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1 Introduction

Smoothed Analysis was first introduced by Daniel A. Spielman and Shang-
Hua Teng in 2001. Up until that time, there were only two standard ways of
measuring an algorithms complexity: worst-case and average-case-analysis.
However, these two techniques are not always adequate in explaining phe-
nomena that occur in practice. The simplex algorithm, for example, has
worst-case and average-case exponential running time. Yet, in practice the
simplex algorithm often operates in polynomial time. These phenomena
can be explained by smoothed complexity: ”the smoothed complexity of
an algorithm is the maximum over its inputs of the expected running time
of the algorithm under slight perturbations of that input” [3]. And if the
smoothed complexity of an algorithm is low, it is unlikely that the algorithm
has a high running time on realistic instances.

A travelling salesman problem (TSP) consists of a set of vertices {v1, va,
...,vp} and of a distance d(v;,v;) for each pair of vertices {v;,v;}. Gener-
ally, a TSP is visualised as graph, in which the edges between two vertices
correspond to the distance between those vertices. In this thesis we only
consider the symmetric TSP, for which d(v;,v;) = d(v;,v;). To solve the
problem, one has to find a tour of minimum length, that visits each vertex
exactly once and returns to the first vertex again at it’s end.

The TSP is known to be a NP-hard problem [13], but there exist several algo-
rithms which can approximate the optimal tour to any arbitrary accuracy in
polynomial time for Euclidean TSP instances, as shown by Arora [14]. The
first approximation algorithm of the TSP was the Christofides algorithm,
which first creates a minimum spanning tree on the graph G = (V, E) and
finds a minimum weight perfect matching in the complete graph over all
vertices with odd degree in the minimum spanning tree. Combining the
edges of the matching and the tree to one multigraph allows to find an Eu-
lerian circuit in this multigraph. Then one only has to make the circuit
Hamiltonian by skipping already visited nodes. This algorithm achieves an
approximation ratio of 1, 5.

Nearest neighbour algorithms chose for every vertex which is being pro-
cessed the nearest unvisited neighbour. In average, this algorithms have an
approximation ratio of 1,25, but there exist classes of instances on which
this algorithms always find the worst possible solution.

Solving a TSP problem exact, however, will result in exponentially large
running times. If one would try every possible tour and determine the tour
with the shortest length, the running time would be O(n!). Naturally, this
method is highly impracticable, even for rather small instances.

For slightly larger instances one can use branch-and-bound algorithms, which
have been introduced by Land and Doig [15]. If one combines the branch-
and-bound method with techniques of linear programming, one can solve
instances up to 200 vertices fairly well. The best results, however, are



achieved by branch-and-cut algorithms, which introduce problem specific
cut planes to the branch-and-bound tree, allowing to prune the tree far ear-
lier and more effective than by using mere branch-and-bound procedures.
This method also holds the current record in solving TSP instances exactly,
with 85,900 vertices [16].

Experts all over the world are currently trying to solve the TSP world tour
problem, meaning they are trying to solve a 1,904,711 vertices instance,
where the vertices correspond to locations throughout the world. The best
solution so far was just recently discovered in October 2011 with a length
of 7,515,778,188. Whether this solution is optimal is still unknown.

The 2-Opt-algorithm (2-Opt) is a local search heuristic for the TSP. It
starts with an arbitrary initial tour and modifies the tour in the following
way: Let w1, uo, vy, vy be vertices of the tour which are distinct and appear
in this order. If there are edges {u1,us} and {v1,v2} so that removing these
edges and inserting the edges {ui,v;} and {ug,ve} would reduce the total
length of the tour, a new tour is constructed in that way. Englert, Roglin
and Vocking refer to this as an improving step. If there are no improving
steps possible, the algorithm terminates with a local optimum, which is in
most cases very close to the global optimum itself. A local improvement
made by the algorithm will be denoted as a 2-change[l]. It has been shown
by Lueker that it can take 2-Opt an exponential number of steps before
finding a locally optimal solution[4], when the edge lengths do not satisfy
the triangle inequality. Whether that is also the case when metric instances
are considered, has been answered by Englert, Roglin and Voécking for Lg
and Ly instances. In [1] they construct such metric instances, for which 2-
Opt takes an exponential number of steps. Since this is not relevant for the
smoothed analysis of 2-Opt, I won’t go into details about this construction.
The distribution of the n vertices, or points, plays an important role for the
analysis of 2-Opts complexity. For example, Chandra, Karloff and Tovey
show that the expected running time of 2-Opt for Euclidean instances, where
the points are placed uniformly at random in the unit square, is bounded by
O(n'%logn)[5]. For instances, where the distances are measured with the
Manhattan metric and the points are distributed in the same way as above,
they show that the expected running time is bounded by O(n%logn).
However, Englert, Roglin and Vocking use a different, more general proba-
bilistic distribution model of the n points. For each vertex v; the distribution
is given by a density function f; : [0,1]? — [0, ¢] for some given ¢ > 1. The
resulting upper bounds for 2-Opt will only depend on the number of vertices
and the upper bound ¢ of the density functions. The instances created with
such input are denoted as ¢-perturbed Fuclidean or Manhattan instances,
based on which metric has been used. For ¢ = 1 we get a uniform distribu-
tion in the unit square as before, and the larger we chose ¢, the better we
can approximate worst case instances by the distributions of the vertices.
This will play an important role in the smoothed analysis of 2-Opt, as we



set ¢ ~ 0—12, where ¢ is a small standard deviation of a Gaussian random
variable. The o is used to perturb the position of the n points after the
points have been placed.

Another input model that we will consider is one where the distances of
the edges are perturbed instead of the points, so that the structure of the
input graph doesn’t change. In this model, the perturbation of the length of
an edge does not influence the other lengths in the graph. These perturba-
tions are restricted by the density functions f : [0,1] — [0, ¢] for each edge
e € E, when the graph G is given by G = (V,E). In this case the maximum
density is ¢ for a given ¢ > 1. Such inputs will be denoted as ¢-perturbed
graphs.

A state graph is a directed graph that contains a vertex for every possible
tour and an arc between two vertices exists only when the one tour can be
obtained from the other tour by performing one improving 2-Opt step.
Now to Englert, Roglin and Vocking’s first theorem with relevance to the
smoothed analysis of 2-Opt:

Theorem 1. The expected length of the longest path in the 2-Opt state graph

a) is O(n*e) for ¢-perturbed Manhattan instances with n points.
b) is O(n4+% log(mb)gb%) for ¢-perturbed Euclidean instances with n points.
¢) is O(mn'T°W ) for ¢p-perturbed graphs with n vertices and m edges.

The second theorem confirms an experimental study[6], which indicated
that the approximation ratio and the running time of 2-Opt can be improved,
if the initial tour is chosen with an insertion heuristic instead of arbitrarily.



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

a) is O(n3?lognd) on ¢-perturbed Manhattan instances with n points when
one starts with a tour obtained by an arbitrary insertion heuristic.

b) is O(n3+% logQ(mb)gb%) on ¢-perturbed Euclidean instances with n points
when one starts with a tour obtained by an arbitrary insertion heuristic.

¢) is O(mn't°W¢) on ¢-perturbed graphs with n vertices and m edges.

The third and last theorem that is required for the smoothed analysis
pertains to the approximation ratio of 2-Opt. In general this ratio is close to
1, which is contrary to the theoretical result on the algorithm’s worst-case
analysis by Chandra, Karloff and Tovey[5]. Yet, they have shown that the
approximation ratio is bounded from above by a constant when one considers
n points uniformly at random distributed on the unit square. This result
applies to Englert, Roglin and Vécking’s model as follows:

Theorem 3. For ¢-perturbed Manhattan and Fuclidean instances, the ex-
pected approximation ratio of the worst tour that is locally optimal for 2-Opt

is bounded by O(\/9).

In the next section, we will give all the necessary definitions and nota-
tions that are required for the understanding of this thesis. Then we will
prove theorems 1,2 and 3 and finally come to the smoothed analysis of 2-Opt,
and then go over to Karp’s partitioning scheme.



2 Preliminaries
We start with some definitions:

Definition A pair (V,d) of a non-empty set V' and a functiond : V- xV —
R is called a metric space if for all x,y,z € V the following properties are
satisfied:

a) d(xz,y) =0 if and only if z = y (reflexivity).
b) d(z,y) = d(y,x) (symmetry).
c) d(x,z) <d(x,y)+d(y, z) (triangle inequality).

d is called a metric on V' when (V,d) is a metric space and a TSP instance,
in which the distances are measured according to a metric, is called a metric
TSP instance.

Given two points X = (71,72) and Y = (y1,y2) in R?, the L, space
provides us with metrics dr,(X,Y) {/|:c1 1P + |x2 — yo|P. The Ly
metric is called the Mcmhattan metric and the Lo metric is often referred
to as Fuclidean metric. An instance of the TSP, where the metric is a L,
metric is called an L, instance. For p = 2 we also say Fuclidean instance.
In section 1 we also mentioned insertion heuristics. Those create an initial
tour for 2-Opt by adding vertex after vertex, until a tour is found, in the
following way: Let T; denote a subtour on a subset S; of ¢ vertices and let
v ¢ S; be the next vertex that is to be inserted into the tour we create. We
now chose the edge (z,y) in T; that minimizes d(z,v) + d(v,y) — d(z,y) and
create the tour T;4; by deleting the edge (x,y) from T; and adding (z,v)
and (v,y) to it.

Definition Let A be a set. A o-algebra A is a set for which

a) Ae A
b) If a set B is in A so is its complement A°.
c) If Ay,..., A, € Athen |J | A; € A.

A measurable space is a Set A, together with a o-algebra A on A. It is
denoted by (A, A).

Definition A probability measure is a function P : A — IR(J)r on a measur-
able space (A,.A) with:

1. P(4) =1

2. For all countable collections {A;} of pairwise disjoint sets the following
holds



P({JA) =) P(A).

i>1 i>1

A probability space is a triple (A, A, P) where (A4, .A) is a measurable
space and P a probability measure.

Definition A measurable function is a function f : A; — Ay, where (Aj,
A1) and (As, Ag) are measurable spaces and for every B € Ay = f~1(B) €
A

Let (A, A, P) be a probability space and (B, ) a measurable space. A
(discrete) random wvariable is a function X : A — B (,B countable,) so that
for all s € B X~ !(s) :== {a € A: X(a) = s} € A. In other words: X is a
measurable function.

Let (A, A, P) be a probability space and X : A — S, S countable,
a discrete random variable. The probability mass function for X is the
function fx : A — [0,1] with fx(z) = P(X =) = P({s € §: X(s) = z}).

Definition A function f : R — R is called probability density function,
density function or density of X if P(a < X <b) = f;f(:l?)d:l?, where the
integral is a Lebesgue-integral.

And finally: the expected value of a random variable X is defined as E[X] =
[1XdP = [, X(a)P(da).



3 2-Opt

In this section we will go in detail through the proofs of theorems 1 and
2 made by the authors of [1]. We will start with the expected number of
2-Changes regarding random L; metric instances, then go over to the Lo
metric and conclude with general TSP instances.

3.1 Expected Number of 2-Changes on the L; Metric

We start with a theorem that makes use of weaker bounds than the ones in
Theorem 1:

Theorem 4. Starting with an arbitrary tour, the expected number of steps
performed by 2-Opt on ¢-perturbed Ly instances is O(n%log(n)e).

Proof. We start with an initial tour. This tour can have a maximum length
of 2n, as it consists of n edges and the length of every edge is bounded from
above by 2, due to the fact that we use the L; metric and the n points are
all in [0,1]2. Now one has to show, that every 2-Opt step increases the tour
by a polynomially large amount. In order to do so, we take a fixed 2-Opt
step S. Let e; and ey be the edges that are removed from the tour in this
step. e3 and e4 denote the newly added edges. Now the improvement of the
tour A(S) in step S can be written as

A(S) = d(el) + d(eg) — d(eg) — d(e4).

Now we say that e; = (vi,v2), e2 = (v3,v4), e3 = (v1,v3) and eq = (v2,v4).
We denote the Cartesian coordinates of v; with (z;, y;), allowing us to rewrite
the above equation as

A(S) =|z1 — m2| + |x3 — T4| — |21 — 23| — |2 — T4
+y1 —ya| + lyz — yal — |y1 — y3| — [y2 — yal.

And we can even write A(S) as a linear combination of the coordinates. For
example, if x1 > x9 > x3 > x4 and y; > yo > y3 > y4 We can write it as

A(S) = —2x9 + 21‘3 — 2y2 + 21‘3.

We can put the coordinates in (4!)? different orders as there are 4! possi-
bilities for the x-coordinates, and 4! possible orders for the y-coordinates.
For each of the (4!)? orders there is a corresponding linear combination like
above. Now suppose that all of the non-zero variables except one in one



of this linear combinations have already been determined by an adversary.
Regardless how those variables are chosen, the linear combination can only
take a value in the interval (0, €] when the last variable z; lies in an interval
of length at most €, for some € > 0. This interval is given by the already
determined variables. But we know that

P[0 < x; < €] < e,

since we consider a ¢-perturbed instance and the density of x; is bound from
above by ¢. That means we can bound the probability that A(S) takes a
value in (0, €] as follows:

P[0 < A(S) < €] < (41)?,

because for the improvement to be in that interval, one of the linear com-
binations has to be. Now we define A, := min{A(S)|A(S) > 0}, the
smallest improving 2-Opt step, and we get

P[Apin < €] < (4!)2%en’o,

as there are n- (n — 1) - (n — 2) - (n — 3) < n* possibilities to chose the four
vertices for a single 2-Opt step, bounding the number of different 2-opt steps
from above by n*. Now let T be a random variable that describes how many
2-Opt steps are done before the algorithm reaches a local optimum. Observe
that T" > ¢ can only hold for a given number ¢ if A, < 27", otherwise we
would have a tour that is longer than 2n after ¢ steps, and since that is not
possible, T couldn’t exceed t. This yields

2,5
Q_n] < 2(4h"n gi).
t t
Since the number of possible different TSP tours is always bounded from
above by n!, and non of these tours can appear twice in the local search, T'
is discrete random variable, which allows us to bound the expected value of

T via

n!

n!
24]2 5
B =Y P> <y 20
t=1 t=1

2(4!)%%2% <2(4)*n°pIn(n!) +1
t=1

=2(41)?*n%¢ - O(nlogn) +1 = O(nSlogn - ¢),



where we have bounded the n!-th harmonic number by In(n!) + 1 and with
In(n!) = O(nlogn). O

This bound only depends on the smallest improvement made by any
possible 2-Opt step. But in general one would think that the improvement
of a step is larger than A,,;,. We achieve this by considering pairs of 2-
changes linked by an edge, meaning that one of the added edges of the first
2-change is removed from the tour again by the second 2-change. Then we
analyse the smallest improvement of such a pair of 2-changes. It will be
shown that the probability of this improvement being much larger than the
sum of the smallest and second smallest improving 2-Opt step is very high,
and this result will help proving theorem 1.

3.1.1 Pairs of Linked 2-Changes

Now we consider an arbitrary sequence of consecutive 2-changes S1,...,.5;
and start with

Lemma 5. In every sequence of t consecutive 2-changes the number of dis-
joint 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

. . . t n(n—1)
from the tour in the second 2-change of the pair, is at least 5 — =55
Proof. Let Sq,...,S; be an arbitrary sequence of consecutive 2-changes and

assume that a list £ of linked pairs of 2-changes is created. We can not
assume that there are no non-disjoint pairs in £, so we need to modify the
list. Let Si,...,.S5;—1 denote the 2-changes that have already been done by
the algorithm for 1 < i < ¢, meaning that the next 2-change in the process
would be S;. Now we denote the edges that are removed from the tour in
this step with e; and es, and the added ones with eg and e4. If there exists
a j > 1 so that eg is removed from the tour in S;j, we chose the smallest
of such j’s and add the pair (S;,S;) to L. We do the same for ez and our
list of linked pairs of 2-changes is created. Now we need to assure that the
elements of our list are pairwise disjoint. We do that by creating another
list £, which is empty. Now we go through the first list and check for every
element if it is disjoint with all elements of £'. If an element is disjoint, we
add it to the new list, which is obviously disjoint in the end. As we have
seen above, every 2-change allows 2 possible different pairs for the list L.
Minus the cases in which an edge is added to the tour but never removed,
are @, since there are n possibilities for the first vertex and n — 1 for
the second and divide by 2 because the TSP is symmetric. That means
L contains at least 2¢ — "1 elements. Every of the 2-changes can only
be in 4 different pairs of L, since there are only 4 edges to consider in one
2-change. This means each pair in £ is non-disjoint from at most 6 other
pairs in the list. We can now conclude the number of elements in £ as at
least a sixth of the elements in L. O

10



Now we will evaluate the possible cases of added edges in a fixed linked
pair of 2-changes. Let {v1,vs} and {vs,v4} be the edges removed from the
tour in the first 2-change of such a fixed linked pair, and let {v;,v3} and
{va,v4} be the added edges. We assume that in the second step the edges
{v1,v3} and {vs,v6} are exchanged with the edges {vi,vs5} and {vs,vs}.
While the vertices vy, v2, v3, v4 have to be distinct, the vertices vs and vg are
not necessarily distinct from the vertices v and v4. There are 3 cases we
have to consider:

1. {va,v4} N{vs,v6}| = 0. In this case the edges {v1,v5} and {vs,ve}
are added to the tour in the second step.

2. {va,va} N{vs,v6}| = 1. We assume vy € {vs,v6} and obtain two
subcases: In the second step of the tour the edges a) {v1,vs5} and
{va,v3} are added to the tour, b) the edges {vi,v2} and {vs,v5} are
added to the tour.

3. v, va} N{vs,v6}| = 2. If vy = v5 and vy = vg the tour would be the
same after the pair of linked 2-changes as before, resulting in the only
possibility: vy = vg and vg4 = vs.

We observe that pairs of type 3 can result in too little randomness when
the distances are measured via the Lo metric, meaning the steps are too
dependent on each other, so we can’t bound the probability that both steps
improve the tour at most by € appropriately. It is necessary, to consider that
the list in the lemma above is created without pairs of type 3, in order to
analyse ¢-perturbed Lo instances. We will now show, that there are always
enough pairs of type 1 or 2 to complete the analysis.

Let S; and S; for i < j be a pair of type 3. Further let {vi,v2} and
{vs,v4} be the edges exchanged with {vi,v3} and {vs,v4} in S;, and the
latter shall be the ones exchanged with {vi,vs4} and {v,v3} in S;. Now
consider steps S; and Sy with [ > j and I' > j where the edge {v1,v4} in S
and {vg,v3} in Sy is removed, if such [, I exist. Neither the pair (S5, 51) nor
the pair (S;,Sy) can be of type 3, because then we would simply add the
removed edges to the tour again. This means that for every pair (S;, S;) of
type 3 we have two pairs (55, 5;) and (S},.5,) of type 1 or 2, unless such [, !
don’t exist. When we consider a pair of type 2 we see that it has at most two
pairs of type 3 associated with it. In case a) that would be the two pairs we
get when we remove either one of the beforehand added edges and remove
{v7,v8} with vy = vg and v3 = vy or v; = vg and vs = v7 and add the two
resulting edges to the tour. Analogously one can show the same for case b)
and for pairs of type 1. Let x be the total number of pairs of type 3, and
y be the total number of pairs of type 1 and 2. We have 2y > 2x — ”(”T_l),
because we have to subtract the possible cases of an edge added to the tour,

11



but never removed, and respectively y > x — . The total number of
pairs is still at most 2t and 2z — @ < 2t, because there cannot be more

pairs of type 1, 2 and 3 than there are pairs in total. Which leads to

n(n—1)
4

-1
(%) r<t4+ M
8
As we established earlier, the total number of pairs is at least 2t — —”(”2_1)
and this yields y > t — %8—1)

construct the list £ now, the following lemma must hold:

when we subtract (x) from it. When we

Lemma 6. In every sequence of t consecutive 2-changes the number of dis-

joint pairs of 2-changes of type 1 or 2 is at least % — Sn(fg_l). U

3.1.2 Analysing the Pairs of Linked 2-Changes
To analyse the pairs we first prove two lemmas about pairs of type 1 and 2.

Lemma 7. 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(nSe2¢?).

Proof. Let {vi,v2} and {vs,vs} be the edges that are replaced by {v1,vs}
and {vg,v4} in the first step of the pair and let {vi,v3} and {vs,vg} are
exchanged with {v1,vs} and {vs,vs}. We can again write the improvements
A1 of step one and A of step two as

Ay = |71 — @2| + |23 — 74| — |71 — 23] — |22 — 24|
+ly1 — yal + [ys — val = |y1 — sl = [y2 — vl

and

AQ = |SC1 — IE3| + |CC5 — $6| — |IE1 — £C5| — |IE3 — IE6|
+ly1 — sl + lys — yel — |y1 — ys| — |ys — vel,

where z; is the x-coordinate of vertex ¢ and y; its y-coordinate. Observe,
that the improvements might be negative. And again, we can write these
improvements as linear combinations of the coordinates, which depend on
the order of those coordinates. Let o, and o, denote a fixed order, and
AT and A5"7Y the corresponding linear combinations. Further, let A be
the event that A; and As takes a value in some interval (0, €], for € > 0,
and analogously A°*?Y for o, and o,. As we already know, A only occurs
when 4729 occurs for at least one pair of o, and oy, which leads to

12



PlA] < ) PlAT"Y],

Oz,0y

The number of total orders is (4!)? and if we can show that P[A%=:9Y] for
such an order is bounded by O(e2¢?), the fact that there are n(n — 1)(n —
2)(n — 3)(n — 4)(n — 5) < n% possible vertices to chose in order to form a
pair of type 1 yields the lemma. To show this bound we need the following
lemma:

Lemma 8. Let X1,...,Xs, be random variables and assume that for i €
{1,...,n}, the random variables Xo;—1 and Xo; are described by a joint den-
sity f; : [0,1]2 = [0, @] for some given ¢ > 1. Assume that the random vec-
tors (X1, X2), ..., (Xopn—1,Xop) are independent, and let X = (X1,...,Xop)
be a vector. Furthermore, let k < n and, fori € {1,...,24}, let A0 g z2n

be a row vector such that the vectors XV, ..., \ZK) gre linearly independent.
For a fized €, we denote by A; the event that X)) - X € [0,€] occurs, i.e.
the linear combination of the variables X1, ..., Xon with the coefficients X(¥

takes a value in the interval [0,¢€]. Then we have

2k
Pl A < (c6)*.
=1

O

The proof of this lemma can be found in [1] and it is denoted by Lemma 31.
We divide all possible pairs of linear combinations (A]"7%, AJ"??) into
three classes. Class A contains every such pair where one linear combination
of it equals 0. A pair of linear combinations is in class B if AT"7 = —AJ"7Y,
and if both linear combinations are linearly independent the pair belongs
to class C. So, for a pair (A7"7Y, AJ"??) of class A or B, the event A%=7Y
can not occur, because at least one linear combination of such a pair is
< 0. For pairs of class C we can use Lemma 8 and we get P[A%"°Y] <
€2¢?>. What we now have to show is, that the three classes cover every
pair of the linear combinations. Let o, and o, be a fixed order. We can
express the improvements as sums of their x and y parts, meaning A‘fz’ay =
X7 +Y/" and AJ"7 = XJ* +Y,". If we show for the pair of linear
combinations (X7*, X5*) that it belongs to one of the three classes, the pair
(Y¥, Y, ") does too, because they are symmetric. And since the properties
we defined for the classes are preserved when we add x and y parts, the pair
of linear combination (A7"?, A5*"?") would be also in class A,B, or C. We
assume that (X7, X9*) is linear dependent and not in class A or B and lead
this to contradiction. Luckily, there are only a few cases to consider. Our
assumption can only be true, if X7 does not contain x9 and x4 (x), and
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X73* does not contain x5 and zg (**), otherwise they would be automatically
linear independent. We see that (x) can only be, if

T3 > Ty Ao > 24 N To > T (1)
V
13 <14 Ao < x4 AN 29 < 27, (2)
and (%*) only if
T5 > g A T3 > Tg ATy > T (3)
V
x5 < xzgAxz < a6 AT5 < 27. (4)

In case (1) we get

—2x1 + 2x3 if 1 > x3

X0 = —x1 4+ 23— |21 — 23| = .
1 ! 3~ | 3| 0 if z3 > a1

and for case (2)

)

r1] — 2.’E3 if T3 > T
and for case (3)

2(E1 - 2.’E3 if T > T3

X =x1 —x3+ |21 — 23| = .
2 1 3+ |21 3] 0 if g > a1

0 ifxl 21‘3
2

and finally for case (4)

0 ifxl Z.%'g

So we see that for 1 > z3 we get X7* € {0,—2x; + 2z3} and XJ* €
{0,221 —2x3} in which case the pair of linear combinations (X7*, X5*) would
be of class A or B. For z3 > z1 we get X{* € {0,2x; — 2z3} and XJ° €
{0, —2x1 + 223} and again, the pair (X7*, X7*) would be in either class A
or B. This is a contradiction to our assumption, meaning the assumption
was wrong which proves the lemma. U

Lemma 9. In a ¢-perturbed Ly 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’e2¢?).
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Proof. The proof is very similar to the one above, so by using the same

notations we now consider pairs of type 2 a) first. We get

Ay = |z — 9| + |z — 24| — |71 — 23] — |22 — T4]

+y1 —y2| + lyz — ya| — |y — 3| — [y2 — yal

and

AQ = ’1‘1 — .%'3‘ + ’1‘2 — 1‘5‘ — ‘.%'1 — 1‘5’ — ‘.%'2 — .%'3’

+ly1 = y3| + ly2 — ys| — [y1 — ys| — [y2 — ysl-

Again we assume, that the pair (X7, X9*) is linear dependent and does not
belong to either class A or B. With the same argument as above we know
that zo cannot be in X7* (%) and x5 cannot be in X5 (%), which leads to

the following conditions for (x):

T3 > Ty NXg > Xy
V
3 < 24 Ao < 4,

and for (xx):

To > T5 Nx1 > X5
V
T9 < x5 ANxp < 5.

We can write for case (1):

—2x9 + 223 if 14

—2x1 +2x3 ifx
X7* = |y —xg|— |21 — 23] —22+ 23 = ! 3 !

2.%'1 — 2.%'2 if il

0 if I
and for case (2)

0 if I

—2x1 + 229 if 24
2(E1 — 2.’E3 if I
2.%'2 — 2.%'3 if il

X7® = |zy—zo|— |z —23| +22— 23 =

15

> x3 N\ 11
> x3 N1
<z3A11
<zz3 A1

> r3 N\ Xy
> r3 N\ X1
L WA
WA

> T2
<z
> T2
<z

> X
< xg
> X
< xg



and for case (3)

(0 if 1 > x3 Ax9 > 23
2x9 — 213 if 21 > 23 A2 <23
X5 = |x1—x3|—|ro—23| —21+20 = . P Z

2 o1 = 5| = |w2— s — 2122 —2x1 4+ 2x3 ifxy <zzAag>x3

—2x1 + 229 ifxp <azAxg <23
and finally for case (4)
2x1 — 219 if 1 > 23 Axog > 23
2x1 — 2x3 if £1 > 3 Axo < 23
—2x9 +2x3 if z1 <x3AN19 > 23
0 if 1 <z3 Ao <23

ng = |CC1—.’E3| —|.’E2—.’E3|.’E1—.’E2 =

If 21 > z3 we have X7* € {0, -2z + 29, —2x; + 223, —2z2 + 223} and
X357 € {0,221 — 229,221 — 223,225 — 223}, so the pair of those two linear
combinations is in class A, B, or C. For z3 > x; we have X7* € {0,2z; —
2x9,2x1 —2x3, 229 —2:63} and ng S {0, —2x1 4229, —221 4273, —2.’E2+2(E3}
and again the pair is in one of the three classes. This is a contradiction to
our assumption, so the lemma is proven for pairs of type 2 a). The proof
for pairs of type 2 b) is done analogously. O

3.1.3 Proofs of Theorem 1 a) and Theorem 2 a)

With the Lemmas 6,7 and 9 we can now prove Theorem 1 a).

Proof of Theorem 1 a). Let T be the discrete random variable that describes
the length of the longest path in the state graph. T is discrete, because the
number of possible tours is bounded from above by m! and no tour can
appear twice during the local search. For T' > ¢ there has to be a sequence
of t consecutive 2-changes in the state graph. From Lemma 6 we know, that

there exist at least %— %871) linked pairs of type 1 and 2 in the state graph.
Let A? .. for i € {1,2} be the smallest improvement of a pair of improving
2-Opt steps of type i. And for t > n? we get % — %8_1) > % — i—é = %,
because n(n — 1) < n? < t. With the use of Lemmas 7 and 9 and the same
argument we used in the proof of Theorem 4, that T" > t can only be if the

smallest improvement is at most 27”, we have

32
|+ P[AY, < =]

PIT >4 < PlAL, <321

min = T
8 12 742
1) + O(min{™2- 1))
n8¢2

= O(min{t—2, 1}).

= O(min{ n
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We simply used € = (t%%) in the second row above. For the expected value
of T' we get

n! 7”L8¢2
E[T)=n*+) O(min{=5-,1}) = O(n*9),
t=1

since T > n? and for ¢t > n*¢$ the minimum would always be 1. O

Proof of Theorem 2 a). For an arbitrary set of n points in the unit square,
we know that for every metric on R? the optimal tour has length O(\/n)
[5] and every insertion heuristic finds an O(logn)-approximation [7]. So
if we start 2-Opt with an insertion heuristic the initial tour has length
O(y/nlogn). This means that for an appropriate constant ¢ and ¢t > n?
we get

PIT > 4 < PlA), < YIBRy y pia® < o/nlosy
. .n"log? n-qﬁz . 6log n- ¢
= O(min{ "2 % 1)) + Ofmin{ —E T 1))
_ nTlog?n - ¢?
= Ofmin{"—5 % 1)),

with the same arguments as in the proof above. Again with the same argu-
ments we have

n’log?n - ¢?

1) = O log - 6),

E[T] =n”+_ O(min{
what concludes this part of the proof. O

3.2 Expected Number of 2-Changes on the L, Metric

Before we can start to prove Theorems 1 b) and 2 b) there has to be done
a lot of work. First, we are going to analyse the improvement of a single
2-change.

17



3.2.1 Analysis of a Single 2-Change

The improvement of a single 2-change can be described by a random vari-
able. Let {O,Q1} and {P,Q2} be the edges that are replaced by {O, Q2}
and {P,Q1} in a 2-change. We will first assume slightly weaker conditions
for this input model and expand the analysis later to our general input
model. Assume that O = (0,0) and P ,Q; and Q2 are chosen indepen-
dently and uniformly from the interior of a circle with radius v/2 around O.
Let P = (0,T), where T' = d(O, P) and let Z; = d(O,Q1) — d(P,Q1) and
Zy = d(0,Q2) — d(P,Q2). So we have A = Z; — Zy, where A denotes the
improvement of the 2-change. Z; and Zs are random variables, of which we
need to show some properties first.

Lemma 10. Leti € {1,2} , Q = Q;, and R = d(0,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 densilty fzir—r r— of the random variable Z, gwen T' = T
and R =1 with 0 < r,7 < /2, can be upper bounded by

2 .
\/ 77 2 ifr>71

fZ|T:T,R:7‘(Z) < . :
ey UrsT

For z ¢ [—7,min{7, 2r — 7}| the density is 0.

Proof. By using polar coordinates for Q we obtain

7 =d(0,Q) — d(P,Q) =7 — /(0 — 2g)? + (7 — yg)?
:r—\/xé—i—yé—i—TQ—ZTyQ

=r— \/7“2+T2—27“7'COSO¢,

where « is the angle between the x-axis and the line between O and Q,
which yields yg = rcosa. When we chose o uniformly from the interval
[0, 7] instead of [0, 27) the density of Z doesn’t change, because it is on the
interval [0, 7] symmetric to itself on [m,27]. With this observation we see
that for a = 0 we get

Z=r—\r2=2rr4+7m2=r—\/(r—72Vr—\/(t—r)2=—-17V2r—r1

For o« = 7w we have
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Z=r—Vr24+2rr+7m2=r—\/(r+71)2=-7.

Hence, Z can only take values in [—7, min{7,2r — 7}]. Since « is restricted
to [0, 7] we can provide an unique inverse function that maps Z to a:

z=r— 124712 —2rrcosa & (z—r) =7 +7% - 2rrcosa

T2 4 22r — 22
&S cosq = —mm—,
2rt

which leads to

T2 4 22r — 22

a(z) = arccos( 5
rT

).

Due to a simple density transformation we can write

Fafr—rnir(2) = fula(2) - ~a(2)

L 2,

T dz
where f, is the density of a, namely the uniform density over [0, 7]. Now

we only have to bound /. We know that for |z| < 1 we have (arccos(z)) =
1

o2 SO we get

. 1
d(z) = i
rT \/1 (1% 422r—22)2
4r272
B 2(z —r)
\/47“27'2 — (12 4 221 — 22)2
B 2(z—r)
VAr2T2 — (74 4 42202 + 24 + 4722 — 27222 — 4237)
2(z—7)

B \/4r272 —Ar222 —dp722 4 Ar2d — 74 4+ 27222 — 24).

For r > 7 we show

Ar?7? — 4?2 —drrlr 4 dr2® — T 42722 — 2 > 2(2 — )2 (72 = 2P,
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what proves this case of the lemma as

2(z—1)

1
—rpep(2) = — -
Fzir=r.p=r(2) T Ar2712 — 4r222 — Apr2z 4+ drzd — 74 427222 — 24
2(z—r)
<
VRGP )
2
—\V 22

It is

A2 — 4?2 —drrPr 4 Ar2d — 7t 427222 — 2t 2(z — 1“)2(7'2 — z2)
=22 922 Ay A

=22 (1% = 22) — 71 4 1

>2r2(r2 = 22) -t 4 2t

= (2 = 2?2 >0.

and for r < 7 we show (1)

4272 — 4222 — et e — T4 27222 =

>20z -1 1+ 2)2r — 7 —2)

to prove this case of the lemma as

2(z—r)
. \/47“27'2 Ar222 — dr722 + 4drzd — 174 4 27222 — 24
(z—1)
V2(z—r) T+Z)(27”—T—Z)

fZ|T:T,R:7‘(Z) =

3=

IN

(T4 2) 27“—7'—2)

It is

() e (=2r+z+1)(7+2) (22 + 212 = 2rz +2r* — 72 = 277) > 0

<:>z2—|—27'z—27“z+27“2—7'2—27'7“§0

20



and

224212 — 224202 — 7% — 277
:z2+2z(7—r)+27“2—72—277“
<@r—71)?+202r—7)(r—1r)+ 2% =72 =217
=2(r -7 <0.

O

The next lemma provides us with a bound for the conditional density
JAIT=7,R1=r1,Ro=r, Where Rq = d(O,Q1) and Ry = d(O,Q2). Notice, that
changing T will influence Z; and Z while changing R;, ¢ € {1,2}, will only
affect Z;.

Lemma 11. Let 7,71 and ry be distances with r1 < ro and 0 < 7,171,759 <
V2. Furthermore, let Z; and Zs be independent random variables drawn
according to the densities fz7—r r—p (2) and fzi7—7 r—p,(2), respectively,
and let A = Zy — Zy. For a sufficiently large constant x, the conditional
density of A for § > 0, given 7,71, and ro, is bounded from above by

#(In() +1) ifT<ri AT <1
\/%(ln(%)—i_ln(m)"’l) ifri<tArg <t
\/%(ln(%)-"l) ifr1 <7<

K 1 1 )
V’“Q_T(ln(g) + ln(m) +1) ifre<7T<n

The following two identities are used in the proof:
For every ¢ > 0 and a > 0,

and

In(= +a++ala+c)— ln(g).

If a is bounded from above by a constant, then we can find a constant
such that
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a
1 1
/ —dz <In(=) + k.
Vz(z+c) c
z=0
Proof. We can express fa|r—r R —r,,Ry=r, @ convolution of fzr—; g, and
fZlT:T,R:TQ:

FAIT=1,Ri=r1, Ro=r2 (0) = / f217=r,R=r(2) - f2/7=r,R=r, (2 — §)dz.

Z=—00

Let x be a sufficiently large constant.
In the case 7 < r1 A7 < ry we know that Z; can only take values in the
interval [—7, 7], which allows the assumption 0 < § < 27. This leads to

fA\T:T,Rlzn,Rgzm (6) = fZ|T:T,R:r1(Z) ’ fZ\T:T,R:rg(Z —d)dz.
z=—T+0

The previous lemma gives us the following bound of the densities of Z;,
ie{1,2}:

2 2

—r Rer; < <
fair=rr=r(2) S\| 55 < (r— |2))

2 1 1
= \/;(\/T—z+\/7+z)'

This leads to
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JA|IT=r,Ri=r1,Ra=rs(0)
T

2 1 1 1 1
S; / (\/T—Z+\/T+Z)(\/T—Z+5+\/T+z_5)dz

—T46
/ dz+/ dz
— — 0) — 0
—T+6 Vir=2)(r—z+ s \/T—I—Z (r—249)
/ dz+/ dz)
— — -0
—T+6\/T 2) (1 + 2 —r+6\/T+Z T+ 2z—90)
27—§ 27
2
—/ / dz
T z+5 27’—!—5—,2)
0 4
= 27—9
1
/ dz + / S N
V22T =8 —2) J z(z+0)

0
K 1
—(In +1),

< %(in(3) +1)

as we used the above mentioned identities in the last step.

In the case 11 < 7 A1y < 7 Z can only take values in [—7,2r; — 7], so the

assumption 0 < § < 2r; can be made, and

min{—7,2r;—7}

fA\T:T,Rlzn,RQ:rQ () = fZ|T:T,R:T1(Z) : fZ\T:T,R:rg(Z —d)dz,

z=—T+0

and again we can use our already known bounds, yielding

2
fA\T=T7R¢=m(Z) < \/(T +2)2r; — T — 2)

fz<r,—7

ri(T+2)
2
ri(2ri—T—2)

2 1 n 1
ri ATHz N2ri—T—2z

IN

ifz>r,—7

).

Now we have to consider two subcases, in the first we assume § €
[max{0,2(r; —r2)},2r1] and we get



fA ‘T:T,Rlirl ,Ro=r2 (6)

2r1—1
1 1 1 1
<R 4 i P
B /(\/T+Z \/27"1—T—z)(\/7—+z_5 \/27"2—T—z—|—5)z
—746
2r1 -7 d 2r1—T7 p
Z z
= R( / n /
VI +2)+z2-9) Ve —r=2)r+z-9)
—T+6 —746
2r1—1
+ dz
s V(T +2)@2rs —7 -2 +79)
2r1—1
+ dz )
5 V@ri—71—2)@2r2 — 71— 2+9)
2r1-96 2r1—8
0 \/m 0 2(27"1 — 0 — z)
2ry 1 2r1—40 )
VAo —z) ) VA2 =) +0+2) )
_f )+ ) iy < 1
a \/le—m(ln(%) + ln(m) +1) ifro<mnr
with R = —2

Vrir©
The second subcase we have to consider is 0 € [0, max{0,2(r; — r2)}].

Since this case is only relevant if ro < rq, we obtain
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fA ‘T:T,Rlirl ,Ro=mr2 (6)
2ro—7+9

<R /( L, ! ) ! + ! )d
z
- VT+2z V2ri—T1—2"\1T+2—6 V2rg—T—2+0
—T40
2ro—7+9 2ro—7+0
_R( dZ + dZ
= — —— —
s V(T +2)(T+2-9) s V@ —1=2)(T+2-0)
2ro—71+9
dz
+
» V(T +2)2rs — 7 —2+40)
2ro—7+0

dz
- —7[6 \/(2r1—7—z)(2r2—7—z+5))

2ro 2ro

(0/ J%# z<2mdi5—z>

=R

2rg 2rg

. / dz . / dz
J Vz2(2ry 4+ 6 — 2) J \/2(2(7“2—7“1)—6—|—z)
K 1 1
In(= In(———
w/’l“l’l“g( n(é) + D(Q(’I“l — ’I“Q) — 5
: 2
with R = NG
The third case is r; < 7 < ro and we observe that Z; only takes values

in [—7,2r — 7] and Z3 only takes values in [—7,7]. Again we can assume
0<6<2r; and

)

< )+ 1),

2r1—7

FAIT=7Ri=r1,Ra=rs (0) = f217=r,R=r(2) * f2/T7=r,R=r, (2 — )dz.
z=—T+0

This time we obtain
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fA|T:’T,R1:7‘1 ,Ro=mr2 (6)

2r1—T1

2 1 1 1 1
= w/TTl_{(S(\/T—f—Z—i_ \/27“1—T—Z)(\/7'—z+5+ \/7—+Z_5)dz
2r1—7 2r1—T1
2 1 1
- z dz
,/7'7“1(_74(S \/(T+Z)(T—Z+6)d +_TZ§ \/(27"1 —7—=2)(T—2+0)
2r1—7 2r1—1
1 1
+ dz + dz)
Zé Vr+2) (T +2-9) 15 V@2ri =1 —=2)(T+2—90)
2r1 2r1—0
2 1 1
= z dz
VTT1(5/ \/Z(27+5—2)d ! 0/ V22T —r1)+0+2)
2r1—90 1 2r1—9 1
" 0/ \/z(z—i—é)dz+ 0/ z(27“1—(5—z)dz)
K 1
< 2ﬁ(ln(5)+m(2(7_—m)+5)+1)
< ﬁ(ln(_)—i_l)v

where the last inequality follows since 7 > 7.
In the fourth and last case ro < 7 < ry Z; takes only values in [—7, 7]

and Z takes only values in [—7,2ry — 7], what leads to the assumption
0<§<2(r—r9) and

2ro—T74+9

FAIT=1,Ri=r1,Ro=r2 (0) = f217=r,R=r(2) - f2/7=r,R=r, (2 — §)dz.
z=—T+0

One last time we estimate the bound
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fA|T:’T,R1:7’1 ,Ro=mr2 (5)

2ro—T1

< 2 /( 1 n 1 )( 1 n 1
_\/W_H VT —2 JT+2 VT Hz—0 2ro—T—2+96
2r2—T 2ro—T
2 1 1
= dz dz
\/W( / \/(T+z)(7'+z—5) * / \/(T—z)(7'+z—5)

—746 —T+0

2ro—T 2r9—T1

1 1
* / \/(T+z)(27“2—7'—z+5)dz+ / \/(T—Z)(QTQ—T—Z+5)dZ)

—T46 —T40
2ro—9 2ro—0

_ 2 (/ ! dz—l—/ = dz
VT2 / Vz(z+9) ) Vz2T —6—2)

2ro 279

—|—/ ! dz+/ !
J Vz(2re+d—2) / VZQR(T —12) — 0+ 2)

K

)dz

dz)

< (m(%) + In( +1)

TTr9

=) =5

)

which finally concludes the longest proof of this thesis. O
Now we prove some lemmas about some weaker conditions:

Lemma 12. Let 7 and r1 be distances with 0 < 7,11 < V2. We are in-
terested in the conditional density fajr—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

K 1
(ln(m) +1).

fAIT:Tﬂl:T’l (6) < 1T

Proof. Using the law of total probability for densities allows us to write the
conditional density as

27



V2
FAlrer o (8) = / Fra(r2) - FAT s Ryrs yry (8)dr

ro=0
V2
= / T - fA|T=T,R1=r1,R2=r2(5)dT2
ro=0
V2
K 1
<—(n(=)+1
< A0y [
ro=0
K 1
= In(—) + 1),
7 ) Y
where the last inequality follows from Lemma 11. O

Lemma 13. Let 7 and ro be distances with 0 < 7,19 < V2. We are in-
terested in the conditional density fajr—r ry—r, 0f 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

% (In(gy) + 1) Frozr

e ()< T ) .
Fapr=r,Ra=rs(9) {\/m_T(ln(i')—i-ln(ip(T_é)_&)+1) ifro <71

The proof is analogously to the proof of Lemma 12. O

Lemma 14. Let r be an arbitrary distance with 0 < r < /2. For a suffi-
ciently large constant r and fori € {1,2}, the conditional density fa|g,—r(9)
of A for 6 > 0 under the condition d(O,Q;) =r can be bounded by

Faimi=+(8) < T (in(3) + 1),

To proof this lemma one just hast to integrate over all possible values of
T and make use of the Lemmas above. O
Analogously one proves the following lemma by integrating over all possible
values of R; and R».

Lemma 15. Let 7 be an arbitrary distance with 0 < 7 < /2. For a suffi-
ciently large constant k and for i € {1,2}, the conditional density far—-(9)
of A for § > 0 under the condition T = T can be bounded by
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Fapr—r(0) < Z(n(}) +1).

Q=

O
The following lemma is proven by integrating the conditional density in
Lemma 10 over all possible values for R.

Lemma 16. Let 7 be an arbitrary distance with 0 < 7 < V2. For a suffi-
ciently large constant k and fori € {1,2}, the conditional density fz,7—-(2)
of Z; for z € |[—1,7] under the condition T = T can be bounded by

K
fzr=-(2) < T

For z ¢ [—7,7] the density is 0.

O
And finally we only need one last lemma to conclude this part. Only the
case where we consider a single 2-change is missing, in which we don’t need
the conditional density of A, but the density:

Lemma 17. For a sufficiently large constant k, the density fa(d) of A for
0 >0 can be bounded by

1
fa(d) < m(ln(g) +1).
We use the bound of Lemma 15 and integrate over all values T can take
to prove this lemma. O

3.2.2 Simplified Random Experiments

Now we are going to compare the simplified version from before with the
actual situation. We will denote the event A € [0,¢] with &» when we
consider the original experiment, and £¢ when we consider the simplified
experiment.We will show that P[€p] does not differ much from P[€g]. In
the original experiment O isn’t necessary the origin, instead let O = (x,y) €
[0,1]% and let R, denote the region with

(P,Q1,Q2) € Rz, & Eoccurs.
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The shape of this region is independent from the choice of O, merely the
position of this regions changes. Let V = sup(, ,ye0,12 Vol (R 2,y N [0, 1]%),
the supremum of the biggest possible volume of the region lying in [0, 1]°.
Since the density functions of P, @ and ()5 are bounded from above by ¢,
we can bound P[€p] < ¢3V in the original experiment. We make the simple
observation

Rz N0, 1° =R N([—z,1—2] x [-y,1 = y])* € R N [-1,1]°,

let V' = wol(R(p ) N [—1,1]°), and it is V < V'. Since the circle around
the origin with radius v/2 contains the square [~1,1]2 completely and the
density functions of P, Q7 and ()2 in the simplified experiment are %, we
get P[€s] > 5= in this case. Meaning, that P[Eg] is smaller by a factor of

at most (27¢)® than P[Ep].

Lemma 18. The probability that there exists an improving 2-change whose
improvement is at most € is bounded from above by

1
On' - - (log(-) +1) - %)
Proof. We use Lemma 17, a union bound over all possible 2-changes, namely
nt > n(n —1)(n — 2)(n — 3) and the factor (27$)3 and we have proven the
lemma. U

Theorem 19. Starting with an arbitrary tour, the expected number of steps
performed by 2-Opt on ¢-perturbed Lo instances is

O(n' -log*(n) - ¢°).

Proof. The proof is almost entirely the same as the proof of Theorem 4. This
time we have to bound P[A,,;, < €] with Lemma 18. A simple substitution
in the formulas given in the proof of Theorem 4 and a short calculation
yields the theorem. O

In order to improve this bound, we will now consider again pairs of linked
2-changes. But since the results we have for those are restricted for the orig-
inal experiment, we have to stretch the results to the simplified version first.

Pairs of Type 1. Let for a fixed pair of type one v3 be the origin and let

v1,v2, 04, v5 and vg be chosen uniformly from a circle of radius v/2 centred
at the origin. Let o denote the event, that Ay and Ay lie in [0, €] for some
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given € in the original experiment, and let £g be the same for the simplified
experiment. Using the same methods as above we get that P[Eg] is smaller
than P[€p] by at most a factor of (27¢)5.

Pairs of Type 2. Let for a fixed pair of type two vy be the origin and
let vq,v3,vs, and vs be chosen uniformly from a circle of radius /2 centred
at the origin. Using the same methods as above we get that P[Eg] is smaller
than P[€p] by at most a factor of (2m¢)*.

3.2.3 Analysis of Pairs of Linked 2-Changes

Lemma 20. 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® - € - (log*(2) + 1) - ¢°).

Proof. We consider the simplified case first, use the notations from above
and observe that the events A; € [0,¢] and Ay € [0,¢€] are independent,
since the coordinates of v; are fixed and only v; and v3 play a role in both
steps of the linked pair of type 1. The densities of vy, v4,v5 and vg are
rotationally symmetric, so we don’t need to care about the position of v,
but the distance d(v1,v3) gives us all we need. We have

PIA; € [0, d]ld(v1, v3) = r] = / S dor ) —r (8)d5
0

< F

=7
where we used the bound from Lemma 15 and & is a sufficiently large con-
stant. Since A1 and A, are independent when the distance between v; and
vg is fixed, we obtain

€~ (ln(%) +1),

[

PlAL, Ay € [0, e)|d(vr,v5) = 1] < . 2. (m(%) +1)2

<

ﬁ|?§\ﬁ|;’§

A P(5) + ),

for a sufficiently large constant x’. Now we can use the law of total proba-
bility again and we get
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S

P[A1, A5 €]0,€]|] =

—

a1 09) (1) - P[A1, Ag € [0, €][d(v1, v3) = r]dr

§O

r- P[A1,Aq € [0, €]|d(vy,v3) = 7]dr

I
o

< V2 -2 (In?(=) 4+ 1).
€
Since there are O(n%) different pairs of type one, because there are six nodes
to chose, we can conclude the proof using a union bound over all this pairs
and the factor (27¢) we obtained from simplifying the experiment. O

Lemma 21. 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 - (log(%) +1)-¢h).

Proof. Let for a fixed pair of type two vo be the origin and let vy, vs, vy,
and vs be chosen uniformly from a circle of radius v/2 centred at the origin.
Since there are only 5 vertices instead of 6 involved now, the distances of
the vertices affect the analysis stronger than it was the case with pairs of
type 1. The nodes v1, v9, and vz take part in both 2-changes of the first step
of the pair. Because of that, and the fact that there is only one new node,
vs, introduced in the second pair, we haven’t the circumstance for pairs of
type 2 that fixing one distance makes A; and As independent. We start
with pairs of type 2 a). When we analyse P[A; € [0,¢]] we can consider
both distances d(vy,v3) and d(ve,v3) as random variables to calculate the
mentioned probability. However, for the second step, given that vy,..., vy
are already chosen, we can’t do this, because we used the randomness of the
distances in the first step. This holds not true for d(vi,vs) and d(va,vs).
So we assume, that d(vi,v3) and d(ve,v3) are already chosen, meaning Z =
d(ve,v5) —d(v1,v5) has to take a value in an already predetermined interval
of length e for Ag to take a value in [0, ¢]. We can use Lemma 14 to obtain
for a sufficiently large constant x

€- (ln(l) +1).

€

P[A; € [0,€]|d(vy,v2) = 7] <

<>

Lemma 16 gives us for |z| <r

K

I2ld(wr wo)=r < ——="
|d(v1 v2) T TQ_ZQ
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Since the integral

g
N

is biggest for a = —r Ab = —r 4+ € or a =r — e Ab = r, remember that the
interval has to have length ¢, Z has the highest probability to take a value
in [-r,—r + €] and [r — €,7]. Thus we have for a sufficiently large constant

K}/

P[Ay € [0,€]|d(vi,v2) = 7] < / \/%dz

max{r—e,—r}

’\f

B \/_ . / VT —
max,7T—e, —7'
for fixed vertices v3 and vy. Together with the bound for P[A; € [0, €]] we
get

P[A1, As € [0,d]Jd(v1,v2) = 7] < “_;F €2 -(ln( )+ 1).
Now we eliminate the condition by integrating over all possible values of 7,
using the law of total probability:

~

%\

V2
P[Al,Age[o,e]]g/r-“ %.(1n(1)+1)d = O(e %(1n(1)+1))
0

As there are 5 vertices to chose, we have O(n®) possible pairs of type 2. With
a union bound over them, and taking the (27$)* we get from the simplified
experiment into consideration, we have proven the lemma for pairs of type
2 a).

For pairs of type 2 b) the distances d(ve,v5) and d(vs,vs) are random vari-
ables in the second step, and analogously we get the following results:

PIAy € [0,dld(uz,v5) =7 < e (n(2) +1),

\HZR
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for a sufficiently large constant x using Lemma 15, and

K

fZ|d(U2,’U3):’T < \/ﬁ7

for |z| < 7 with Z = d(va,vs) — d(vs,v5), using Lemma 16. Using the same
arguments as above we obtain for fixed vertices v; and wvs:

P[Ay € [0, €]|d(v2,v3) = 7] < S —
2 _ 2
max{7T—e,—7}

< j L g Ve
>~ T = FARS )
VF NaE

max{T—e,—T}

for a sufficiently large constant x’. This leads again to

V2
P[A1, A € [0,¢]] < /7’- % €3 - (ln(%) + 1)dr = O(e%(ln(%) +1)).

0

With the same argument as for pairs of type 2 a) the proof is concluded. O

3.2.4 Proofs of Theorem 1 b) and 2 b)

Proof of Theorem 1 b). Let T be the discrete random variable that describes
the length of the longest path in the state graph. T is discrete, because the
number of possible tours is bounded from above by m! and no tour can
appear twice during the local search. For T' > ¢ there has to be a sequence
of t consecutive 2-changes in the state graph. From Lemma 6 we know, that
there exist at least £ — 5"(2871) linked pairs of type 1 and 2 in the state graph.
Let Al . for i € {1,2} be the smallest improvement of a pair of improving
2-Opt steps of type i. And for t > n? we get % — Sn(fg_l) > % - i—g = %,
because n(n — 1) < n? < t. With the use of Lemmas 20 and 21 and the
same argument we used in the proof of Theorem 4, that T" > ¢ can only be

if the smallest improvement is at most 27”, we have
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This leads to

log t
t2

7] =+ 3 (Omin{ "5, 1)) + Omin{ L g1 1)),

When we split the two sums at t = n*-log(n¢) -qbg andt = ns -log§ (ng) -gb%,
respectively, we see that the minimum would be 1 for greater values of t, so
we conclude

13

E[T] = O(n* -log(n¢) - $2) + O(n's - log
= O(n -log(ng) - $%)
and are done. ]

win
w0

(ng) - $3)

Proof of Theorem 2 b). For an arbitrary set of n points in the unit square,
we know that for every metric on R? the optimal tour has length O(/n)
[5] and every insertion heuristic finds an O(logn)-approximation [7]. So
if we start 2-Opt with an insertion heuristic the initial tour has length
O(y/nlogn). So for an appropriate constant ¢ and t > n? we get

PIT > 1] < PlA) < &V 10g"]+P[A Lo log”]

mmn — min

n7 log? n-log t-¢d

— O(min{ . 1)
23 3
. ntlog2n-logt- ¢
+ O(min{ 2 ,1}).

We get

35



n"log?n - log?t - ¢°
12

E[T]=n —I—ZOmln{ ,1})

n% 10g5 n-logt- ¢
t2

+ O(min{ ,1}).

. T 9 5 23 . 5 8
When we split the two sums at t = n2-log®(n¢)-¢2 andt = n's -logs (n¢)-¢s,
respectively, we see that the minimum would be 1 for greater values of t, so
we conclude

wlot
wloo

E[T] = O(n? -log2(n¢) - 3) + O(ns - log
= O(n’s -log*(ng) - 67)

and are done. O

(n@) - $3)

3.3 Expected Number of 2-Changes on General Graphs

In ¢-perturbed graphs every edge can be considered a random variable, thus
they are much more random than ¢-perturbed L or Lo instances. This is
the main reason to move on from pairs of linked 2-changes to sequences
of linked 2-changes in order to analyse the expected number of 2-changes
of ¢-perturbed graphs. We call a sequence Si, ..., Sy linked if there exists
for every ¢ < k an edge that has been added to the tour in S; and which
is removed again in S;+1. The improvement to the tour of such a linked
sequence must be at least A®)| the sum of the smallest improvement of all
steps. But in general one can expect the improvement, like in the case of
¢-perturbed L and Lo instances, to be much higher. To prove this we need
to define linked sequences with additional properties.

3.3.1 Definition of Witness Sequences

Before we define the three different types of witness sequences, there are
some general things to say. When m is the number of edges in the graph,
then there are O(m?) different possible choices for S1. For Sy there is already
one edge predetermined to be removed in the first step, so there are just m
possible choices for the second edge of this step, and there are 4 ways to
add a new edge in the second step. Together this makes 4m possible choices
for S5. Since we can do the same for any S;, 3 < i < k, we can bound the
number of linked sequences from above by m? - (4m)*=1 = 4F=Imk+1,

In the definitions of the different types of witness sequences we will use
the following notations: e;_; and f;_; denote the edges that are removed
from the tour in S;. e; and f; denote the edges that are added to the tour
in Sz
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Definition If for every ¢ < k the edge e; does not occur in any step S; with
j <, then Sy,..., S is called a k-witness sequence of type 1.

Definition Assume that for every ¢ < 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_» occur in steps S; with j < k — 1, then
S1,...,5k is called a k-witness sequence of type 2.

Definition Assume that for every i < k — 1 the edge e; does not occur in
any step S; with j < 4. If the edges e, and gj occur in steps S; with j < k
and if frp_; does not occur in any step S; with j < k, then Sy,...,S) is
called a k-witness sequence of type 3.

3.3.2 Improvement to the Tour Made by Witness Sequences

As in the sections before, we want to know the probability that there exists
a k-witness sequence in which every step improves the tour by at most e.
The following lemma tells us exactly that.

Lemma 22. The probability that there exists a k-witness sequence in which
every step is an improvement by at most € is

a) bounded from above by 4*"Im*+1(eg)F for sequences of type 1.
b) bounded from above by k*4*mF=1(ep) 1 for sequences of type 2.
¢) bounded from above by k*4*mF(ep)* for sequences of type 3.

Proof. a) As we already know, the number of k-witness sequences of type 1
is bounded from above by 4*"Im*+1 Let Si,..., Sy be a fixed k-witness
sequence of type 1. We assume that in the first step the edges eg and fy
are removed from the tour, and e; and g; are added. Further, we assume
that the lengths ey, fo and g1 are predetermined by an adversary. We
can write the improvement A of step one as

Ay = d(eo) +d(fo) — d(e1) — d(g1),

meaning that if this step shall be an improvement to the tour of at most
€, d(e1) has to take a value in an interval with length at most e. This
leads to

b
Pld(er) € laH) = [ fugen a)de < co,
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since the density of d(e;) is bounded from above by ¢ and b—a = e¢. Now
we consider a step S; with ¢ > 1 and assume that the lengths of e;, f;
for j < ¢, and g; for I < i are predetermined arbitrarily. Per definition,
e; is not involved in any step Sp with h < i, meaning the length of this
edge has still to be determined. So we have the same situation as we had
for S7, meaning the probability that S; improves the tour at most by e
is bounded from above by €¢. Since we got k steps, and for each one
we get the same bound, the lemma follows when we combine this result
with the bound of the number of possible k-witness sequences of type 1.

For k-witness sequences of type 2 there are also O(m?) possible choices
for S1, and 4m possible choices for steps S; with 1 < i < k — 1 The first
step introduces 4 new vertices to the sequence and every step S; with
1 <% < k at most 2, so the number of different vertices involved in the
steps S; with j < k — 1 is at most 4 + 2(k — 3) < 2k. Which leaves
us with less than 4k choices for Si_1, because both points contained in
fr_o have to be chosen from the vertices that had already been chosen
in the steps S; with j < k —1. Now we can do the same for Sj: With
the first step there are 4 new edges introduced to the sequence, in every
other step S; with 1 < j < k there are at most 3 new edges introduced.
So there are at most 4+ 3(k—2) < 3k edges involved in every step before
S}, which leaves us at most 9% different choices for S;,. When we put all
the results together, we get a bound on the number of different possible
k-witness sequences of type 2, namely 36k%4* 3m*~1 < g4kmbr-1,

Now we can use the same arguments as for k-witness sequences of type
1, except for the last step Sk, because the edge e; has already been used
before. Thus we get the bound (e¢)*~! on the improvement of at most
€ of every step .S; with ¢ < k. Combined with the bound on the number
of possible sequences of type 2 yields this part of the lemma.

This part of the proof is done analogously, as one shows, that the num-
ber of different possible k-witness sequences of type 3 is bounded by
9k24k—2mk < k24FmF—1. Contrary to sequences of type 2, the last step
introduces with fr_1 a new edge to the tour. So we get again a factor of
(e¢)*, and combined with the number of possible sequences, the proof of
the lemma is complete.

O

Definition 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
1 < k. We call a k-witness sequence improving if every 2-change in the

(k)

sequence is an improvement. Moreover, by Ap/s we denote the smallest
total improvement made by any improving k-witness sequence.
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Using the lemma from above, we can now show that it is highly unlikely for
an improving witness sequence to have a small total improvement.

Corollary 23. For0 < e < 1/(452mF=1¢k=2)1/(k=2) and arbitrarily chosen
kit is

PIAM. < ¢ < 10k5 (4meg)?.

Proof. According to the lemma above, the fact that every witness sequence
of type 2 or 3 must consist of three or more steps, and using the notation
from the definition above, we get

k k
PIARL < < 451t (eg)k + > itaim T eg) T+ 4w (eg)!

i=3 i=3
<A (eg)F + 4k (dAmeg) ! + K7D (4meg)’.
i=3 i=3
And it is
1 4 =
€< T <:>4me¢<L,?_l<:>4me¢<mTIQ
(4k72mk71¢k72)m 4¢mm
= 4dme¢p < 1.

This allows us to bound the two sums in the following way
PIAWY < ¢ < 45Ut () + 4k5 (4meg)? + k3 (dmeg)?

A simple calculation shows, that for our choice of € the first term of the sum
is smaller or equal to the second term. This concludes the proof. U

3.3.3 Identifying Witness Sequences

Now we have to show, that we can find disjoint k-witness sequences in every
sequence of consecutive 2-changes of enough length. In order to do so, we
first have to define a witness directed acyclic graph (DAG), that will repre-
sent the sequence of 2-changes Si,...,S; for t > n2¥. To clarify notations,
we will speak of nodes and arcs when we consider a DAG W, and of vertices
and edges when we consider the input graph G.
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W has a node for every edge of the initial tour. Every one of this nodes
gets an arbitrary time stamp ¢ € {1,...,n}, with the only condition that no
two nodes have the same time stamp. Now assume S1, . ..,S5;_1 have already
been processed, meaning S; would be the next step. Let e;_1 and f;_1 be
the edges that are exchanged in S; with e; and f;. The edges e;_1 and f;_1
were in the tour, so there are nodes u; and ug in W corresponding to those
edges. Now two new nodes ug and u4, which correspond to e; and f;, are
added to W with the time stamp n + i and we add four new arcs: (u1,us),
(u1,uq), (ug2,us), and (ug,us), which we shall call twin arcs. This leads to
the fact that every node in W has indegree and outdegree of at most 2 and
we call W a t-witness DAG. The height of a node u of W shall be defined as
the length of the shortest path from the node to one of W’s leafs. If a node
u has a height > k, we can identify a so called sub-DAG W, of W, which
contains all nodes of W, that can be reached from w while using no more
than k arcs, and the arcs between those nodes are induced by W.

Lemma 24. For every sub-DAG W, the 2-changes represented by the arcs

in Wy, yield a total improvement of at least Ag/‘k/)s.

Proof. Let W, be a fixed sub-DAG with root u. We know that the height
of w is at least k, which means that every path from u to a leaf in W,, has
length k—1. Since there are always two possible arcs to chose at nodes which
are no leafs, one can identify 2°~! different sequences of linked 2-changes of
length k£ in W,. We will now show that at least one of those sequences is
either a k-witness sequence, or a sequence which improves the tour as much
as the total improvement of one the k-witness sequences would do. In order
to do so, we give an recursive algorithm that is initialized with the sequence
S1, which is represented by the two outgoing arcs of u.

Let the algorithm be called by a sequence Si,...,S; that has already
been constructed. Now the algorithm has to determine whether there will
be added a step S;41, which is linked to .S;, to the sequence, or the sequence
is already a k-witness sequence. For that matter, let e;_; and f;_; be the
edges that are replaced by e; and f; in S; with j < i+ 1. Further, let €] and
fi be the edges that are replaced by €, and g;_, in S, |, where S;_ is the
alternative to S;11 in being the next step of the sequence. Let E; denote all
edges involved in steps S; with [ < ¢ and F;_ all edges involved in steps S
with | <7 —1.

When the algorithm is called with a sequence S1i,...,.S; there is at least
one edge, that is new to the tour, added in S;. Let w.l.o.g. e; be that
edge, meaning e; ¢ E;_1. We will see, that when the algorithm is called
recursively with a sequence Si,...,S;11 or Si,...,S;,, it will either not
have a return value, since it found a witness sequence, or it will return a
2-change S. Whenever that happens, there is a sequence of linked 2-changes
in W, that starts with S;;1 if the algorithm was called with S1,...,5;, or
with S/ 41 otherwise. After all steps of this sequences are performed, they
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introduce exactly the same edges as S to the tour. Analogously, they remove
the same edges from the tour, and every other edge either never left the tour,
or was never added to the tour. So if this happens, we can replace S;;1, or

2

Si ., respectively, with S.

Now, this is what the algorithm does when called with a sequence St,...,.5;:

1.

2.

3.

Based on the last step S;, identify the steps S;y1 and S} 41
If ¢ =k, then Sq,...,.S; is a k-witness sequence of type 1.

If e; ¢ E; or gi+1 ¢ E;, then make a recursive call with the sequence
S1,...,5i+1 as input. If a step S is returned, replace S;y1 virtually
by the returned step, that is in the following steps of the algorithm,
assume that S;41 equals S. In this case the edges e;+1 and g;41 that
are added to the tour in the new step S are always chosen from the
set F;.

.If e, ¢ E;_y and (e;11 ¢ E; or git1 ¢ E;), then make a recursive call

with the sequence Sy, ..., S, as input. If a step S is returned, replace
Sy, virtually by the returned step, that is in the following steps of the
algorithm, assume that S/ 41 equals S. In this case the edges e, 41 and
iy, that are added to the tour in the new step S are always chosen

from the set F;.

If e; € E;1 and €11, 911 € Ej:

(a) If fi_1 € E;j_1, then Si,...,S;41 is a witness sequence of type 2.

(b) If f; ¢ E;, then Sy,...,S;+1 is a witness sequence of type 3.

(c) Ife;y1,9i+1 € Ei—1, then Sy, ..., S;+1 is a witness sequence of type
2 since one endpoint of f;_; equals one endpoint of €] and the other
one equals one endpoint of either e; 11 or g;41.

(d) If f; € E; and (6i+1 €FE; E;_jorgy €F; Eifl) then one can
assume w.l.o.g that g;+1 = fi—1 and e;1; € F;_1 since e;11 # €}
and gij11 # €, (ei+1 and gj41 share one endpoint with e;, €] does
not share an endpoint with e;). In this case, return the step S =
(€im1, fi) = (€it1, €).-

If e € i and ej11, giv1, €)1, 9,41 € Ei:

(a) If €it1,i+1 §é FE;_1 and 624_1,91{_’_1 € E; 1, then Sq,...,5; is a
witness sequence of type 2.

(b) If f{ ¢ E;, then Sy,...,S;, 5], is a witness sequence of type 3.

(C) If fz’le € E; and (€i+1 €e B, E,_1or gy € E; Eifl) and
(ej.1 € Ei Ei_yorg,, €E; Ei_1),then as in case 5(d), assume
w.lo.g giy1 = gipy = fi1 and e;q1,€j,; € E;_1. In this case,
it must be f; # ¢, and f! # e; as otherwise step S; would be
reversed in step Siy1 or Sj ;, respectively. Hence, fi, fi € E;_1
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and S, ..., S;41 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 |{ei1: €41, Gir15 951} N (Bs Ei—1)| = 1, assume w.lo.g. ejr1,
gi+1, €41 € Ei—1 and g, = fi_1. As in the previous case, it
must f/ € E;_;. We replace step S; by the step S = (e;—1, f) —
(e, €} +1)- Then the sequence Si,...,S;y1 is a witness sequence of
type 2 as f] € E;_1. Observe: The original sequence Si, ..., Sit1
together with the step S} 41 Yields the same net effect and hence the
same improvement as the sequence with the modified step 5; = S.

This part of the proof has been taken exactly out of [1]. The algorithm does
find k-witness sequences, which are constructed via the sub-DAG, meaning
that the improvement made by this 2-changes can’t be smaller then the
total improvement of any of the k-witness sequences, and that yields the
lemma. ]

Lemma 25. For t > nd"2 every t-witness DAG contains at least i
nodes u whose corresponding sub-DAGs Wy, are pairwise disjoint.

Proof. Let W be a t-witness DAG, then W consists of n+ 2t nodes, for every
edge of the initial tour one, and every step S; introduces two new nodes to
W. Further, n of these nodes are leafs, because there still have to be n edges
in the tour afterwards. As we already mentioned, the in- and outdegree of
every node is bounded from above by 2, which leads to the conclusion, that
the number of nodes of height less than k is at most n2¥. That implies, there
are at least n + 2t — n2F > ¢ nodes in W with height at least k, meaning
there is sub-DAG W,, associated to this nodes. Now we construct a list of
disjoint sub-DAGs by first adding an arbitrary sub-DAG to it, and then we
delete every node, arc and every twin arc of that sub-DAG from W. We add
another arbitrary sub-DAG to the list, and repeat the procedure. We do
this until there are no more sub-DAGs left in W. Obviously, the sub-DAGs
are disjoint.

Each sub-DAG of W consists of at most 2°*! nodes, as the height is k and
the in- and outdegree is bound from above 2. Let v be one node of the sub-
DAG. As we can only have at most 28! nodes to either left or right from v,
which induce a sub-DAG that also includes v, each node can be contained
in at most 2- 28T = 282 sub-DAGs. This means, that every sub-DAG can
only be non-disjoint from at most 281 . 2642 = 92k+3 ~ 4k+2 other sub-
DAGs. As there were at least ¢ nodes in W with associated sub-DAGs, the
number of disjoint sub-DAGs must be at least Lﬁj > M%, what proves

the lemma. O
Lemma 26. Let k be chosen arbitrarily, and let Sy, ...,S: denote a sequence
of consecutive 2-changes performed by the 2-Opt heuristic with t > n2F. The
sequence Si,...,St shortens the tour by at least Mﬁ AW SR,
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Proof. If we combine Lemmas 24 and 25 they yield this lemma. U

3.3.4 Proof of Theorem 1 c) and 2 c)

Proof of Theorem 1 ¢). For t > n4*+2 Lemma 26 tells us, that the tour is
shortened by a sequence of 2-changes by at least 41@% . Ag,lf,)s. Let T once
again denote the random variable describing the longest path in the state
graph. We have

PIT > 1] < Plts - Al < = PlAW, < 20
For t > 4k+4n¢m% Corollary 23 gives us
PIT > 1] < 10k5<4k+4fm¢)2
Which leaves us with the following expected value of T
5 4k+4nm¢

E[T) < 4k+4n¢m z 4 Z min{10k°(——)% 1},

with the same arguments as in the proofs of the other parts. We split the
sum at t = nmek?2, since for bigger or equal values the minimum is always
one. This yields

k-1

E[T] = O(k34*nm*i—)

With k& = y/logm the proof is concluded. U

This directly implies Theorem 2 c), as the expected number of steps
equals the expected length of the longest path in the state graph.
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3.4 Proof of Theorem 3

At this point we only need to prove Theorem 3 in order to make the smoothed
analysis. As it has been shown in [5], that for TSP instances with n points
in [0,1]?, where the distances are measured according to a metric that is
induced by a norm, every locally optimal solution of 2-Opt is not larger
than cy/n, where ¢ is a constant which depends on the metric. The L,
and Lo metrics are both induced by a norm, so the tour 2-Opt finds on
corresponding ¢-perturbed L; and Ly instances is not larger than O(y/n).
This put together with the following lemma will prove the theorem:

Lemma 27. For ¢-perturbed Ly and Lo instances, it holds

5571 =0/

where OPT is the length of the shortest possible tour.

Proof. We denote the vertices of the ¢-perturbed Ly or Lo instance with
P1,-..,Pn and partition the unit square into k = [n¢| smaller squares with
length % Now we construct a set P C {p1,...,p,} in the following way:
We start with P = {p;} and check for ps if it is in the same square as p; or
if p1 is in one of po’s 8 neighbour squares. If it isn’t, we insert ps into P.
We continue this for every vertex, meaning we check a vertex p; in the same
way with all vertices in P. The shortest tour on P is at most as long as the
shortest tour on {pi,...,p,}. To see this, one just has to consider the fact
that the triangle inequality holds, because if there is an edge in the optimal
tour on P, which is not used in the optimal tour on {p1,...,p,}, then this
edge has lower costs then the two edges needed in the tour on {pi,...,pn}.
The worst case is obviously P = {p1, ..., pn}, where both optimal tours have
the same length.

Let X be the number of squares which contain at least one vertex, then
P contains at least % vertices, due to the construction of P. And because
of the construction of the squares, every edge between two vertices in P has
length at least ﬁ This yields, that the length of the optimal tour on P is

X, 1 _ X
atleast9 NN

For 1 < i < k let X; denote the random variable which equals 1 if square
i contains at least one vertex, and 0 otherwise. The probability p], that
vertex j is in square ¢ is induced by the given density function of vertex j
for every 1 < j < n. Since the densities are bounded from above by ¢, the
probability p! is bounded from above by %, since it is the probability that
a point falls in an interval of length % Further let for 1 < ¢ < k M; be the
probability mass for square i. It is
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N
3
<

and we have

PIX] = PIX, = 1] = 1- PIX, f[l—pz 10 My

n
as Z(l—pl Zl—Zpl = n — M;, which means that H 1—pz)
j=1 j=1 j=1 J=1
maximized, when all pi are equal. Since the expected value is linear, we get

Zj: 1—% )=k—) (1-

=1

k
It is > M; = n, because every vertex is per definition in one of the squares,
i=1
k M;
and this means the sum ) (1—
=1
as unbalanced as p0881ble So we assume that [ | of them take their biggest

) is maximized, when the M;’s are chosen

possible value of % 7 and all the others are zero. This implies for sufficiently
large n

k D\ k
E[X]Zk—(fj(l—%) +(/€—f51))
k 2k D\
Zg—?(l_g)
k 1" n
5(1_2(1_71—1—1 ))Zg

This provides us with

E[X]> n_o vn

E[OPT] > E| NN R T =

X
N
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But since it is our goal to prove a bound on the expected value of ﬁ,
we will show that X, and that implies OPT, too, are sharply concentrated
around their mean values. X is the sum of n 0-1-random variables, meaning
the X; are Bernoulli random variables. If they were independent, we could
apply the Chernoff bound on them to bound the probability of X taking
a value that is smaller than its mean value. However, it was shown in [§],
that we can still apply a Chernoff bound, if the X; are negative dependent,
meaning that if some of them are zero, this decreases the probability of the
other X; taking the value zero. This is obviously the case here, and we can
use the bound:

n —n
J<ew,

P[X < —
10

and since % < 1 we get the following bound on the expected value of %:

1. 10 1 10 110
Bl—] < — . Pl= < 214 P[— > —
X< x <1+ Plx =]
10 1
<S(I—e®) —4em < —,
n n

for sufficiently large n. If we combine this with the results from above, this
implies

plbz] < B o /%)

3.5 Smoothed Analysis of 2-Opt

We will analyse a perturbation model for Ly and Ly instances, where the n
points are at first chosen by an adversary in the unit square, but then the
coordinates of the vertices are perturbed by adding independent random
variables to them. This random variables are Gaussian random variables
with standard deviation o < 1. After that, we check if one of the random
variable’s absolute value is larger than some given « > 1. If this is the case,
we replace the random variable with a new Gaussian random variable with
standard deviation o. We do this as long as it takes to bound all absolute
values of the random variables by «. Let X be one of the just drawn random
variables, and let Y be an arbitrary Gaussian random variable with standard
deviation o and density function fy. As fx(z) < supyeg fy(y), since Y is
not bounded by «, we can bound the density of X by
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supyer fy () _ 1/(o+/29)
PlY|<a] ~1-0/V2r-e 0/’

[x(z) <

Since the points do not lie in the unit square after the perturbation, but
in [—a, 1+ a]?, we can’t apply Theorems 1-3. In order to be able to apply
them, we have to rescale and shift the instance in a way such that it lies
again in the unit square. Doing so can increase the density of X by at most a
factor of (2a:+1)2, as becomes obvious when considering the corresponding
integral to the density. When we chose

(2c +1)? _o 2
(J\/% _ 026*0‘2/(202))2 - (

we can apply the theorems.
We get for Ly instances:

o=

)

Qw| o

e Expected length of the longest path in the 2-Opt state graph: O(”i@‘Q ).

n3'5a2
g

> logn).

e The expected number of steps performed by 2-Opt: O(
e The approximation ratio: O(%).
And for L9 instances:

e Expected length of the longest path in the 2-Opt state graph:
4+1/3,16/3 2
O(*— w5 log(*5-)).-
e The expected number of steps performed by 2-Opt:
n3+5/6,16/3 2/ na2
O(Wl (%))

e The approximation ratio: O(%).

If the standard deviation is small enough, meaning o < min{\/ﬁ, 1}, one
has not to redraw the Gaussian random variables until their absolute values
are bound by « to apply the theorems. The proof can be found in [1].
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4 Karp’s Partitioning Scheme

Karp’s Partitioning Scheme is, like 2-Opt, a heuristic, but only for Euclidean
TSP instances. Given a set V' consisting of n points in the unit square, the
n

algorithm first partitions the unit square into k =, /W stripes, with the

restraint that each stripe has to contain exactly y/n - logn points. Then the
algorithm partitions this stripes again into k cells with the constraint that
each cell has to contain exactly 77 = logn points and computes for each cell
an optimal TSP tour. In a final step the algorithm joins all computed tours
to obtain a tour for V', which shall be denoted by K P(V). This is a very
specific version of Karp’s Partitioning Scheme, in general it works for every
k:\/gwithslgn.

When the n points are chosen uniformly and independently in the unit
square, it has be shown by Steele that K P(V) converges completely to
TSP(V), where TSP(V) denotes the optimal tour on V. We want to extend
this to ¢-perturbed L; instances, using methods from [2]. A smoothed
analysis of the running time of Karp’s Partitioning Scheme has not been
done so far, leaving this question still open. We can, however, analyse the
expected approximation ratio of the algorithm, which we will do in this
section.

4.1 Preliminaries

Definition An Euclidean functional is a function F : ([0,1]?)* — R which
maps a finite set V' C [0, 1] to a real number F (V). In our case F (V') equals
TSP(V), the length of the optimal TSP tour over a set V consisting of n
points.

We call an Euclidean functional smooth, if there is a constant C such that

[F(VUW) = F(V)| < C- VY],

for all finite V, W C [0, 1]2.
We call an Euclidean functional, according to Frieze and Yukich [11], near-

additive, if for all partitions C1, ...,y of the unit square into cells we have
l s
|F(V) = F(Vi)| < O()_ diameter(Cy)), (5)
i=1 i=1

for all finite sets V' C [0, 1]?, and where V; is the set of points in cell C;, and
the diameter of a cell is the greatest distance between any pair of vertices
in that cell.
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Definition The Nearest neighbour graph for a set V of n points in a metric
space is a directed graph which consists of a vertex for every point in V/,
and edges (v, w) between all v,w € V, with v # w, whenever the distance
d(v,w) is shorter than d(v,z) for all x € V with  # v and z # w.

The total edge length NN (V') of the nearest neighbour graph is

NN(V) = min |jv — wl|,
v weV,w#v
and VN is an Euclidean functional.
In the following, pp(n,¢) will denote a lower bound on the expected value

of an Euclidean functional F, which maps a set of n points.

4.2 Necessary Lemmas and Theorems

We start with a theorem, which has been proven by Rhee in [10] for n
identically distributed points, but she also mentions that the proof can be
extended to the situation when the points are drawn independently with not
necessarily identical distributions.

Theorem 28. Let V' be a set of n points drawn independently according to
identical distributions from [0,1]2. Let F be a smooth Euclidean functional.
Then there exist constants C' and C' such that for all t > 0, we have

/44

PF(V)—E[F(V)]| >t <C-e a .
|

The next theorem gives us a first expected approximation ratio of Karp’s
Partitioning Scheme, but in fact the theorem is much more general. We
assume that A is some algorithm, which divides [0, 1]? into s cells C1, . .., Cs,
computes optimal solutions for each cell and joins them to a solution for V.
Let F' be a smooth and near-additive functional, then the value computed
by A can be bounded by

where J’ upper bounds the costs of joining the solutions of the cells and V;
is the set of points in C;. Because F' is near-additive we get
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AV)< F(V)+J,

for J = J + O(>_ diameter(C;)), which implies
i=1

and since E[F (V)] > ur(n, ¢) we obtain

E[A
EAV) o T
E[F(V)] pnr(n, @)
Theorem 29. Assume that A has a worst-case approzimation ratio of a(n)

for instances V' consisting of n points. Then the expected approrimation
ratio of A for ¢-perturbed Ly instances on V is

).

A(V) J —Cup(n.e)t

for some constant C > 0 and J chosen as above.

Proof. 1If F(V) > M then we obtain an approximation ratio of 1 +

O(m) as shown above. If F(V) < M the ratio is «(n), thus we

have

w min # aln
P < il + 06 25), et}
Applying Theorem 28 yields
PIF(W) < L822) < pliR() - BP0 > ur(n, 0) < €5,

2

for some constants C,C’ > 0. Combining this two results gives us



and the proof is complete. O

The following lemma will help us to choose pursp(n, ¢) for our smoothed
analysis.

Lemma 30. For ¢-perturbed Lo instances we have

E[NN (V)] = Q( 5),

where NN 1is the nearest neighbour functional.

Proof. As we have

NN(V) = min |jv — wl|,
weV,w#v
veV

we obtain

E[NN(V)] = n- E[min;>s||lv1 — vil|],

due to the linearity of the expected value. Now we assume, that v; has been
chosen by an adversary, and vs, ..., v, have been drawn to their respective
density function. We get

E[mini22||vl — Uz”] = P[miningvl — Uz” 2 T]dT

= T — g TT—3

(1 = P[lJor = vil| < r])dr
=2
omNn

> / (1= P[||lvr — vg|| < r])dr.
0o =2

)

V

We can bound the probability that the distance from vy to v; is less or equal
to r from above by ¢ times the area of a circle of radius r, since ¢ is an
upper bound on the density of every point. This lets us continue with

o1



1/v/¢mn
E[min;>a||lvi — vil|] > / (1 — ¢pmr®)"dr
0
1/v/¢mn

as 1 — ¢mr? > 1— 2L for r € [0,1/\/¢rn] and (1 — )"~ > 1 This implies
E[min;>s|lvi — vil|] = Q(1/v/n¢), which completes the proof. O

4.3 Smoothed Analysis of Karp’s Partitioning Scheme

Since we now have the tools to complete the smoothed analysis of the al-
gorithm’s approximation ratio, we still need to figure out how to choose J,
pursp(n, ) and a(n) to be able to apply Theorem 29.

Since the nearest neighbour functional is a lower bound for the TSP,
we can apply Lemma 30 to obtain pursp(n,¢) = Q(/n/¢). We also have
ursp(n, @) = O(y/n/¢), due to the results of Chandra, Karloff and Tovey
([5]), which state that the length of an optimal TSP tour is O(y/n). This
implies

prsp(n, @) = O(\/n/9).

Further we use the following bound provided by Karp [11] and Steele [12]:

KP(V)<TSP(V)+6k=TSP(V)+6+y/n/logn,

for k? = n/logn. This bound gives us

n

J=0( ).

logn
Now only a(n) is left to be determined. Let v,w € V be two arbitrary
points. Every tour has to visit both points, so according to the triangle
inequality the tour must have a length of at least 2||v — w||. Since every
tour has exactly n edges, we obtain an upper bound on the length of every
possible tour: §TSP(V). Thus we get

a(n) = 3,
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which leads us to the final theorem of this thesis:

Theorem 31. For ¢ € o(y/n/logn), the expected approximation ratio of
Karp’s Partitioning Scheme is

E[;;PT(X/))SHO(

¢
logn

).

Proof. We use pursp(n,¢) = 0(y/n/¢), J = O(,/1555) and a(n) = § with

Theorem 29 to obtain

E[%} <140( &) +O(n- e ).

¢ € o(y/n/logn) implies that O( logn) is an upper bound for O(n -
o)

, which concludes the proof. ]
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5 Conclusions and Open Questions

The gap between theoretical and practical results concerning the TSP is still
rather big, and therefore it is still much work left to be done. For example,
we have analysed 2-Opt by constructing lower bounds on the smallest possi-
ble improvement of sequences of linked 2-changes. This pivot rule, however,
is in practice much too pessimistic, as the improvement can be expected to
be much better per step. Furthermore, not even the complexity of comput-
ing locally optimal solutions for 2-Opt is known yet. As until today there
has not been any published work on locally optimal solutions which can be
applied to our case.

Another interesting fact is, that the approximation ratio of 2-Opt in ex-
periments were sometimes very close to 1. Not any theoretical work comes
even close to this results.

The smoothed analysis for ¢-perturbed graphs is still an open question.
If one finds a suitable perturbation model for such instances, he would be
provided by this thesis with the necessary theorems to analyse ¢-perturbed
graphs.

For Karp’s Partitioning Scheme we have only seen a smoothed analy-
sis of the approximation ratio, but no work has been done on the general
running time. The total running time is 2°/**) poly(n/k*) + O(k?), which
is polynomial in n for k2 = n/logn. Furthermore, the results we showed
are for a very specific choice of k. It would be interesting to see results for
general possible values of k.

In general, there have not been many results for the TSP in the field of
smoothed analysis, especially on the known exact algorithms, e.g. branch-
and-cut algorithms. Though the running time of such algorithms is of course
exponential, a smoothed analysis could provide new methods to improve
this algorithms further. But in order for a successful analysis, a suitable
approach has to be found first.
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