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Abstract

Ant Colony Optimization (ACO) has become quite popular in recent
years. In contrast to many successful applications, the theoretical founda-
tion of this randomized search heuristic is rather weak. Building up such
a theory is demanded to understand how these heuristics work as well as
to come up with better algorithms for certain problems. Up to now, only
convergence results have been obtained showing that optimal solutions can
be obtained in a finite amount of time. We present the first runtime anal-
ysis of a simple ACO algorithm that transfers many rigorous results with
respect to the expected runtime of a simple evolutionary algorithm to our
algorithm. In addition, we examine the choice of the evaporation factor,
which is a crucial parameter in such an algorithm, in greater detail and
analyze its effect with respect to the runtime.

1 Introduction

The analysis of randomized search heuristics with respect to their expected
runtime is a growing research area where many results have been obtained in
recent years. This class of heuristics contains well-known approaches such as
Randomized Local Search (RLS), the Metropolis Algorithm (MA), Simulated
Annealing (MA), and Evolutionary Algorithms (EAs). Such heuristics are often
applied to problems whose structure is not known or if there are not enough
resources such as time, money, or knowledge to obtain good specific algorithms.
It is widely acknowledged that a solid theoretical foundation for such heuristics
is needed.

*This work was supported by the Deutsche Forschungsgemeinschaft (DFG) as a part of
the Collaborative Research Center “Computational Intelligence” (SFB 531).



Some general results on the expected runtime of RLS can be found in Pa-
padimitriou, Schéffer and Yannakakis (1990). The graph bisection problem has
been subject to analysis of SA (Jerrum and Sorkin, 1993) and MA (Jerrum and
Sorkin, 1998), where MA can be seen as SA with a fixed temperature. For a
long time, it was an open question whether there is a natural example where
SA outperforms MA for all fixed temperatures. This question has recently
been answered by Wegener (2005) for instances of the minimum spanning tree
problem.

In this paper, we focus on another kind of randomized search heuristics,
namely Ant Colony Optimization (ACO). Like EAs, these heuristics imitate
optimization processes from nature, in this case the search of an ant colony for a
common source of food. Solving problems by ACO techniques has become quite
popular in recent years. Developed by Dorigo, Maniezzo and Colorni (1991),
they have shown to be a powerful heuristic approach to solve combinatorial
optimization problems (see Dorigo and Stiitzle, 2004, for an overview on the
problems that these heuristics have been applied to). From a theoretical point
of view, there are no results that provide estimates of the expected runtime of
ACO algorithms. Despite interesting theoretical investigations of models and
dynamics of ACO algorithms (Dorigo and Blum, 2005), convergence results
are so far the only results related to their runtimes. Dorigo and Blum (2005)
explicitly formulate the open problem to determine the expected runtime of
ACO algorithms on simple problems in a similar fashion to what has been done
for EAs.

We solve this problem, starting the analysis of ACO algorithms with respect
to their expected runtimes and success probability after a specific number of
steps. RLS, SA, MA, and simple EAs search more or less locally, and runtime
bounds are often obtained by considering the neighborhood structure of the
considered problem. Considering ACO algorithms, this is different as search
points are obtained by random walks of ants on a so-called construction graph.
The traversal of an ant on this graph is determined by values on the edges
which are called pheromone values. Larger pheromone values correspond to
a higher probability of traversing a certain edge, where the choice of an edge
usually fixes a parameter in the current search space. The pheromone values
are updated if a good solution has been constructed in this random walk. This
update depends on the traversal of the ant and a so-called evaporation factor p.

The choice of p seems to be a crucial parameter in an ACO algorithm. Us-
ing a large value of p, the last accepted solution changes the pheromone values
by a large amount such that there is a large probability of producing this so-
lution in the next step. In contrast to this, the use of a small evaporation
factor leads to a small effect of the last accepted solution such that an im-
provement may be hard to find in the next step. We show that a simple ACO
algorithm behaves for large values of p as the simplest evolutionary algorithm
called (1+1) EA. This algorithm has been studied extensively with respect to
its expected runtime on classes of pseudo-boolean functions (see, e.g. Droste,
Jansen and Wegener, 2002) as well as on combinatorial optimization problems.
The list of problems where runtime bounds have been obtained include some
of the best-known polynomially solvable problems such as maximum match-



ings (Giel and Wegener, 2003) and minimum spanning trees (Neumann and
Wegener, 2004). It should be clear that we cannot expect such general heuris-
tics to outperform the best-known algorithms for these mentioned problems.
The main aim of such analyses is to get an understanding how these heuristics
work. In the case of NP-hard problems, one is usually interested in good ap-
proximations of optimal solutions. Witt (2005) has presented a worst-case and
average-case analysis of the (1+1) EA for the partition problem, which is one
of the first results on NP-hard problems. All these results immediately transfer
to our ACO algorithm with large p.

After having obtained these general results, we consider the effect of the
evaporation factor p on the runtime of our ACO algorithm in detail. This
analysis requires new techniques since it is the first one of its kind. We examine
the simplest non-trivial pseudo-boolean function called ONEMAX and show that
small values of p with high probability lead to an exponential optimization time
even for this simple function. In addition, we examine for which choices of p
the optimization time with high probability is still upper bounded by a small
polynomial. To achieve these bounds, we consider the expected function value
for the algorithm in the next step. It turns out that larger values of p change
the pheromone values on the edges such that the expected value in the next
step is determined by the function value of the best seen solution. Using results
obtained by Hoeffding (1956), we show that an improvement will be achieved
after an expected polynomial number of steps. In the case of small p, achieving
an improvement does not increase the expected value in the next step that
much. Here exponential lower bounds are obtained by showing that there is a
large gap between the expected value and the best function value seen so far.

In Section 2, we introduce the simple ACO algorithm which we will consider.
We investigate its relation to the (14+1) EA in Section 3 and transfer the results
on this EA to our algorithm. In Section 4, we investigate the choice of the
evaporation factor p for the function ONEMAX in greater detail and finish with
some conclusions. In an appendix, it is shown how results by Hoeffding (1956)
can be adapted to suit our needs.

2 The Algorithm

Gutjahr (2003) has considered a graph-based ant system and investigated un-
der which conditions such an algorithm converges to an optimal solution. We
consider a simple graph-based ant system metaheuristic that has been inspired
by this algorithm. Such a heuristic produces solutions by random walks on a
construction graph. Let C = (V| E) be the construction graph with a desig-
nated start vertex s and pheromone values 7 on the edges. Starting at s, an ant
traverses the construction graph depending on the pheromone value using Al-
gorithm 1. Assuming that the ant is at vertex v, the ant moves to a neighbor w
of v, where w is chosen proportional to the pheromone values of all non-visited
neighbors of v. The process is iterated until a situation is reached where all
neighbors of the current vertex v have been visited.



Algorithm 1 (Construct(C, 7))
1.) v:=s, mark v as visited.
2.) While there is a neighbor of v in C that has not been visited:

a.) Let N, be the set of non-visited neighbors of v and T := Z(v,w)mem Tow-

b.) Choose one neighbor w of v where the probability of selection of any
fixzed w € Ny is Ty /T .

c.) Mark w as visited, set v:=w and go to 2.).
3.) Return the solution x and the path P(x) constructed by this procedure.

Based on this construction procedure, solutions of our simple ACO algo-
rithm (see Algorithm 2) called 1-ANT are constructed. In the initialization
step, each edge gets a pheromone value of 1/|F| such that the pheromone val-
ues sum up to 1. After that, an initial solution z* is produced by a random
walk on the construction graph and the pheromone values are updated with
respected to this walk. In each iteration, a new solution x is constructed and
the pheromone values are updated if this solution is not inferior to the currently
best solution z*. We formulate our algorithm for maximization problems al-
though it can be easily adapted to minimization.

Algorithm 2 (1-ANT)
1.) Set 1y, = 1/|E| for all (u,v) € E.
2.) Compute x (and P(x)) using Construct(C,T).

3.) Set 7y = (1= p)T(uw) + p for all (u,v) € P(x) and 7(yp) = (1= p) - T(u.w)
for all (u,v) ¢ P(x) and z* := x.

4.) Compute x (and P(x)) using Construct(C,T).

5.) If f(z) = f(2"), Tup = (1 = p)T(u,w) + p for all (u,v) € P(x) and 7(yv) =
(1= p) - Tu.v) for all (u,v) ¢ P(x) and set x* := x.

6.) Go to 4.).

For theoretical investigations, it is common to have no termination condition
in such an algorithm. One is interested in the random optimization time which
equals the number of constructed solutions until the algorithm has produced
an optimal search point. Usually, we try to bound the expected value of this
time.

We take a general view and consider optimization for pseudo-boolean goal
functions f: {0,1}"™ — R. We investigate the construction graph Cpyo = (V, E)
(see Figure 1) with s = vg, which seems to be the most natural one in our
setting. Optimizing bitstrings of length n, the graph has 3n + 1 vertices and
4n edges. The decision whether a bit z;, 1 < ¢ < n, is set to 1 is made
at node vz;_1). In case that the edge (v3;_1),v3(—1)4+1) is chosen, x; is set
to 1 in the constructed solution. Otherwise x; = 0 holds. After this decision
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Figure 1: Construction graph for pseudo-boolean optimization

has been made, there is only one single edge which can be traversed in the
next step. In case that (vs;_1),v3(;—1)4+1) has been chosen, the next edge is
(v3(i—1)+1, v3i), and otherwise the edge (v3(;—1)42,vs;) Will be traversed. Hence,
these edges have no influence on the constructed solution and we can assume
T(”S(i—l)v”S(i—l)Jrl) = T(”S(i—l)Jrlvai) and T(”S(i—l)v”S(i—l)JrZ) = T(”S(i—l)Jer'USi) for 1 S
i <n. We call the edges (v3(;_1), v3i—1)+1) and (vs_1)41,v3:) 1-edges and the
other edges 0-edges. The edges (v3(;—1), V3(i—1)+1) and (v3(_1), V3(i—1)+2) as well
as (v3(i—1)+1,v3i) and (vg;_1y42,v3i) are called complementary to each other.

The pheromone values are chosen such that at each time Z(u’v)e E T(up) = 1
holds. In addition, it seems to be useful to have bounds on the pheromone
values (see, e.g., Dorigo and Blum, 2005) to ensure that each search point
has a positive probability of being chosen in the next step. We restrict each
T(uw) to the interval [#,757_1] and ensure Z(u,-)eE Tlu,) = % for u = vsg;,
0<i<n-1, and z(w) T(w) = % for v = v3;41, 1 < i < n. This can be
achieved by normalizing the pheromone values after an update and replacing
the current value by # if 7y < # and by 72‘7—21 if 7y > 72‘7—21 holds. After an
update of the pheromone values has taken place, the sum over all pheromone
values on the edges is (1—p)+2np as the values of all edges have been decreased
by a factor 1 — p and in addition the values of the 2n edges belonging the path
have been increased by p. Depending on whether edge (u,v) is contained in
the path P(x) of the accepted solution x, the pheromone values are updated as
follows:

[ =p) Ty +p n—1 .
/ o )
Tuw) —mm{ oty O n? } if (u,v) € P(x)

and (1 )
/ . —P) T(uw) 1 .
T(Uﬂ)) — max {m, W} lf (U/,'U) ¢ P(LU)
Due to the bounds on the pheromone values, the probability of fixing x; as
in an optimal solution is at least 1/n. Hence, the 1-ANT finds an optimum for

each pseudo-boolean function f regardless of p in expected time at most n™.

3 1-ANT and (1+1) EA

We consider the relation between the 1-ANT and a simple evolutionary algo-
rithm called (1+1) EA, which has extensively been studied with respect to its



expected optimization time. The (141) EA starts with a solution x* that is
chosen uniformly at random and produces in each iteration a new solution x
from a currently best solution z* by flipping each bit of z* with probability
1/n. Hence, the probability of producing a certain solution z with Hamming
distance H (z,z*) to * is (1/n)H@*") . (1 — 1/n)r—H(@.2"),

Algorithm 3 ((14+1) EA)
1.) Choose x* € {0,1}" uniformly at random.
2.) Construct x by flipping each bit of z* independently with probability 1/n.
3.) Replace x* by = if f(x) > f(z*).
4.) Go to 2.).

In the following, we consider the 1-ANT with values of p at least 3’;__22,

which is approximately 1/3. In this case, we show that the 1-ANT behaves as
the (1+1) EA on each function. This also means that the 1-ANT has the same
expected optimization time as the (14+1) EA on each function.

Theorem 1 Choosing p > (n—2)/(3n —2), the 1-ANT has the same expected
optimization time as the (1+1) EA on each function.

Proof: In the initialization step of the (1+1) EA, a bitstring is chosen uniformly
at random, which means that Prob(z; = 1) = Prob(z; =0) = 1/2 for all 4, 1 <
i <mn. As 7, = 1/(4n) holds for each edge (u,v) € E, the probability to choose
the edge (v3;,v3;41) equals the probability of choosing the edge (vs;, v3i+2) at
vertex vs;, 0 < ¢ < n —1, and is 1/2. Hence, the 1-ANT chooses the first
solution uniformly at random from the search space {0,1}" as the (1+1) EA.

Assume that the up to now best solution constructed by the 1-ANT is x*.
This implies that the edges of the construction graph corresponding to this
solution have been updated in the last update operation. Before the update,
the value 7(, ) of each edge (u,v) € P(x) was at least # and the value 7(,
of edges (u,v) ¢ P(z*) was at most 27_21

We inspect the case of an edge (u,v) € P(z*) in greater detail and consider
the function

hp) = (1—p)'T(u,v)+p>(1—p)'#+pzi‘1+(2n2—1)p:h,()
Py 1—p+2np — 1—p+2np 2n2 1+ @2n—1)p <

For each fixed n > 1, h/(p) is a non-decreasing function. Using p > (n —
2)/(3n — 2), we get

hp) > L+ (20 - g% 20 —4n® 420 n—1
P =on2y (4n3 —2n2) =2 dnt—4n3 22

L after the update.

Hence, the pheromone value of each edge (u,v) € P(z*)is 55
x*) is %g as the sum of the

The pheromone value of each edge (u,v) ¢ P(
1

pheromone values of two complementary edges is 5-. After this update, the



probability to choose in the next solution x the bit z; = z7 is 2";2;1) =1-41

n
and the probability to choose z; =1 — ] is 22% = 1/n. Hence the probability
to produce a specific solution = that has Hamming distance H(z,z*) to z* is

(1/n)H @) (1 —1/n)"~H(®2") a5 in the case of the (1+1) EA. O

4 1-ANT on OneMax

In the following, we inspect the choice of p in greater detail for a simple pseudo-
boolean function called ONEMAX defined by ONEMAX(z) = > | ;. This is
the simplest non-trivial function that can be considered and analyses of ACO
algorithms for such simple functions are explicity demanded by Dorigo and
Blum (2005). Note that due to results on the (14+1) EA by Droste, Jansen and
Wegener (2002), the expected optimization of the 1-ANT is O(nlogn) on each
linear function if p > (n —2)/(3n — 2) holds.

We prepare ourselves by considering the effects of pheromone updates for
a solution z* in greater detail. Let 7(e) and 7/(e) be the pheromone values on
edge e before resp. after the update. If e € P(z*), 7/(e) > 7(e) and 7/(e) < 7(e)
otherwise. The amount by which the pheromone value is increased on a 1-edge
equals the amount the pheromone value is decreased on the complementary
0-edge. However, the change of a pheromone value depends on the previous
value on the edge. In the following lemma, we bound the relative change of
pheromone values. We call an edge saturated iff its pheromone value is either
1 op =L
Lemma 2 Let ey and ey be two edges of Cyool and let T, resp. o be their current
pheromone values in the 1-ANT. Let T, resp. T be their updated pheromone
values for the next accepted solution x. If e1,ea € P(x*) and none of the edges
is saturated before or after the update, then |(1{ — 1) — (75 — 72)| < p|lT1 — T2|.

Proof: W.l.o.g., 7o > 71. Since e1,e3 € P(z*) and no edge is saturated,

1-— 1-—
. A-pntp ., . A-pr2tp
1—-p+2np 1—p+2np

This implies

p—T12np — (p — T22np)
1—p+2np

(h—7)—(p— 1) =
Second, since the denominator is at least 1, we obtain
=1 < pln—1)+(m—7) = (1n-7n)-(%-—"m) < pln—m
Taking the absolute value of (7{ — 71) — (75 — 72), the claim follows. O

4.1 Exponential Lower Bounds

Choosing p = 0, the pheromone value on each edge is 1/(4n) at each time step.
This implies that the expected optimization time of the 1-ANT on ONEMAX



is 2" as each solution is chosen uniformly at random from {0,1}™. In the
following, we show that the optimization time with overwhelming proability
still is exponential if p is convergent to 0 only polynomially fast.

Assume that the currently best solution z* has value k. Then the following
lemma gives a lower bound on the probability of overshooting k by a certain
amount in the next accepted step.

Lemma 3 Let Xq,...,X,, € {0,1} be independent Poisson trials with success
probabilities p;, 1 <i<mn. Let X .= X1+ + X, u:=EX)=p1+ - +pn
and o := /Var(X). For any 0 < k <n —o, let vy, = max{2,(k —n)/o}. If
o =w(l) then Prob(X > k+o/v | X > k) =Q(1).

Proof: Since the X; are bounded and o diverges, Lindeberg’s generalization
of the Central Limit Theorem (Feller, 1971, Chapter VIII.4) holds s.t. the
distribution of X converges to a Normal distribution with expectation p and
variance o2. We use approximations of the Normal distribution (with the com-
mon notion ®(x) for its cumulative distribution function) and prove the lemma
by distinguishing two cases.

If 2 maximizes 7y, we even show py := Prob(X > k + o/v) = Q(1). Let
dy, == (k40 /v, — ) /o be the normalized deviation from the expectation. Since
by our assumptions (k — p)/o < 2, we obtain dj, = O(1). The Central Limit
Theorem implies 75 = (14 0(1))(1 — ®(d,)) = Q(1).

Now let 7% > 2. Let pp := Prob(X > k), dx := (kK — p)/o, and let py
and d~k as above. By our assumptions, 2 < di < dk < dy + 1/d. We have to
bound py/py from below. We reuse the Central Limit Theorem and employ the
inequalities

11 1 e 1
)= < 1-@ < =
<:17 x3> Vor ¢ () z

(see Feller, 1968, Chapter VII.1). Hence,

pr o 1—oM) (%_ d ).e—<1/2>(<d;>2—(dk>2>‘

. e_m2/2

1
' V2T

pe — 140(1) \dp (di)?

The first fraction and the ()-term are Q(1). Finally, the e-term is (1) since
(di)? = (di)? < (dy, + 1/dg)? = (di)? < 2+ 1/(dy,)? < 3. 0

Using this lemma, we are able to prove an exponential lower bound on
the runtime of the 1-ANT on ONEMAX. In order to show that the success
probability in an exponential number of steps is still exponentially small, we
assume that p = O(n=17¢) for some constant e > 0.

Theorem 4 Let p = O(n~17¢) for some constant € > 0. Then the optimization
time of the 1-ANT on ONEMAX is 20U ®) yith probability 1 — 9= Un/?),

Proof: The main idea is to keep track of the so-called 1-potential, defined as
the sum of pheromone values on 1-edges. Note that the 1-potential multiplied
by n equals the expected ONEMAX-value of the next constructed solution x. If



the 1-potential is bounded above by 1/2+0O(1/y/n), Chernoff bounds yield that
the probability of ONEMAX (x) > n/2+n'/2¢/3 is bounded above by 2= (/%)
We will show that with overwhelming probability, the 1-potential is bounded as
suggested as long as the ONEMAX-value of the so far best solution is bounded
above by n/2 + n'/?+/3,

Starting with initialization, we consider a phase of length s := |2¢" for
some constant ¢ to be chosen later and show that the success probability in the
phase is 9-n’*) " A main task is to bound the number of successful steps of the
phase, i. e., of steps where the new solution is accepted and a pheromone update
occurs. In a success with ONEMAX-value n/2 + i, n + 2i pheromone values on
1-edges are increased and n — 2i are decreased. Suppose all pheromone values
are 1/(4n) £ o(1/n) in the phase. Then Lemma 2 yields that the 1-potential
is changed by at most 4i(1 £ o(1))p due to the considered success. Hence, if
the best solution always had ONEMAX-value at most n/2 + nt/2t€/3 the total
change of the 1-potential due to at most O(n?/3) successes would be at most

/3
]

O(n25/3) . 4n1/2+s/3 . (1 + 0(1))/) _ O(nl/2+5) . O(l/nl-i-s) _ O(l/nl/z)

by our assumption on p. This would prove the theorem since the initial 1-potential
is 1/2.

Under the assumption on the pheromone values, we want to show that with
probability 1 — 2_9("6/3), at most ¢'n2¢/3 successes occur in the phase, where
c is an appropriate constant. We already know that then the probability of
a success with value at least n/2 4+ n'/2+</3 is 2-2(n*) in each step of the
phase. If ¢ is chosen small enough, this probability is 2-2(*) for the whole
phase. Moreover, the initial value is at least n/2 — nl/2+€/3 with probability
1—272Mm?),

Let the so far best value be k. We apply Lemma 3 with respect to the
expected ONEMAX-value p of the next constructed solution. Note that k— pu =
O(n'/?*+¢/3) holds at each time step we consider. Moreover, p; = 1/2 + o(1) is
assumed to hold for all bits, implying o = ©(n'/?). Hence, with probability Q(1)
the next success leads to a value at least k+Q(n'/27¢/3). Using Chernoff bounds,
with probability 1 — 2_9("6/3), n%/3 successes increase the ONEMAX-value by
at least ¢’n'/2t¢/3 where ¢’ is an appropriate constant.

We still have to show the statement on the pheromone values. This is not
too difficult for our choice of p if the number of successes is bounded by O(n2</3).
Then the total change of pheromone on any fixed edge is bounded above by

p-Om*?) = O(n™'7)-0(n*/*) = o(1/n)

with probability 1 — 2= " Since the number of edges is bounded by 4n,
this holds also for all edges together. Since the sum of all failure probabilities
is 2_9(”6/3), this completes the proof. O

4.2 Polynomial Upper Bounds

In the following, we consider for which values of p the optimization time of the
1-ANT on ONEMAX with high probability is still polynomial. We will show



that the function value of the last accepted solution determines the expected
value of the next solution almost exactly if p = Q(n=17¢), € > 0 an arbitrary
constant. To determine the expected time to reach an improvement, we give a
lower bound on the probability of overshooting the expected value by at least
a small amount.

Lemma 5 Let Xi,...,X,, € {0,1} be independent Poisson trials with success
probabilities p; € [1/n,1 —1/n], 1 < i < n. Let X = X3+ -+ X, and
w:=E(X)=pi+--+pn. Then Prob(X > p+1/2) = Q(1/n).

Proof: It follows from the work by Hoeffding (1956) that Prob(X > u+1/2)
is minimized if the p; take on at most 3 different values, only one of which is
distinct from 1/n and 1 — 1/n. (See Lemma 9 in Appendix A.)

Let ny be the number of p; that are 1/n, nj, be the number that are 1 —1/n
and n, be the number that take a different value a, 1/n < a < 1—1/n. Let
the random variables belonging to each of the three sets be called ¢-variables,
h-variables and a-variables, respectively. Let X,, X} and X, be the sums of
the variables from these sets, i.e., X = X, + X;, + X,, and let uy; = ng/n,
un = np(1 —1/n) and p, = nga be the corresponding expectations. In the
following arguments we also cover the case that up to two sets are empty.

It always holds that X}, = nj > py, with probability (1 — 1/n)" = Q(1).
We distinguish several cases according to the variables from the other two sets.
If ng = ng = 0 then np, = n and X = n = p+ 1 with probability Q(1).
Now we concentrate on the most complicated case that ny # 0 # ng, implying
e 0 # pg. 0 < pp <1/4 and 0 < pg < 1/4, we exploit that X, > 1 with
probability at least 1/n. Hence Xp, + Xy > np+1 > pp + (ue+3/4) > p+1/2
with probability Q(1/n).

Now let pg > 1/4 and 0 < py < 1/4. We distinguish four cases depending on
Ng, e and 0, = \/nga(l — a). In all cases, we exploit that X, > 1 > u, + 3/4
with probability ©Q(1/n).

Case 1: n, = O(1). Since pg > 1/4, a = Q(1). Hence, we have X, = n, >
e With probability Q(1), implying X = Xp, + X, + Xy > pp + po + pe +3/4 =
w~+ 3/4 with probability ©(1/n).

Case 2: n, = w(l) and p, = O(1). Hence, X, can be approximated by
means of the Poisson distribution with parameter u,, implying X, > u, with
probability at least (1—o(1))-e " (uq) "1 /([1a])! = Q(1). Hence, we conclude
as in Case 1 that X > u+ 3/4 with probability Q(1/n).

Case 3: 1, = w(1) (implying n, = w(1)) and o, = w(1). Using the Central
Limit Theorem (Feller, 1968), we approximate X, by a Normal distribution,
implying X, > p, with probability €2(1). We go on as in Case 1.

Case 4: pi, = w(1) and o, = O(1). Since 02 = p,(1 — a) = O(1) implies
a>1/2—0(1), we obtain 1 —a = O(1/puq) = O(1/n,). Hence, X, = ng > pq
with probability at least (1 — O(1/ng4))™ = Q(1). We go on as in Case 1.

The case that 0 < u, < 1/4 and py > 1/4 can be handled by an analogous
case distinction according to ny and u,. Here some cases are even impossible.

We still have to study the situation that u, > 1/4 and py > 1/4. Then
we study to which of the four cases the a-variables and ¢-variables belong. If
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both lead to one of the Cases 1 or 4, we even obtain X = n > pu+ 1 (since
pi <1—1/n) with probability ©(1). Otherwise, at least one of the two sets of
variables lead to Case 2 or 3. W.l.o0.g., let this be the a-variables. However,
both the approximation by the Poisson and the Normal distribution show that
even X, > n, + 1/2 still holds with probability (1) then.

Finally, we have to consider the case that ny = 0 # ng or ng = 0 # ny.
It suffices to study the case n, # 0. Considering the above four cases and the
extra case fig < 1/4, the lemma follows by the same arguments as above. [

Theorem 6 Choosing p = Q(n~'7¢), € > 0 a constant, the optimization time
of the 1-ANT on ONEMAX is O(n?) with probability 1 — 2= 0%

Proof: We assume p < 1/2 since the result follows from Theorem 1 other-
wise. In contrast to the proof of Theorem 1, an edge is called saturated if its
pheromone value is "27_21 and called unsaturated otherwise. Let x* be a newly
accepted solution and denote by S the set of saturated 1-edges and by U the
set of unsaturated 1-edges after the pheromone update. Let &k = ONEMAX(z*)
and decompose k according to k = ks + ky, where ks denotes the number of
ones in x* whose corresponding 1-edges belong to S and k, to the number of
ones in z* whose 1l-edges belong to /. The probability that the edges of S
contribute at least ks to the next (not necessarily accepted) solution z is at
least (1 —1/n)k = Q(1).

Consider the potential P of all edges of U before z* updates the pheromone
values. Let yu = Pn be the expected ONEMAX-value w.r.t. these edges before
the update. Depending on P and k,, we compute P*(p), the new 1-potential

on these edges:
(1 — p)P + 2kup

Prip) = (1—p)+2np °
We denote by p* = P*(p) - n the expected ONEMAX-value w.r.t. to edges
of U after the update has occured. Under certain assumptions, we will prove
that with probability 1—279%") ;;*41/2 > k. Since k, is an integer, Lemma 5
shows that the probability of producing in the next solution x at least [u* +
1/2] > ky + 1 ones by the mentioned edges is at least Q(1/n). Consider the
difference

(1—p)P—|—2k‘uP' o — (:u_ku)(l_p)
(1= p)+2np Yo (I=p)t2mp

We exploit that p < 1/2, implying 1 — p > 0. Hence, if 4 — ky > 0 then
w* > ky > ky — 1/2 anyway. Assuming p — ky, < 0, we can lower bound
the (negative) last fraction by (u — ky)/(2np). Hence, if we can prove that
ky—p < np, we obtain p* > k, —1/2 as desired. We will bound the probability
of a large deviation k, —u keeping track of the variance of the random ONEMAX-
value of z*. Let v be the variance before the pheromone values have been
updated with respect to * and denote by v* the variance after the update. If
v < (np)®/2, then a Chernoff-Hoeffding-type bound (Theorem 3.44 in Scheideler,
2000) yields

N*_ku =

(np)?

Prob(ky, — p > np) < e T0no/G0) = 9=Q/p) _ 9—Qn/?)

11



However, we cannot show that v < (np)%? is likely for all points of time.

Therefore, we will prove v* > v/(4np) for any time step. This will show that v*

is large enough to compensate a large k,—u in the following step, constructing x.
Suppose v > (np)3/2. Then v > \/vnp, and the above bound yields

_ (\/U”P)z ___vnp Q(ne
Prob(ky, — p > Jonp) < e 20F2mm3 < e wiw/3 = 27 (n),

Hence, with probability 1 — 279 (k, — u)/(2np) < /v/(2np), implying
p* > kg — \/v/(2np). Due to the assumptions v > (np)/?, v* > v/(4np)
and np = Q(n), it follows that v* = w(1). Hence, we can apply Lindeberg’s
generalization of the Central Limit Theorem for the value of . The probability
of producing at least k, + 1 ones on the edges of U is bounded below by the
probability of producing at least 1 + p* + /v/(2np) ones on these edges. By
the Central Limit Theorem, this has probability ©(1) since vv* > 1/v/(2np).

We still have to show that v* > v/(4np). It is sufficient to show a state-
ment on the success probability for each edge (u,v) of the construction graph.
Consider the expression T(/uﬂ)) > %'
since p < 1/2.

The edges of S contribute with probability (1) at least kg, and (if no failure
of probability 9= Q(n/?) occurs) with probability ©Q(1/n), the value of the bits
corresponding to edges of U is at least ky, + 1. At most n — 1 improvements are
needed, and, by Chernoff bounds, cn? steps contain at least n— 1 improvements
with probability 1 — 279%™ for an appropriate constant ¢. Since p < 1/2,
€ < 1 must hold. Hence, the sum of all failure probabilities for O(n?) steps is
2-9n %), O

The last fraction is at least —TX;L’”)
p

Conclusions

For the first time, bounds on the runtime of a simple ACO algorithm have been
obtained. Choosing a large evaporation factor, it behaves like the (1+1) EA
and all results on this algorithm transfer directly to our ACO algorithm. In
addition, we have inspected the effect of the evaporation factor in greater detail
for the function ONEMAX and figured out the border between a polynomial and
an exponential optimization time. Thereby, we have developed new techniques
for the analysis of randomized search heuristics.

References

Dorigo, M. and Blum, C. (2005). Ant colony optimization theory: A survey.
Theoretical Computer Science, 344, 243-278.

Dorigo, M., Maniezzo, V., and Colorni, A. (1991). The ant system: An autocat-
alytic optimizing process. Tech. Rep. 91-016 Revised, Politecnico di Milano,
Italy.

Dorigo, M. and Stiitzle, T. (2004). Ant Colony Optimization. MIT Press.

12



Droste, S., Jansen, T., and Wegener, 1. (2002). On the analysis of the (141)
evolutionary algorithm. Theoretical Computer Science, 276, 51-81.

Feller, W. (1968). An Introduction to Probability Theory and Its Applications,
vol. 1. Wiley, 3rd ed.

Feller, W. (1971). An Introduction to Probability Theory and Its Applications,
vol. 2. Wiley, 2nd ed.

Giel, O. and Wegener, 1. (2003). Evolutionary algorithms and the maximum
matching problem. In Proceedings of the 20th Annual Symposium on Theo-
retical Aspects of Computer Science, vol. 2607 of Lecture Notes in Computer
Science, 415-426. Springer.

Gutjahr, W. J. (2003). A generalized convergence result for the graph-based
ant system metaheuristic. Probability in the Engineering and Informational
Sciences, 17, 545-569.

Hoeffding, W. (1956). On the distribution of the number of successes in inde-
pendent trials. Annals of Mathematical Statistics, 27, 713-721.

Jerrum, M. and Sorkin, G. B. (1998). The metropolis algorithm for graph
bisection. Discrete Applied Mathematics, 82(1-3), 155-175.

Jerrum, M. R. and Sorkin, G. B. (1993). Simulating annealing for graph bisec-
tion. In Proceedings of the 34th IEEE Symposium on Foundations of Com-
puter Science (FOCS 93), 94-103.

Neumann, F. and Wegener, 1. (2004). Randomized local search, evolutionary
algorithms, and the minimum spanning tree problem. In Proceedings of the
Genetic and Evolutionary Computation Conference (GECCO 04), vol. 3102
of Lecture Notes in Computer Science, 713-724. Springer.

Papadimitriou, C. H., Schéffer, A. A., and Yannakakis, M. (1990). On the com-
plexity of local search. In Proceedings of the 22nd annual ACM symposium
on Theory of Computing (STOC ’90), 438-445. ACM Press.

Scheideler, C. (2000). Probabilistic Methods for Coordination Problems. HNI-
Verlagsschriftenreihe 78, University of Paderborn. Habilitation Thesis, avail-
able at http://www.cs. jhu.edu/"scheideler/.

Wegener, 1. (2005). Simulated annealing beats metropolis in combinatorial opti-
mization. In Proceedings of the 32nd International Colloguium on Automata,
Languages and Programming (ICALP °05), vol. 3580 of Lecture Notes in
Computer Science, 589-601.

Witt, C. (2005). Worst-case and average-case approximations by simple ran-
domized search heuristics. In Proceedings of the 22nd Annual Symposium on
Theoretical Aspects of Computer Science (STACS 05), vol. 3404 of Lecture
Notes in Computer Science, 44-56. Springer.

13



A Appendix

Hoeffding Lemma

In this section, we repeat Hoeffding’s technique, leading to Lemma 9. Note that
the following statements constitute only minor modifications of the first pages
in Hoeffding (1956).

The expected value of a function g(.9) is

f(p) = E(9(8)) =Y g(k)Auk(p), (1)
k=0
where p = (p1,...,pn) and the probability A, of S =k is given by

n
Ani(p) = Z Hp;j(l—pj)l_’f, k=0,1...,n.
(i1 ,ein)E{0, 1}, j=1
i1 4Fin=Fk

The function f(p) is symmetric in the components of p and linear in each
component. Any function with these two properties can be represented in
form (1). We consider the problem of finding the maximum and the minimum
of f(p) in the section D of the hyperplane

pr+p2+--+po=np (I/n<p<l—1/n).

We denote by p?t+i2-im the point in the (n — m)-dimensional space, which

is obtained from p by omiting the coordinates p;,, pi,, - - ., Di,,-
Since f(p) is symmetric, and linear in each component, we can write
f(p)an—1,0(pj)+pjfn—1,1(pj), j:172a"'7n7 (2)

where the functions f,,—1 0 and f,,—1 1 are independent of the index j and sym-
metric and linear in the components of p7.
We define the functions f,_x; by fno(p) = f(p) and

Freri(@"2 %) = frcko1i (@Y + prgt famk—1i1 (0V2),
i=0,1,...,k, k=0,1,...n—1. (3)

We obtain
m
f(p) :Zcmi(pl,pz,...,pm)fn_mJ(pl""’m), m = 1727"'7”7 (4)
i=1
where Cp,0, Cnts - . -, Cpym are the symmetric sums
Cm(](p17p27"'7pm):1 (5)
and

Cm’i(pl7p27 o 7pm)
= (pip2- - pi) + (P1p2 -+ Dic1Pi41) + - + (Pm—it1Pm—it2 " Pm)

for ¢ > 0.
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Theorem 7 Let a = (ay,as,...,a,) be a point in D at which f(p) attains its
maximum. Then for every two distinct indices i, j, we have

fa—22(a?) <0 if a; # aj, (6)
fa—22(a”) =0 ifa; #aj,1/n <aja; <1—1/n, (7)
fu22(a”) >0 ifl/n<a;=a; <1-—1/n. (8)

Proof: Let o/ denote the point which is obtained from a if a; and a; are
replaced by a; + = and a; — z. The point o’ is in D for all z in the interval I
defined by 1/n <a;j+2<1—-1/n,1/n <a; —x <1—1/n. We have

F(@) = fa20(a”) + (ai + aj) fo-21(a7) + (ai + 2)(a; = 2) fo-22(a”).

Hence, L
fd) = f(a) = x(aj — a; — ) fn_22(a"). 9)

Since f(a) is a maximum, the right side must be negative or zero for all z
in I. We may assume a; < a;. If a; # aj, we can choose x positive and
sufficiently small such that x is in I and (6) holds. If 1/n < a; <1 —1/n and
1/n < aj <1—1/n then the point + = —a; + 1/n is in the interior of I and
(8) must hold. Moreover, if a; # a;, together with (6), we obtain (7). If the
maximum is not attained at @’ when z is in I and is different and sufficiently
close to zero, the inequalities (6) and (8) must be strict. O

In general, the maximum or minimum of f(p) can be attained at more than
one point in D. The following theorem gives some information about the set of
points at which an extremum is attained.

Theorem 8 Let a be a point in D at which f(p) attains its mazimum or its
minimum. Suppose that a has at least two unequal coordinates which are distinct
from 1/n and 1 — 1/n. Then f(p) attains its mazimum (or minimum) at any
point in D which has the same number of 1/n coordinates and the same number
of 1 —1/n coordinates as a has.

Proof: Let m = n —r — s be the number of coordinates of a = (ay,...,ay)
which are distinct from 1/n and 1 — 1/n. We may take aq,...,a,, to be these
coordinates and assume a; # as. We first show

fo—ki(@rt1,.. . an) =0, i=2,... k. (10)

We prove this equation by induction on k. Due to Theorem 7 this holds for
k=2. Let
bk:(bl,...,bk,ak+1,...,an), (11)

where

bi+---+b,=a1+ -+ ag, 1/n§bi§1—1/n, 1=1,...,k. (12)
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The point by is in D. By (4) and the induction hypothesis,

f(bk) = fn_k,o(akﬂ, . ,an) + (a1 4.+ ak)fn_k,l(akﬂ, - ,an) = f(a) (13)

Thus, the maximum is attained at every point by which satisfies (11) and
(12). In particular (12) can be satisfied with b; # ba, b1 # ag41, ba # ak+1,
I/n<b<1l—1/n,i=1,...,k (sincel/n <a; <1l—1/nforj=1,...,m).
Under these assumptions, we can apply the induction hypothesis (10) with a re-
placed by the point by, whose first k+ 1 coordinates can by suitably rearranged.
Hence,

fn—k,i(blyak-i-Qv"'aan) 207 fn—k,i(b27ak+2a'-~aan) 207 Z:27k7

Applying (3) to the left sides of these equations, we obtain

Jn—k—1,i(@rs2, - an) + b fnok—1,i41(@kt2, - - an) =0,
i=2...k h=12 (14)

Since by # by, we find that (10) is satisfied with k& replaced by k£ + 1. Thus
(10) holds for k = 2,...,m. Equation (13) holds for every b,, that satisfies (11)
and (12) and f is symmetric which completes the proof. O

Corollary 1 The mazimum and minimum of f(p) in D are attained at points
whose coordinates take on at most three different values, only one of which is
distinct from 1/n and 1 —1/n.

Lemma 9 Let X1,...,X, € {0,1}" be independent Poisson trails with success
probabilities p; € [1/n,1 —1/n|, 1 < i < n. Lt X = X1 +---+ X,, and
w=mp1+-+py. Then Prob(X > p+ 1/2) is minimized if the p; take on at
most three different values, only one which is distinct from 1/n and 1 — 1/n.

Proof: Consider (1) and set g(k) = 1 if £ > p+ 1/2 and g(k) = 0 otherwise.
Hence f(p) computes in this case the probability of obtaining a value at least
1+ 1/2 and we can apply Corollary 1. g
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