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Abstract. Ant colony optimization (ACO) has been widely used for dif-
ferent combinatorial optimization problems. In this paper, we investigate
ACO algorithms with respect to their runtime behavior for the traveling
salesperson (TSP) problem. We present a new construction graph and
show that it has a stronger local property than the given input graph
which is often used for constructing solutions. Later on, we investigate
ACO algorithms for both construction graphs on random instances and
show that they achieve a good approximation in expected polynomial
time.

1 Introduction

Stochastic search algorithms such as evolutionary algorithms (EAs) [3] and ant
colony optimization (ACO) [2] are robust problem solvers that have found a
wide range of applications in various problem domains. In contrast to many
successful application of this kind of algorithms, the theoretical understanding
lags far behind their practical success. Therefore, it is highly desirable to increase
the theoretical understanding of these algorithms.

The goal of this paper is to contribute to the theoretical understanding of
stochastic search algorithms by rigorous runtime analyses. Such studies have
been successfully applied for evolutionary algorithms and have highly increased
the theoretical foundation of this kind of algorithms. In the case of ACO algo-
rithms the theoretical analyses of their runtime behavior has been started only
recently [9I5I8I6]. We increase the theoretical understanding of ACO algorithms
by investigating their runtime behavior on the well-known traveling salesperson
(TSP) problem. For ACO the TSP problem is the first problem where this kind
of algorithms has been applied. Therefore, it seems to be natural to study the
behavior of ACO algorithms for the TSP problem from a theoretical point of
view in a rigorous manner.

ACO algorithms are inspired by the behavior of ants to search for a shortest
path between their nest and a common source of food. It has been observed
that ants find such a path very quickly by using indirect communication via
pheromones. This observed behavior is put into an algorithmic framework by
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considering artificial ants that construct solutions for a given problem by carrying
out random walks on a so-called construction graph. The random walk (and the
resulting solution) depends on pheromone values that are values on the edges of
the construction graph. The probability of traversing a certain edge depends on
its pheromone value.

One widely used construction procedure for tackling the TSP has already
been analyzed in [I1I]. It constructs a tour in an ordered manner, where the
iteratively chosen edges form a path at all times. In this paper, we give new
runtime bounds for ACO algorithms using this construction procedure. On the
other hand, we propose a new construction procedure, where, in each iteration,
an arbitrary edge not creating a cycle or a vertex of degree 3 may be added to
extend the partial tour. We analyze both construction methods and point out
their differences.

Our analysis of these two ACO variants goes as follows. We first examine the
locality of changes made, i.e., how many edges of the current-best solution are
also in the newly sampled tour, and how many are exchanged for other edges.
We then use these results as upper bounds on the time until certain desired local
changes are made to derive upper bounds on the optimization time.

In particular, we show the following results:

— The ordered edge insertion algorithm exchanges an expected number of
2(log(n)) many edges (Theorem [Il) while the arbitrary edge insertion ex-
changes only an expected constant number of edges (Theorem H).

— Arbitrary edge insertion has a probability of ©(1/n?) for any specific ex-
change of two edges (Corollary [I]), while ordered edge insertion has one of
O(1/n?) [1].

— The simple TSP-instance analyzed in [I1] is optimized by arbitrary edge
insertion in an expected number of O(n3log(n)) steps (Theorem []), while
the best known bound for ordered edge insertion is O(n%) ([11]).

— Both construction graphs lead in expected polynomial time to a good ap-
proximation on random instances.

The rest of the paper is organized as follows. In Section 2] we introduce the
problem and the algorithms that are subject to investigations. We investigate
the number of edge exchanges for large pheromone updates in Section [3] and
prove runtime bounds for certain classes of instances in Section @ Finally, we
finish with some concluding remarks.

2 Problem and Algorithms

In this paper, we consider the symmetric Traveling Salesperson Problem (TSP).
We are given a complete undirected graph G = (V, E) and a weight function
w : E — Ry that assigns positive weights to the edges. The goal is to find a
tour of minimum weight that visits every vertex exactly once and returns to the
start vertex afterwards. We analyze an ACO algorithm called MMAS* (Min-Max
Ant System — see Algorithm[]), already used in different theoretical studies [STT].
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MMAS* works iteratively, creating one new candidate solution x in each iteration,
and keeping track of the best-so-far solution z*. A new candidate solution for a
target graph G is constructed by an artificial ant that performs a random walk on
an underlying graph, called the construction graph, step by step choosing compo-
nents of a new candidate solution. In this paper, we use edges of the given input as
the components that influence this random walk. In each step of its random walk
on the construction graph, we want the ant to choose an edge e in G with a prob-
ability based on pheromone value T(e) We use a procedure construct based on
the pheromones 7 as given in Algorithm[2l In this paper, we consider two different
approaches of constructing new solutions by specifying the neighborhood function
N of Algorithm Plin Sections ZI]and

Algorithm 1. The algorithm MMAS*

1 function MMAS* on G = (V,E) is
7(e) — 1/|V|, for all e € E;
" «— construct(7);
update(7,z");
while true do

z « construct(7);

if f(xz) > f(z*) then

*
T —

© W0 N0 Tk WN

T «— update(7,z*);

Algorithm 2. The algorithm construct

1 function construct based on T is

2 for k=0ton—2do

3 R~ Z'yEN(el,“.,ek) 7(y);

4 Choose one neighbor ery1 of e, where the probability of selection of any
fixed y € N(e1,...,ex) is Tg);

%]

Let e, be the (unique) edge completing the tour;
return (e1,...,en);

=)

For each edge e € F, the pheromones are kept within upper and lower bounds
Tmax and Tmin, respectively. The pheromone values change after each iteration
of MMAS* according to a procedure update and an evaporation factor p: For a
tour z, let E(x) be the set of edges used in z; for each edge e, the pheromone
values are updated such that the new pheromone values 7/ = update(r, z) are
such that

() = {min{(l —p)-7(€) + P, Tmax}, if e € E(x);
max {(1 — p) - 7(€), Tmin} , otherwise.

! Note that, in this paper, we are not concerned with the use of heuristic information.
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Here, p, 0 < p < 1, is the evaporation factor which determines the strength of
an update. As in [I1], we use Tyin = 1/n? and Tymax = 1 — 1/n throughout this
paper, where n is the number of nodes of the input graph; further, initial values
for pheromones are 1/n. If in an iteration of MMAS* the pheromone values are
such that, for exactly the edges of the best-so-far tour the pheromone values
are at Tmax and all others are at T, we call the pheromones saturated at that
iteration.

To measure the runtime of MMAS*, it is common to consider the number of
constructed solutions. Often we investigate the expected number of constructed
solutions until an optimal tour or a good approximation of an optimal tour is
obtained.

2.1 The Input Graph as Construction Graph

To specify the construction graph, we need to introduce the neighorhood func-
tion N in Algorithm 2l The most common way of constructing a tour for TSP
problem is to use the input graph as construction graph. A tour is constructed
by having an ant start at some vertex, visit all vertices by moving to a neighbor
of the current vertex, and finally coming back to the start vertex. We model this
behavior with a neighbor set as follows. For each sequence o of chosen edges, let
U(o) be the set of unvisited nodes and (o) the most recently visited node (or,
if o is empty, some distinguished node); let

Nori(o) = {{l(0),u} | v € U(o)}.

This set has the advantage of being easily computable and of size linear in the
number of edges needed to complete the tour. We will discuss drawbacks of
this neighborhood set later. We will refer to MMAS* using this neighborhood
as MMAS?Y,; (“Ord” is mnemonic for the “ordered” way in which edges are
inserted into the new tour).

2.2 An Edge-Based Construction Graph

Alternatively, we can let the ant choose to add any edge to the set of edges
chosen so far, as long as no cycle and no vertex are created. This is modeled by
a neighbor set as follows. For each sequence o of chosen edges, let V(o) be the
set of previously chosen edges and

Narp(o) =(E\V(0))\
{e’ ek | (V, {el, ..., ek, e'}) contains a cycle or a vertex of degree > 3}.

This set has a size quadratic in the number of edges required to complete the
tour. We will refer to MMAS* using this neighborhood as MMAS?* . (“Arb”
is mnemonic for the “arbitrary” way in which edges are inserted into the new
tour).
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3 Number of Edge Exchanges

In this section, we consider the expected number of edges that a newly con-
structed solution z differs from the best-so-far solution x* if the pheromone
values are saturated. In this case, the solution x* can often be reproduced with
constant probability and it is desirable that x* and x only differ by a small
(constant) number of edges. In such a situation, ACO algorithms are able to
carry out improving steps by sampling solutions in their local neighborhood. In
particular, for a tour ¢, we are interested in tours ¢’ such that ¢ and ¢’ differ by
exchanging 2 or 3 edges, called a 2-Opt or a 3-Opt neighbor, respectively.

3.1 The Behavior of MMAS?Y, ,

In the following we examine MMAS?Y, ;. We show that the expected number of
edges where z* and « differ is £2(logn). Thus, the MMAS?, ; does not have the
desired local property.

In the proof of the claimed result, we consider the following random process
which captures the situation after an ant has left the high pheromone path for
the first time. Let W be a walk on a sequence of ¢ vertices. W starts at a random
vertex, and will go to the just previous or following vertex in the sequence with
equal probability, if both are available and unvisited. If only one is available and
unvisited, W will go to this one. If none are available and unvisited, the walk
will jump uniformly at random to an unvisited vertex. The walk ends as soon as
all vertices are visited.

Lemma 1. For each t, let X; be the random variable denoting number of jumps
made by the walk W on a path of t vertices. Then we have Vt > 3 : E(X;) >

¢ In(t).

Proof. We start by giving a recursive definition of X;. Clearly, X; = 0 and X5 =
0. Let t > 3. The walk can start with uniform probability in any vertex, and will
not jump if the first or last vertex has been chosen. Otherwise, with equal probabil-
ity, the walk will start up or down. After visiting all nodes in the chosen direction,
the walk will jump once, and then perform a walk according to X;, where i is the
number of unvisited nodes just before the jump. Thus, we get, for all ¢ > 3,

t—1
B(XG) = | Y (14 B(Xia)) + 5 (1+ B(X )

The claim is true for t = 3. We show the remainder of the claim of the lemma
by induction on ¢. Let ¢t > 4 and for all 4, 3 < i < t, E(X;) > }In(i). Using
t > 3, we have (t — 2)/t > 1/3. Thus, also using the induction hypothesis,
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t—2
1 1 1
F(X;) > 1
(X2 g+, 3 gl
1+”1(t_]‘[2') Lo =22 > L
= n 1) = n — ! n .
3 e LY T 3T g =6

]
Next we will give a lower bound on the expected number of edge exchanges
which MMAS?, ; will make when saturated.

Theorem 1. Ifin an iteration of MMASY,, , the pheromone values are saturated,
then, in the next iteration of MMASY,,,;, the newly constructed tour will exchange
an expected number of 2(log(n)) of edges.

Proof. 1t is easy to see that an ant leaves the path corresponding the currently
best solution z* with probability £2(1) after having visited at most n/2 vertices.
After the ant has left the path it performs on the remaining r > n/2 vertices as
a walk similar to W on a path of length r. In fact, with constant probability, the
ant will never leave the path again unless necessary, so that we get the result by
applying Lemma [Tl O

However, constructing new solutions with few exchanged edges is still somewhat
likely. In [I1] it is shown that the probability for a particular 2-Opt step is
2(1/n3). Taking a closer look at the analysis presented in this paper a match-
ing upper bound on this probability can be extracted. In summary, we get the
following result.

Theorem 2 ([11]). Let t be a tour found by MMASY, , and let t' be a tour
which is a 2-Opt neighbor of t. Suppose that the pheromone values are saturated.
Then MMAS,,, constructs t' in the next iteration of with probability ©(1/n?).

3.2 The Behavior of MMAS?, .

In this section we examine the expected number of edge exchanges of MMAS?Y, ;.
In Theorem @l we show that the expected number of edges where z* and x differ
is ©(1). Thus, the MMAS?,,, does have the desired local property.

Theorem 3. Let k be fized. If in an iteration of MMASY,,, the pheromone values
are such that, for exactly the edges of the best-so-far tour the pheromone values
are at Tmax and all others are at Tmin, then, in the next iteration of MMASY,,
with probability ©(1), the newly constructed tour will choose k new edges and
otherwise rechoose edges of the best-so-far tour as long as any are admissible.

Proof. We call an edge with pheromone level 1. a “high” edge, the others are
“low” edges. Let P be the set of all high edges (the edges of the best-so-far tour).
We consider an iteration of MMAS?Y, ;. We analyze the situation where, out of
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the n edges to be chosen to create a new tour, there are still ¢ edges left to be
chosen. In this situation, the edges chosen so far partition the graph into exactly
1 components. For each two components, there are between 1 and 4 edges to
connect them (each component is a path with at most 2 endpoints, only the
endpoints can be chosen for connecting with another component); thus, there
are between (;) and min (4 (;), (g)) edges left to be chosen. Further, when there
are 7 edges left to be chosen for the tour, at most k of which are low edges, there
are between i and i + k high edges and between (5) — (i + k) and min(4(3), (3))
low edges left to choose from.

For a fixed k-element subset M of {1,...,n}, and any choice of edges at
positions M, we use the union bound to analyze the probability to rechoose as
many other high edges as possible in all the other postions. This probability is
lower bounded by

n .
1 n 1
1- § i 4 min ° .
i=1 e ( <2> 7 (2)> ! LTmax

n/2

Tmin 1 1 - n 1 1
-1 Z4<2>'z‘+ 2 (2>z =470

.
max-\ i=1 i=n/2+1

For each k-element subset M of {1,...,n}, the probability of choosing a low
edge on all positions of M, and choosing a high edge on all other positions is
lower bounded by

L TL((2) = 64 0) i (6 B+ 027)

€M
>T§““H LY /<'+k+1>>Tf'§‘mH L2
= 4 2 ! ! = 4 Moty '
i€EM €M

Let ¢; 1, = i/(2k + 4) — 2. Note that, for any set M with |M| < k, we have
S igm Cik = O(n 2). Now we have that the probability of choosing low edges
on any k positions is lower bounded by

k
Y e
4 v

MC{1,...n} €M

| M=k
1 n n n k
=g 2o | 2 | > e
i1=1 \dio=1,io¢{i1} ip=L1,ik&{i1,...,ik—1} =1
1 n n n
= 4]{;'n2k E Ciy k E Cigk | -+ E Ciy k
’ i1=1 io=1,i2¢{i1} ip=L1,ik {1, ik—1}

—o(1).
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As a corollary to the proof just above, we get the following.

Theorem 4. If in an iteration of MMASY . the pheromone values are such
that, for exactly the edges of the best-so-far tour the pheromone values are at
Tmax and all others are at Tmin, then, in the next iteration of MMASY .. the
newly constructed tour will exchange an expected number of O(1) of edges.

As a further corollary to Theorem 3] we get the following.

Corollary 1. Let t be a tour found by MMAS?,,, and let t' be a tour which is a
2-Opt neighbor of t. Suppose that the pheromone values are such that for exactly
the edges of t the pheromone values are at Tmax and all others are at Tmin. Then
MMASY,,, constructs t' in the next iteration with probability ©(1/n?).

Proof. The tour ¢ has ©(n?) many 2-Opt neighbors. By Theorem B MMASY, ,
will construct, with constant probability, a tour that exchanges one edge and
otherwise rechooses edges of ¢ as long as possible. This new tour is a 2-Opt
neighbor of t. As all 2-Opt neighbors of ¢ are constructed equiprobably (thanks
to the symmetry of the construction procedure), we obtain the desired result. O

4 Runtime Bounds

4.1 A Simple Instance

An initial runtime analysis of ACO algorithms for the TSP problem has been
carried out by Zhou in [II]. In that paper, the author investigates how ACO
algorithms can obtain optimal solutions for some simple instances. The basic
ideas behind these analyses is that ACO algorithms are able to imitate 2-Opt
and 3-Opt operations.

A simple instance called G; in [I1] consists of a single optimum, namely a
Hamiltonian cycle where all edges have cost 1 (called light edges), while all
remaining edges get a large weight of n (called heavy edges). The author shows
that MMAS?,, , for arbitrary p > 0 obtains an optimal solution for G; in expected
time O(n® + (1/p)nlogn). The proof idea is as follows: As long as an optimal
solution has not been obtained, there is always a 2-Opt or 3-Opt operation that
leads to a better tour. Having derived a bound of £2(1/n%) for the probability
of performing an improving 2- or 3-Opt step, the result follows since at most n
improvements are possible and O(log n/p) is the so-called freezing time, i. e., the
time to bring all pheromone values to upper or lower bounds.

In this section, we prove a bound of O(n3logn + (nlogn)/p) on the expected
optimization time of MMAS?Y, . for the instance G1. This bound is considerably
better than the O(n®) proved before in [1T] for MMASY, ,. At the same time,
the analysis is much simpler and saves unnecessary case distinctions.

The following lemma concentrates on a single improvement. Following the
notation in [I1], let Ay, k < n, denote the set of all tours of total weight n—k+kn,
i.e., the set of all tours consisting of exactly n — k light and k heavy edges.
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Lemma 2. Let « = 1 and 3 = 0, Tiin = 1/n? and Tmax = 1 — 1/n. Denote
by X' the best-so-far tour sequence produced by MMAS%,, on TSP instance G4
until iteration t > 0 and assume that X; is saturated. Then the probability of
an improvement, given 1 < k < n heavy edges in Xy, satisfies s, = P(X'T! €
Ap_1U...UAg | Xt e Ak) = (Z(k/n3)

Proof. Consider an arbitrary light edge e = {u,v} ¢ T outside the best-so-far
tour. Each vertex of G is incident to 2 light edges, so both u and v are incident
to exactly one light edge different from e. Since e ¢ T, this implies the existence
of two different heavy edges eg,e; € T on the tour such that eq is incident on u
and e; incident on v. Let ef,e] € T with e} # eg and €} # e; be the other two
edges on the tour that are incident to u and v, respectively. The aim is to form a
new tour containing e and still e, and €] but no longer ey and e;. Note that the
set of edges (T'U {e}) \ {eo, €1} has cardinality n — 1 but might contain a cycle.
If that is the case, there must be a heavy edge e € T from the old tour on that
cycle (since there is a unique cycle of light edges in G1). Then we additionally
demand that the new tour does not contain es. Since the undesired edges eg, 1
and possibly es are heavy and e is a light edge outside the previous tour, any
tour being a superset of (T'U{e})\ {eo, e1, e2} is an improvement compared to 7T

For 1 < j < n/4, we consider the following intersection of events, denoted by
M., (j) and prove that Prob(M,.(j)) = £2(1/n%); later, a union over different j
and e is taken to get an improved bound.

1. the first 7 — 1 steps of the construction procedure choose edges from T* :=
T\ {eo,e1,e2} and the j-th step chooses e,

2. e is chosen before ey and ¢} before ey,

3. all steps except the first one choose from 7™ as long as this set contains
applicable edges.

Note that ep and e; are no longer applicable once {e, e[, €]} is a subset of the
new tour.

For the first subevent, assume that the first ¢ < j steps have already chosen
exclusively from T*. Then there n—i edges from T and n—i—3 edges from T™* left.
Finally, there are at most n?/2 edges outside T'. Using that X is saturated, the

(n—1—3)Tmax
nii)Tlnax+n2Tmiu/2 -

(assuming n > 2). Altogether, the probability of only choosing from T

probability of choosing another edge from 7™ is then at least (

n—i—3
n—i+1

. . . =2 n—i—3 3n/a—1\"4 .
in the first j — 1 steps is at least [[;—5 """ > 37413 = {2(1) since

j < n/4. The probability of choosing e in the j-th step is at least at least
Tmin/N = 1 /n3 since the total amount of pheromone in the system is at most n.
Altogether, the first subevent has probability 2(1/n%).

The second subevent has probability at least (1/2)? = 1/4 since all applicable
edges in T are chosen with the same probability (using that X; is saturated).

For the third subevent, we study a step of the construction procedure where
there are i applicable edges from T left and all edges chosen so far are from T'U
{e}. Now we need a more precise bound on the number of applicable outside 7.
Taking out & > 1 edges from T breaks the tour into k& connected components,
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each of which has at most two vertices of degree less than 2. Since e ¢ T has
been chosen, at most two edges from T are excluded from our consideration.
Altogether, the number of connected components in the considered step of the
construction procedure is at most ¢ + 2, which means that there are at most
(2(2;2)) < 2(i+2)% < 18i? edges outside T applicable. The probability of neither
choosing e, nor an edge outside 7' in this situation is at least i H)Tnf;’j’i&%mm.

Hence, given the second subevent, the probability of the third subevent is at
least

1:[ 'L Tmax 1:[ ('L + 1) * Tmax
=% (i DTmax + 18 Tmin o\t 1 (¢ + 1) Tmax + 18i2Tmin
- +1 1({ o
)
> > 14 18/ (Tmax - 72
=z 1;[ Z + 1 + 18(’L + 1) /(Tmax . 77,2) = n <H + ’L/(T ax "N ))

> ( n_1> — Q(1/n), i

altogether, the intersection M,(j) of the three subevents happens with proba-
bility 2(1/n%).

Finally, consider the union M. := J;,, 4 Mc(j), which refers to including e
in any of the first n/4 steps. Since the M.(j) are disjoint for different j, we
obtain Prob(M.) = (n/4) - 2(1/n*) = Q(1/n?). Similarly, for all light edges
e ¢ T (of which there are k), the events M, are disjoint (as a different new edge
is picked in the first step). Thus, the probability of an improvement is £2(k/n?3)
as desired. O

Theorem 5. Let a =1 and 3 =0, Tiin = 1/n? and Tmax = 1 — 1/n. Then the
expected optimization time of MMASY,, on Gy is O(n3logn + n(logn)/p).

Proof. Using Lemma [2]and the bound O(logn/p) on the freezing time, the wait-
ing time until a best-so-far solution with k& heavy edges is improved is bounded by
O((logn)/p)+sk = O((logn)/p+n?/k). Summing up, we obtain a total expected
optimization time of O(n(logn)/p)+> _,(1/sr) = O(n®logn+n(logn)/p). O

4.2 Random Instances

The 2-Opt heuristic, which starts with an arbitrary tour and performs 2-Opt
steps until a local optimum is reached, is known to perform well in practice
in terms of running time and approximation ratio [7]. In contrast to this, it
has been shown to have exponential running time in the worst case [4] and
it has been shown that there are instances with local optima whose approxi-
mation ratio is £2(logn/loglogn) [I]. To explain this discrepancy between the-
ory and practice, 2-Opt has been analyzed in a more realistic model of ran-
dom instances reminiscent of smoothed analyis [I0]. In this model, n points are
placed independently at random in the d-dimensional Euclidean space, where
each point v; (1 =1,2,...,n) is chosen according to its own probability density
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fi:[0,1]¢ — [0, ¢], for some parameter ¢ > 1. It is assumed that these densities
are chosen by an adversary, and hence, by adjusting the parameter ¢, one can in-
terpolate between worst and average case: If ¢ = 1, there is only one valid choice
for the densities and every point is chosen uniformly at random from the unit
hypercube. The larger ¢ is, the more concentrated can the probability mass be
and the closer is the analysis to a worst-case analysis. We analyze the expected
running time and approximation ratio of MMASY , and MMASY, ; on random
instances. For this, we have to take a closer look into the results from [4] which
bound the expected number of 2-Opt steps until a good approximation has been
achieved. We show the following theorem.

Theorem 6. For p =1, MMAS%,, finds in time O(nS+2/3 . $3) with probability
1—0(1) a solution with approzimation ratio O(/).

Proof. As we have argued in Corollary [ if all edges are saturated and there is
an improving 2-Opt step possible, then this step is performed with probability
at least £2(1/n?). From [4] we know that from any state, the expected number
of 2-Opt steps until a tour is reached that is locally optimal for 2-Opt is at
most O(n*t1/3 . log(ng) - $*/3) even if in between other changes are made to the
tour that do not increase its length. Hence, using Markov’s inequality we can
conclude that MMAS?, . has reached a local optimum after O(n%+2/3 . $3) steps
with probability 1 — o(1).

From [4], we also know that every locally optimal tour has an expected ap-
proximation ratio of O(/¢). Implicitly, the proof of this result also contains a
tail bound showing that with probability 1 — o(1) every local optimum achieves
an approximation ratio of O({/¢). The theorem follows by combining the previ-
ous observations and taking into account that for our choice of p all edges are
saturated after the first iteration of MMASY ;. 0

Taking into account that a specific 2-Opt operation in MMASSY, , happens with
probability of £2(1/n?) in the next step, we get the following results.

Theorem 7. For p =1, MMASY,,,; finds in time O(n™2/3 . $3) with probability
1 —0(1) a solution with approzimation ratio O(/).

5 Conclusions

Our theoretical results show that the usual construction procedure leads to so-
lutions that are in expectation far away from the currently best one in terms of
edge exchanges even if the pheromone values have touched their corresponding
bounds. Due to this, we have examined a new construction graph with a stronger
locality. On the other hand, this construction procedure has a high probability of
carrying out a specific 2-opt operation which is important for successful stochas-
tic search algorithms for the TSP problem. Afterwards, we have shown that both
algorithms perform well on random instances if the pheromone update is high.



Theoretical Properties of Two ACO Approaches for the TSP 335

Acknowledgments. Timo Kétzing and Frank Neumann as well as Carsten Witt
were supported by the Deutsche Forschungsgemeinschaft (DFG) under grants
NE 1182/5-1 and WI 3552/1-1, respectively. Heiko Roglin was supported by a Veni
grant from the Netherlands Organisation for Scientific Research (NWO).

References

10.

11.

. Chandra, B., Karloff, H.J., Tovey, C.A.: New results on the old k-Opt algorithm

for the traveling salesman problem. STAM J. Comput. 28(6), 1998-2029 (1999)

. Dorigo, M., Stiitzle, T.: Ant Colony Optimization. MIT Press, Cambrigde (2004)
. Eiben, A., Smith, J.: Introduction to Evolutionary Computing, 2nd edn. Springer,

Berlin (2007)

. Englert, M., Roglin, H., V6cking, B.: Worst case and probabilistic analysis of the

2-opt algorithm for the tsp: extended abstract. In: Bansal, N., Pruhs, K., Stein, C.
(eds.) SODA, pp. 1295-1304. SIAM, Philadelphia (2007)

. Gutjahr, W.J., Sebastiani, G.: Runtime analysis of ant colony optimization with

best-so-far reinforcement. Methodology and Computing in Applied Probability 10,
409-433 (2008)

. Horoba, C., Sudholt, D.: Running time analysis of ACO systems for shortest

path problems. In: Stiitzle, T., Birattari, M., Hoos, H.H. (eds.) SLS 2009. LNCS,
vol. 5752, pp. 76-91. Springer, Heidelberg (2009)

. Johnson, D.S.; McGeoch, L.A.: The traveling salesman problem: A case study in

local optimization. In: Aarts, E.H.L., Lenstra, J.K. (eds.) Local Search in Combi-
natorial Optimization. Wiley, Chichester (1997)

. Neumann, F., Sudholt, D., Witt, C.: Analysis of different MMAS ACO algorithms

on unimodal functions and plateaus. Swarm Intelligence 3(1), 35-68 (2009)

. Neumann, F., Witt, C.: Runtime analysis of a simple ant colony optimization

algorithm. Algorithmica 54(2), 243-255 (2009)

Spielman, D.A., Teng, S.H.: Smoothed analysis of algorithms: Why the simplex
algorithm usually takes polynomial time. J. ACM 51(3), 385-463 (2004)

Zhou, Y.: Runtime analysis of an ant colony optimization algorithm for TSP in-
stances. IEEE Transactions on Evolutionary Computation 13(5), 1083-1092 (2009)



	Theoretical Properties of Two ACO Approaches for the Traveling Salesman Problem
	Introduction
	Problem and Algorithms
	The Input Graph as Construction Graph
	An Edge-Based Construction Graph

	Number of Edge Exchanges
	The Behavior of MMAS*$_Ord$
	The Behavior of MMAS*$_Arb$

	Runtime Bounds
	A Simple Instance
	Random Instances

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




