-DAG
of those nodes of W that can be reached from u by traversing at most k arcs. The following two
lemmas imply Lemma 27.

Lemma 28. For every sub-DAG W,, the 2-changes represented by the arcs in W, yield a total

improvement of at least A%?.

Lemma 29. For t > nd**2 every t-witness DAG contains at least /453 nodes u whose corre-
sponding sub-DAGs W, are pairwise disjoint.

34



Figure 8: Construction of a path in the witness DAG: The path has been constructed up to step S;
and now it has to be decided whether to continue it along e; or €}.

Proof of Lemma 28. It remains to prove Lemma 28. Assume that a sub-DAG W, with root u is
given. Since node u has height k, one can identify 2¥=2 distinct sequences of linked 2-changes of
length & in the sub-DAG W,,. In the following, we show that at least one of these sequences is a
k-witness sequence or a sequence whose total improvement is as large as the total improvement of
one of the k-witness sequences. We give a recursive algorithm that constructs such a sequence step
by step. It is initialized with the sequence which consists only of the first step .S that is represented
by the two outgoing arcs of the root wu.

Assume that the algorithm is called with a sequence of steps 51, ..., S; that has been constructed
so far. Given this sequence, it has to decide if the sequence is continued with a step S;11 such that
S; and S;11 are linked or if the construction is stopped since a k-witness sequence is found. In
Figure 8, we summarize the notations which we use in the following. In step S; for j < ¢+ 1, the
edges e;_1 and f;_; are exchanged with the edges e; and g;. In step 7, the edges e; and f are
exchanged with the edges e, and gj, ;. We denote by E; all edges that are involved in steps S
with j <. Similar by E;_; we denote all edges that are involved in steps S; with j <4 — 1.

Our construction ensures that whenever the algorithm is called with a sequence Si,...,S; as
input, then at least one of the edges that is added to the tour in step S; is not contained in F;_.
In the following, assume without loss of generality that e; ¢ F;_;. When we call the algorithm
recursively with sequence Si,...,Siy1 or with sequence Si,...,S5;, S, , then either the recursive
call never gives back a return value since a witness sequence is found in the recursive call which
immediately stops the construction or a 2-change S is returned. Whenever a 2-change S is returned,
the meaning is as follows: There exists a sequence of linked 2-changes in the sub-DAG W,, starting
with S;1 or S) 11, respectively, whose net effect equals the 2-change S, that is, after all steps in the
sequence have been performed, the same two edges as in S have been removed from the tour, the
same two edges have been added to the tour, and all other edges either stayed in or out of the tour.
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In this case, we can virtually replace step Siy1 or Sj, ;, respectively, by the new step S.
When the algorithm is called with the sequence S1,...,.5;, it performs the following steps:

1.
2.
3.

6.

Based on the last step S;, identify the steps S;y1 and S} ;.
If i =k, then S1,...,.5; is a k-witness sequence of type 1.

If ;11 ¢ E; or git1 ¢ E;, then make a recursive call with the sequence Si,...,S;1 as input.
If a step S is returned, replace S;11 virtually by the returned step, that is, in the following
steps of the algorithm, assume that S;;1 equals step S. In this case the edges e; 11 and g;11
that are added to the tour in the new step S are always chosen from the set F;.

cIfe; ¢ By and (e, ¢ E; or gj,; ¢ E;), then make a recursive call with the sequence

S1,...,8:, 8, as input. If a step S is returned, replace Sj,; virtually by the returned step,
that is, in the following steps of the algorithm, assume that Sj,; equals step S. In this case
the edges e;,; and gj,, that are added to the tour in the new step S are always chosen from
the set E;.

CIf eé € E;_1 and €ir1,9i+1 € E;:

(a) If fi_1 € E;j—q, then Sy,...,S;41 is a witness sequence of type 2.
(b) If f; ¢ E;, then Sy,...,S;11 is a witness sequence of type 3.
)

(c¢) If ej+1,9i+1 € Ei—1, then Si,...,S;11 is witness sequence of type 2 since one endpoint
of fi_1 equals one endpoint of €} and the other one equals one endpoint of either e; 41 or
Ji+1-

(d) If f; € E; and (ej+1 € E; \ Ej—1 or gi+1 € E; \ E;—1), then one can assume w.l.0.g.
that g;+1 = fi—1 and e;41 € E;_; since e;41 # €, and g;11 # €} (e;+1 and g;4; share one
endpoint with e;, €; does not share an endpoint with e;.) In this case, return the step
S = (ei-1, [i) = (eir1,€}).

/ / ’ )
Ife; ¢ By and ei41,9i+1,€541,9;41 € Ei:

(a) If e;41,9i+1 € Ei—1 and 624—17924—1 € E;_1, then Sq,...,5;4+1 is a witness sequence of type
2.

(b) If f{ ¢ E;, then Sy,...,S;,S; ; is a witness sequence of type 3.

(c) If fi, f{ € B and (ej11 € E; \ Ei—1 or giy1 € E; \ E;j—1) and (ej, € E; \ E;_y or gj | €
E;\ Ei_1), then as in case 5 d), assume w.1.0.g. giv1 = gj,; = fi—1 and ej11,€j,, € Ej_1.
In this case, it must be f; # e} and f] # e; as otherwise step S; would be reversed in step
Siy1 or SZ{H, respectively. Hence, f;, f/ € E;_1 and Si,...,S;+1 is a witness sequence of
type 2 since one endpoint of f;_1 equals one endpoint of f; and the other endpoint equals
one endpoint of f/.

(d) If [{eit1, €)1, Giv1, 9541} N (Ei \ Eic1)] = 1, assume w.1.0.g. €;11,gi11, €41 € Fi—1 and
giy1 = fi—1. As in the previous case, it must f; € E;_;. We replace step S; by the step
S = (ei—1, f{) — (ei,ej,1). Then the sequence Si,...,Si1 is a witness sequence of type
2 as f/ € E;_;. Observe that the original sequence Si,...,S;+1 together with the step
Si,, yields the same net effect and hence the same improvement as the sequence with
the modified step S; = S.
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Observe that basically this algorithm just constructs a path through the DAG starting at node
u. When a path corresponding to the sequence Si,...,5; of 2-changes has been constructed, the
algorithm decides to either stop the construction since a witness sequence has been found, or, if
possible, to continue the path with an arc corresponding to a step S;;1 or Sj ;. In some situations,
it can happen that the algorithm has not found a witness sequence yet but cannot continue the
construction since S; adds two edges to the tour that have been seen before. In such cases, step S;
is pruned and the algorithm reconsiders the path Si,...,5;_1 again. Based on the pruned step S;
it can then either decide that a witness sequence has been found, that also S;_1 has to be pruned,
or it can decide to continue the path with S; instead of .S;.

This concludes the proof as the presented algorithm always identifies a k-witness sequence whose
total improvement is at most as large as the improvement made by the steps in the sub-DAG W,,. O

Proof of Lemma 29. A t-witness DAG W consists of n + 2t nodes and n of these nodes are leaves.
Since the indegree and the outdegree of every node is bounded by 2, there are at most n2* nodes
in W whose height is less than k. Hence, there are at least n + 2t — n2F > t nodes in W with
an associated sub-DAG. We construct a set of disjoint sub-DAGs in a greedy fashion: We take an
arbitrary sub-DAG W, and add it to the set of disjoint sub-DAGs that we construct. After that,
we remove all nodes, arcs, and twin arcs of W, from the DAG W. We repeat these steps until no
sub-DAG W, is left in W.

In order to see that the constructed set consists of at least ¢/4%+3 disjoint sub-DAGs, observe
that each sub-DAG consists of at most 2¥t! nodes as its height is k. Furthermore, observe that
each of these nodes can be contained in at most 252 sub-DAGs W,. Hence, every sub-DAG W,
can only be non-disjoint from at most 22¥%3 < 4%+2 other sub-DAGs W,. Hence, the number of
disjoint sub-DAGs must be at least |[t/4572] > t/4k+3, O

4.3.4 The Expected Number of 2-Changes on ¢-perturbed Graphs
Now we can prove Theorem 2 ¢) which directly implies Theorem 3 c).

Proof of Theorem 2 ¢). We combine Corollary 26 and Lemma 27 to obtain an upper bound on the
probability that the length T" of the longest path in the state graph exceeds t. For ¢ > n4%t2, the
tour is shortened by the sequence of 2-changes by at least t/453 . A‘(,fs). Hence, for ¢t > n4*+2,

t n - 4k+3
Pr[T > 1] <Pr [W AW < n] = Pr [Agfg < 7}
Combining this inequality with Corollary 26 yields for ¢ > 45+4. n . ¢ . mk—D/(k=2)
qk+4 . . 2
Pr[T > t] < 10k <#¢>

Hence, we can bound the expected number of 2-changes by
! k4 om e b\ 2
E[T) < 4 n.¢-mD/62 4 3 min {10k5 (%) , 1}
t=1
Splitting the sum at t =n-m - ¢ - k52 . 4574 yields
E[T] = O(k? - 4F .. mF=D/(=2) L gy
Setting k = y/log m yields the theorem. O

37



5 The Expected Approximation Ratio on L; and L, Instances

In this section, we consider the expected approximation ratio of the solution found by 2-Opt on
¢-perturbed L; and Lo instances. Chandra, Karloff, and Tovey show that if one has a set of n points
in the unit square [0,1]? and the distances are measured according to a metric that is induced by
a norm, then every locally optimal solution has length at most ¢ - y/n for an appropriate constant
¢ depending on the metric [CKT99]. L, metrics are induced by norms and hence, it follows that
2-Opt yields a tour of length at most O(y/n) on ¢-perturbed L; and Lo instances. Hence, in order
to bound the expected approximation ratio of 2-Opt on these instances, we just need to lower bound
the expected value of 1/OPT, where OPT denotes the length of the shortest tour.

Lemma 30. For ¢-perturbed Ly and Lo instances, it holds

B[ ohs] =0 < ?)
OPT n

Proof. Let py,...,p, denote the points of the ¢-perturbed instance. We partition the unit square
into k = [n¢]| smaller squares with area 1/k each and analyze how many of these smaller squares
contain at least one of the points. Assume that X of these squares contain a point, then the optimal
tour must have length at least X/(9v/k). In order to see this, we construct a set P C {p1,...,p,} of
points as follows: Consider the points p1, ..., p, one after another, and insert a point p; into P if P
does not contain a point in the same square as p; or in one of its 8 neighboring squares yet. Due to
the triangle inequality, the optimal tour on P is at most as long as the optimal tour on p1,...,p,.
Furthermore, P contains at least X/9 points and every edge between two points from P has length
at least 1/vk since P does not contain two points in the same or in two neighboring squares.

Hence, it remains to analyze the random variable X. For each square i with 1 <1 < k, we define
a random variables X; which takes value 0 if square 7 is empty and value 1 if square ¢ contains at
least one point. The density functions that specify the locations of the points induce for each pair of

J

square ¢ and point j a probability p] such that point j falls into square ¢ with probability p]. Hence,

one can think of throwing n balls into k£ bins in a setting where each ball has its own probability
distribution over the bins. Due to the bounded density, we have pf < ¢/k. For each square i, let
M; denote the probability mass associated with the square, that is

Mz’:n iS@
2=

We can write the expected value of the random variable X; as

n

j=1

as, under the constraint (1 — p{ ) =n — M, the term [],(1 — pg ) is maximized if all the p{ are
equal. Due to linearity of expectation, the expected value of X is
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Observe that ), M; = n. Thus, the sum ) _,(1 — M;/n) becomes maximal if the M;’s are chosen as
unbalanced as possible. Hence, we assume that [k/¢]| of the M;’s take their maximal value of n¢/k
and the other M;’ are zero. This yields, for sufficiently large n,

o = o ([ 0-2) (- [)
=

> E(1—2(1—L>n>2ﬁ .
¢ n+1 5

Hence, we obtain the following bound on the expected length of the optimal tour

BE[X] _ n i
BIOPIL = Sk Bt~ ByeT1

We still need to determine the expected value of the random variable 1/OPT. Therefore, we first
show that X and hence also OPT are sharply concentrated around their mean values. The random
variable X is the sum of n 0-1-random variables. If these random variables were independent, we
could simply use a Chernoff bound to bound the probability that X takes a value that is smaller
than its mean value. The X;’s are negatively associated, in the sense that whenever we already
know that some of the X;’s are zero, then the probability of the event that another X;’s also take
the value zero becomes smaller. Hence, intuitively, the dependencies can only help when one wants
to bound the probability that X takes a value smaller than its mean value. Dubhashi and Ranjan
formalize this intuition by introduction the notion of negative dependence and by showing that in
the case of negative dependent random variables one can still apply the Chernoff bound [DR9S].
This yields

Pr [X < ﬁ} < e /A0
10

Thus, as 1/X < 1 with certainty,

ol <o-con

E _|_e—n/40 < E

n n

i

If one combines Lemma 30 with the result of Chandra, Karloff, and Tovey that every locally
optimal solution has length O(y/n), one obtains Theorem 4.

for sufficiently large n. Altogether, this implies

o] 3 [t

X

0
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6 Extensions

6.1 Smoothed Analysis

Smoothed Analysis was introduced by Spielman and Teng as a hybrid of worst case and average case
analysis [ST04]. The semi-random input model in a smoothed analysis is designed to capture the
behavior of algorithms on typical inputs better than a worst case or an average case analysis alone
as it allows an adversary to specify a worst case input which is randomly perturbed afterwards. In
Spielman and Teng’s analysis of the Simplex algorithm the adversary specifies an arbitrary linear
program which is perturbed by adding independent Gaussian random variables to each number in
the linear program.

We suggest the following perturbation model for L; and Lo instances for the TSP. First an
adversary chooses a set of n points in the unit square. Then the coordinates of these points are
perturbed by adding independent random variables to them. The random variables we add are
basically Gaussian random variables with standard deviation ¢ < 1. If, however, one of the added
random variables has an absolute value larger than some given a > 1, then we draw another
Gaussian random variable with standard deviation ¢ until the absolute value is bounded by a. Let
X denote one such random variable and let Y denote a Gaussian random variable with standard
deviation ¢ and density function fy. Then the density fx of X can be bounded by

supyer fy (¥) 1/(ov2m)
fx() < PrY| <q] = 1 —o0/V27 - exp(—a2/(202))

Observe that after the perturbation all points lie in the square [—a, 1 + a]?. Hence, in order to
apply Theorems 2, 3, and 4, we first have to scale and shift the instance such that every point lies
in the unit square. This can increase the density fx of X by at most a factor of (2a + 1)2. Thus

with ) )
b= (2a+1) :O<a>. (5)

(ov2m — o2 exp(—a?/(202)))? o?
we can apply the aforementioned theorems.

Finally, let us remark that if the standard deviation is small enough, then it is not neces-
sary to redraw the Gaussian random variables until they lie in the interval [—a,a]. For o <
min{a/v4nlnn, 1}, the probability that one of the Gaussian random variables has an absolute
value larger than o > 1 can be bounded by

2n &

oV2T  Jr=a

exp (—2%/(20%)) dx < \2/% cexp (—a?/(20%)) <n7?" .

In this case, even if one does not redraw the random variables outside [—«, ], the Theorems 2, 3,
and 4 can be applied with the corresponding ¢ given in (5). To see this, one must only observe that
the worst case bound for the number of 2-changes is (n!) and the worst case approximation ratio
is O(logn) [CKT99]. Multiplying these values with the failure probability of n=2" constitutes less
than 1 to the expected values. In particular, this implies that the expected length of the longest
path in the state graph is bounded by O(poly(n,1/0)).

6.2 TSP in Higher Dimensions

So far we considered only two-dimensional Euclidean and Manhattan instances as this is the most
relevant case from a practical point of view. In fact, our analysis for the Manhattan metric goes
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through for every dimension d without major modifications. To be more precise, we consider the
model in which for every point a probability distribution f : [0,1] — [0, ] is given. The bound
given in Theorem 2 is only worse by a factor of d since the length of the initial tour can grow linearly
with d. The bound in Theorem 3 is worse by a factor of v/d-n(4=2/2d gince the length of the optimal
tour in [0,1]¢ can only be bounded by v/d - n(¢=1/¢ The same is also true for Euclidean instances.
In order to see that our analysis for Euclidean instances goes through for higher dimensions, observe
that we consider arrangements of only three points in the core of the analysis in Section 4.2. These
three points span a two dimensional subspace of the Euclidean space, and one can apply the analysis
in the Lemmas 13 and 14 to this subspace. With the same arguments as in the proof of Theorem 4,
we obtain that the expected approximation ratio for d-dimensional ¢-perturbed Manhattan and
Euclidean instances is O(/¢).
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A Some Probability Theory

Lemma 31. Let Xy,..., X9, be random variables and assume that for i € {1,...,n}, the ran-
dom wvariables Xo;_1 and Xo; are described by a joint density f; : [0,1]> — [0,¢] for some given
¢ > 1. Assume that the random vectors (Xi,X2),...,(Xopn—1,Xon) are independent, and let
X = (X1,...,Xon)T. Furthermore, let k < n and, for i € {1,...,2k}, let \) € Z?" be a row
vector such that the vectors AV, ... ACK) are linearly independent. For a fized €, we denote by A;
the event that A9 - X e [0,€] occurs, i.e., the linear combination of the variables X1, ..., Xo, with
the coefficients N takes a value in the interval [0,€]. Then we have

Pr

2k
N A,-] < (eg)?*.
i=1

Proof. The main tool for proving the lemma is a change of variables. Instead of using the canonical
basis of the 2n-dimensional vector space R?", we use the given linear combinations as basis vectors.
To be more precise, the basis B which we are using consists of two parts: it contains the vectors
AL NER) (that is why they are assumed to be linearly independent) and it is completed by
some vectors from the canonical basis {e(l), .. .,6(2”)}, where €9 denotes the i-th canonical row
vector, i.e.,
G |0 if i#j

{ 1 if Q=
That is, we have B = {A(1) ... X@k) () (=21 " for some injective function 7 : [2n —
2k] — [2n] where [i] denotes the set {1,...,i}.

Let ® : R?" — R?" be defined by ®(X) = AX where A denotes the (2n) x (2n)-matrix

A
1,20)
A=1 " =y

e(ﬂ(2n—2k))

Observe, that ® is a bijection since B is a basis of R?".
Let Y = (Y1,...,Y2,)" be defined as Y = ®(X), let f : R?® — R denote the joint density of the

random variables X1, ..., Xo,, and let g : R?” — R denote the joint density of the random variables
Y1,...,Ys,. Due to the independence of the random vectors (X1, X3),...,(Xon—1, Xo,), we have
flx1, ... x0n) = fi(zr,22) - -+ -+ fu(@on—1,T2,). We can express the joint density g as follows

91, .., y2m) = !dgt O Myr, .y yen) - SO, Y2m)),

where dety denotes the determinant of the Jacobian matrix of ®~1.

The matrix A is invertible as B is a basis of R?". Hence, it holds ®~1(Y) = A~'Y and the
Jacobian matrix of ®~! equals A=!. Thus, detyg ®! = det A~! = (det A)~!. Since all entries of
A are integers, also its determinant must be an integer, and since it has rank 2n, we know that
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det A # 0. Hence |det A] > 1 and |det A™1| < 1. Thus,

g(ylu"'ayZTL)
< f((p_l(yl7"'7y2n))
= fl(q)l_l(yh e 7y2n)7 (I)g_l(yh e Jy2n)) Tttt fn((I)Q_nl_l(ylu cee 7y2n—1)7 CI)Q_nl(yla e 7y2n)) .

The probability we want to estimate can be written as

2k € € ) 00
Aal = [ L i
i=1 y1=0 Y21 =0 J Yo 1=—00 Yn=—00

Since all variables X; take values in the interval [0,1] and since for i € {2k + 1,...,2n}, we have
Yi = Xy (i—2k), this simplifies to

2k e c 1 1
ﬂAi :/ / / / 91, Yon) dyon - .. dyr (6)
i=1 y1=0 y26=0 Jyop41=0 Yn=0

Without loss of generality assume that {i|3j € [2n — 2k] : 7(j) = i} C [4k], that is, only vectors
e from the canonical basis with i < 4k are replaced by the vectors AU Furthermore, assume
w.l. o.g. that for i > 4k, we have 7 (i) = i. Then we can bound the joint density g as follows

Pr

Pr

91, y2n) < 6% forr (Yars1s Yaksa) - Fa(Y2n—1,Y2n) - (7)

Putting together (6) and (7) yields

k 1 1
Al < (ep)* - f ,
i:ﬂ1 ] (e9) /y /y 21 (Yak+1, Yak+2)

4k+1=0 Y Y45 42=0

Pr

1 1
/ / fon(Y2n—1,Y2n) dYo2n - . . dYsr+1
Yy Yy

2n—1=0 210 =0

= (e9)?,

where the last equation follows because the f;’s denote density functions. O

B Proofs of some Lemmas from Section 4.2

B.1 Proof of Lemma 13

Proof of Lemma 13. To make the calculations simpler, we use polar coordinates to describe the
location of the point Q. In fact, since the radius r is given, the point @) is completely determined
by the angle a between the z-axis and the line between O and ). Hence, the random variable Z
can be written as

Z=r—\/r24+12—2rr-cosa .

Based on the observation that the angle « is chosen uniformly at random from the interval [0, 27),
we prove the desired bound on density of the random variable Z.
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First of all, observe that choosing the angle o uniformly from the interval [0, 7] does not change
the density of Z since Z behaves symmetrically in the interval [r,27]. Furthermore, observe that
certain constraints are imposed upon Z implicitly. Namely, Z can only take values in the interval
[—7, min{T, 2r — 7}].

When « is restricted to the interval [0, 7], then there exists a unique inverse function mapping
Z to o, namely

T2 4 221 — 22

a() = arceos

The conditional density fz7— r—, can be expressed as

fZ|T:'r,R:T’(Z) = fala(?)) - %04(2)
1 d
T T de (2)

where f, denotes the density of «, i.e., the uniform density over [0, 7].
Hence, in order to estimate fz/p—, Rr—r(2), we only need to bound the derivative of the function
a(z). For |z| < 1, the derivative of arc cosine is

1
V1i—22

Hence, the derivative of a(z) can be calculated as follows:

(arccos(x))’ = —

rT—2z -1

rT \/1 (12422r—22)2
_

IrZr
2(z—r)
VAT2r2 — (72 4 221 — 22)?2
2(z—r)
VAT2r2 — (74 4+ 42202 4 24 + 47220 — 27222 — 4237)
2(z—r)
VAr2T2 —4r222 —drr2z + drzd — 78+ 27222 — 24

o(z) =

We distinguish between the cases r > 7 and r < 7:

e First case: r > 7.
In this case, we prove

Ar?r? —4r?2? —drr?r 4+ Ar2d — 1t 420222 — 24 > 2(2 — 1) (7% - 2?)
yielding the lemma for r > 7. A simple calculation shows
Ar?r? —4r? 22—t Ar2d — 4 20%2% — 2t = 2(2 — )3 (7% - 2P)
o2t — o2t — 4 2t
or?(r? — 2%) — 4 21
2r3(1% — 22) — 1t 4 24

(2 =222 >0 .

AV
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e Second case: r < T.
In this case, we prove

Ar2r? —4r?2? — e+ dr2d — T 421222 — 2 > 2 — )2 (T 4+ 2)(2r — T — 2)
yielding the lemma for » < 7. A simple calculation shows
Ar27% —4r?2? — e Ar — 4 2r% - 2 — )2 (4 2)(2r =T —2) >0

= (=2r + 24+ 7) (74 2)(22 + 272 — 2rz 4+ 2r2 — 12 = 277) > 0
<= 242 —2rz+2r2 — 12 =2 <0

which is implied by
224272 — 224+ 202 — 7% — 27p
22+ 2z(tr —1r)+ 22 — 12 — 27y

@2r—7)2+20@2r —7)(r—7)+2r — 7% — 277
= 2P —7?)<0 .

IA

This concludes the proof. O

B.2 Proof of Lemma 14

In the following proof, we implicitly use the following two identities. For every ¢ > 0 and a > 0,

dz=m

=
and

dz:ln<g+a—|— a(a—l—c)) —ln<§)

J

If a is bounded from above by some constant, then we can find a constant s such that

+ K .

| s <1>
2=0 \/2(z + ¢) c
Proof of Lemma 1. The conditional density of A can be calculated as convolution of the conditional
densities of Z; and Zy as follows:

JAIT=7,Ri=r1,Ro=r2 (9)

= / f217=r.r=r1(2) - f27=7 . R=p, (2 — &) dz .

Z=—00

In order to estimate this integral, we distinguish between several cases. In the following, let x denote
a sufficiently large constant.
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e First case: 7 <r; and 7 < rs.
In this case, Z; takes only values in the interval [—7,7]. Hence we can assume 0 < § < 27]
and

fA‘T:T,Rlle,RQZTQ (6)

= / 5 fZ|T:T,R=r1(Z) : fZ\TzT,R:rz(Z —0)dz .
Z=—T7T+

Due to Lemma 13, we can estimate the densities of Z; and Z5 by

= : 2\ 70 : E)
= \/g<\/fl—z+\/fl+z> |

For 6 € [0,27], we obtain the following upper bound on the density of A:

IN

fZ|T:'r,R:m-(Z)

fA|T:T,R1:T1,R2=T’2(5)
s ) (e i)
T) s \WT—2 VT+z VT—2+4+0 JT+z2-96

2 T 1 T 1
T </—7’+6 V(T —=2) (T —z+9) dz+/—r+6 V(T +2) (T —z+9) dz

IN

T 1 T 1
/—'r+6 V(T —=2)(T+2z-9) dz+/—7+6 V(T +2)(T+2-9) dz)
dz + "

g /27'—6 1 1 i
7 \Jo Vz(z+9) s 22T +0—2)

dz +

27—0 1 27—0 1
——dz
/o V22T —0—2) 0 Vz(z+9)
K 1
< —|(In(= 1
< 1(n(5) )
e Second case: r; <7 and ry < 7.

In this case, Z; takes only values in the interval [—7, 2r; —7]. Hence we can assume 0 < ¢ < 21y
and

JA|IT=r,Ri=r1,Ra=r» (0)
min{2ry —7,2ro—7+440}
/z

5 fZ|T:T,R=r1(Z) : fZ\TzT,R:rz(Z —0)dz .
=74+
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Due to Lemma 13, we can estimate the densities of Z; and Z5 by

2
fZ|T=T,Rz‘=T’i(Z) < \/(T + Z)(27’i —T—2)

2 .
S @ lf z S Ty —T
D) if z>r—1
2 < 1 1 )
< — +
Ve \VT+z V2ri—7—2z

e Case 2.1: § € [max{0,2(r; —r2)},2r1].
We obtain the following upper bound on the density of A:

JAIT=7,Ri=r1,Ro=r2 (9)

IN

2r1—r1 1 1 1
+ d
\/7’1—7’/T+5 <\/T+Z \/27“1—7—73) <\/T+z—5 \/27“2—T—z+5> :

2) 2ry—1 1 2ry—1 1
- = / dz+/ dz
VIr2 \Jris /(T +2)(T+2-9) s @2 —T—=2)(T+2-9)

2r1—T1 1 2r1—1 1
/ dz +/ dz
s T+ 2)@2re—T—2+9) s /@r—T—2)2rg — T —2+49)
2r1—06 1

dz +

2 2r1—06 1
— —_ dz
Vrire Vz(z+9) 0 2(2r1 — 0 — 2)
1

2ry 2r1— -4
/ dz—l—/ dz
\/ Z 27"2—|—5—Z T2_T1)+5+2)

For 1 < ry this can be upper bounded by

7 () )

For 1 > ro this can be upper bounded by

o (0 (5) o (=) 1)

e Case 2.2: § € [0,max{0,2(r; —r2)}].
This case is only relevant if 7o < r1. We obtain the following upper bound on the density of
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fA|T:T,R1=7‘1,R2=7‘2 (5)
9 2ro—7+0 1 1 1 1

/ < + ) < + > dz
172 J 145 VT+z  2r—7—2 VT+z—6 V2ro—T—2+90

2ro—71+9 1 2ro—7+8 1
— / dz —|—/ dz
rir s A (TH+2)(T+2-0) s AJ@ri—T—2)(T+2-0)

IN

>3

3

2ra—7+94 1 2ro—7+46 1
/ dz +/ dz
—ris /(T +2)R2ra—T—2+0) s @ —T—2)2r—T—2+0)

9 2ro 1 2ro 1
= — —_——dz + dz
vrire \Jo  /z(z+9) 0 z2(2r — 0 — 2)
2r9 272 1

e Jemon 5+z)dz>
o (0 (5) (e =) )

e Third case: r <7 < rs.
In this case, Z; takes only values in the interval [—7,2r; — 7] and Z; takes only values in the
interval [—7,7]. Hence we can assume 0 < ¢ < 2r; and

JAIT=rRi=r1,Ra=r> (0)
2ri—1

= / fZ|T:T,R:T’1(Z) : fZ\T:T,R:rz(Z —0)dz .

z=—7+0

For § € [0,2r1], we obtain the following upper bound on the density of A:

JA|IT=r,Ri=r1,Ra=rs (0)

IN

2r1—1 1 1 1
+ d
\/V/TM <\/T+z \/27“1—7—7:) <\/T—z+5 \/T+Z—5> :

2) 2ry—1 1 2ry—1 1
B ﬁ(/—r—i—& \/(T+z)(7—z+5)dz+/_T+5 \/(2r1—7—z)(7—z+5)dz

2r1—T 1 2r1—7 1
/—7'—1-5 \/(T+z)(7+z—5)dz+/—T+5 \/(2r1—7—z)(7+z—5)dz>

2 2rq 1 2r1—06 1
= — dz + dz
VT \Js 22T +6—2) 0 VZ@2(T—r1) +0+2)
2r1—90 1 2r1—06 1
———dz + dz
0 Vz2(z +0) 0 2(2r — 0 — z)

< 2\;71<1n<%>+1n<2(7_—i1)+5>+1>§\/571<1n<%>+1>,

where the last inequality follows since 7 > ry.
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e Fourth case: r <71 <rq.

In this case, Z; takes only values in the interval [—7, 7] and Z, takes only values in the interval
[—7,2ry — 7]. Hence we can assume 0 < 0 < 2(7 — rg) and

fA|T:T,R1:T17R2:T2 (5)
2ro—1+0

= / f211=7.8=r\(2) - f2|T=r,R=r, (2 — 0) d2 .

z=—T+0
For § € [0,2(7 — rq2)], we obtain the following upper bound on the density of A:

fA|T—7'R1 =r1,Ra= 7’2(5)

2ro—T1
] (e ) (e i)
Napy . Vi i)\ Van a9
2ro—T1 2ro—T1
= L / ! dz—l—/ ! dz
VT2 \Jris /(T +2)(T+2—10) s (T —2)(T+2-0)
2ro—T1 2ro—T1
/ ! dz—l—/ ! dz
46 \/(T+z)(2r2—7—z+5) s \/(T—z)(2r2—7—z+5)
2 2ro—0 2ro—0 1
= — ——dz + dz
\/77"2(0 z(z 4 9) 0 2(21 — 0 — 2)
2ro 2ro 1
dz + dz
s V/z2(2ra+0—2) s V22T —re) —0+2)
K 1 1
< _ - -
< o= (0(5) 1 (a==)+1)
Altogether, this yields the lemma. O

B.3 Proofs of Lemmas 15 and 16

Lemma 14 yields the following two lemmas which give bounds on the conditional density of the
random variable A when only one of the radii Ry and R is given by integrating over all possible
values of Ry or R, respectively.

Lemma 32. Let 7 and 1 be distances with 0 < 7,71 < /2. We are interested in the conditional
density fa|r—r,r,=r, Of the random variable A, when the distance T' and the radius Ry are given.
For a sufficiently large constant k, this conditional density is bounded by

1
fA|T:T,R1=T’1 (6) < \/r—lf T <ln <‘5‘> " 1>

Proof. We can write the conditional density of A as

V2
far=rpi=r (6) = , fro(r2) - fAIT=r. Ry =11 Ry=r, (6) dr2
ro=
V2
= / 07‘2 : fA\T:T,R1:r1,R2:r2(5) dry .
ro=
Bounding this integral with the help of Lemma 14 yields the lemma. O
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The next lemma follows similarly.

Lemma 33. Let 7 and ro be distances with 0 < 7,79 < /2. We are interested in the conditional
density fa|r—r,Ry=r, Of the random variable A, when the distance T' and the radius Ra are given.
For a sufficiently large constant k, this conditional density is bounded by

o)) e
%(ln(ﬁ)+ln<m>+l) if ro<rT

Now Lemma 15 and Lemma 16 follow easily from the Lemmas 32 and 33 by integrating over all
possible values of T or R;, respectively. The Lemmas 17 and 18 follow analogously.

fA|T:T,R2:r2 (6) <
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