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Abstract. Generalized hill climbing algorithms provide a framework for modeling several
local search algorithms for hard discrete optimization problems. This paper introduces and
analyzes generalized hill climbing algorithm performance measures that reflect how effectively
an algorithm has performed to date in visiting a global optimum and how effectively an
algorithm may perform in the future in visiting such a solution. These measures are also used
to obtain a necessary asymptotic convergence (in probability) condition to a global optimum,
which is then used to show that a common formulation of threshold accepting does not
converge. These measures assume particularly simple forms when applied to specific search
strategies such as Monte Carlo search and threshold accepting.
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1. Introduction

Discrete optimization problems are defined by a finite set of solutions
and an objective function value associated with each solution (Garey and
Johnson, 1979). The goal when addressing such problems is to determine
the set of solutions for which the objective function is optimized (i.e.,
minimized or maximized). Heuristic procedures are typically formulated
with the hope of finding good or near-optimal solutions for intractable
(NP-hard) discrete optimization problems. Generalized Hill Climbing
(GHC) algorithms (Johnson and Jacobson, 2002a, b), such as simulated
annealing (Kirkpatrick et al., 1983) and threshold accepting (Dueck and
Scheuer, 1990), are a class of general local search strategies, offering a
means to find reasonable solutions to a wide variety of discrete optimiza-
tion problems. The objective of these algorithms is to find the best



174 S. H. JACOBSON AND E. YUCESAN

possible solution using a limited amount of computing resources. A fur-
ther challenge is to construct algorithms that find near-optimal solutions
for all instances of a particular problem, since the effectiveness of many
algorithms tends to be problem-specific, exploiting particular characteris-
tics of problem instances (e.g., Lin and Kernighan, 1973, for the traveling
salesman problem). It is therefore important to assess the performance of
algorithms and devise strategies to improve their effectiveness in solving
hard discrete optimization problems.

There are several results in the literature concerning the asymptotic
performance of simulated annealing algorithms. Mitra et al. (1986) and
Hajek (1988) provide some of the earliest results, where they develop
conditions for three convergence properties: asymptotic independence of
the starting conditions, convergence in distribution of the solutions gener-
ated, and convergence to a global optimum; they also characterize the
convergence rate. For a complete review of both theoretical and practical
results for simulated annealing, see Aarts and Korst (2002) or Henderson
et al. (2003).

The current literature focuses mainly on asymptotic convergence proper-
ties. This paper considers asymptotic as well as finite-time performance
measures of GHC algorithms where convergence cannot be guaranteed.
These measures are used to develop necessary convergence conditions for
GHC algorithms. Note that the results presented do not provide readily
deployable tools for improving the performance of GHC algorithms, but
rather, provide a mathematical framework under which the performance of
such algorithms can be described (see Orosz and Jacobson, 2002a, b, for
examples to illustrate the application of this framework). The most practi-
cal result arising from this framework is a necessary convergence condition
that provides a proof of nonconvergence for common implementations of
threshold accepting.

The paper is organized as follows: In Section 2, the GHC algorithm
framework is described, including relevant concepts from discrete opti-
mization. In Section 3, the false-negative probability performance mea-
sure for GHC algorithms is introduced and formally defined. In Section
4, this probability is used to obtain finite-time performance results for
non-convergent GHC algorithms, as well as a necessary convergence
condition for such algorithms. This necessary condition provides a proof
of nonconvergence for common implementations of threshold accepting
(as presented in Section 6). Upper and lower bounds for the false nega-
tive probability are also derived. Section 5 illustrates how these proba-
bility measures can be represented. Section 6 illustrates these expressions
for particular GHC algorithms. Section 7 summarizes the results pre-
sented.
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2. Background and Definitions

2.1. GENERALIZED HILL CLIMBING ALGORITHMS FOR DISCRETE
OPTIMIZATION PROBLEMS

For a discrete (minimization) optimization problem, define the solution
space, Q, as a finite set of all possible solutions. Define an objective function
f:Q — [0,+00] that assigns a non-negative value to each element of the
solution space. Two important components of GHC algorithms are the
neighborhood function, n:Q — 2%, where n(w) C Q for all w € Q, and the
hill climbing random variables R;:Q x Q — R, k=1,2,... For each solu-
tion o € Q, the neighborhood function 5(w) defines a set of solutions that
are close to o (Aarts and Korst, 2002). The neighborhood function is
assumed to be symmetric (i.e., if ' € ("), then " € p(w') for all o,
" € Q) and that o € n(w) for all w € Q. Moreover, at each iteration of a
GHC algorithm, a solution is randomly generated among all neighbors of
the current solution by a neighborhood probability mass function, where
the resulting random variables are independent (given the current solution).
For example, neighbors are said to be generated uniformly at each itera-
tion of a GHC algorithm execution if, for all v € Q, with o’ € n(w), P{o’
is selected as the neighbor of w at a given iteration of a GHC algo-
rithm} = h, (') = 1/|n(w)|. Without loss of generality, assume that if
o' € n(w), then h,(w") > 0.

The GHC algorithm is described in pseudo-code form below. By
definition, the hill climbing random variables, R;, map points in Q x Q to
distributions that determine whether a randomly generated neigh-
boring solution is accepted during a particular inner loop iteration
associated with outer loop iteration k. The hill climbing random variables
are assumed to be independent. The stopping criterion for the inner loops,
STOP INNER, determines when the hill climbing random variable index k&
increments by one, hence a new hill climbing random variable is used to
accept or reject neighboring solutions. By setting the STOP INNER crite-
rion to check whether the current solution is a local optimum, the hill
climbing random variable changes only when a local optimum is visited;
this will be further discussed in Section 2.2.

Although the range of the hill climbing random variables can be the set
of real numbers, R, in practice they are typically restricted to the set of
non-negative real numbers, T (which is what will be assumed for the rest
of the paper). Therefore, for minimization problems, when a randomly
generated neighboring solution has objective function value greater than
the current solution, then the neighboring solution is accepted (hence
becomes the new current solution) if the difference between the objective
function values is not too large (i.e., smaller than the value generated for
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the hill climbing random variable). This concept of accepting an inferior
solution is the origin for the name “hill climbing”.

Define a neighborhood function# and a set of hill climbing random
variables Ry
Set the iteration indices i = 0,k = 1 and select an initial solution w(0) € Q
Repeat

Repeat

Generate a neighboring solutionw € n(w(i)) according to A, (w)
Compute 8(a(i), ) = fl) — flo(i))
Generate an observation R from the random variable Ry (w(i), w)
If R=6(w(i),w),then w(i+ 1) «— ®  (accept improving or hill
climbing moves)

If R < d(w(i),w),then w(i+ 1) «— w(i) (reject hill climbing moves)
i—i+1

Until STOP INNER

k—k+1

Until STOP OUTER

Assume that the hill climbing random variables have finite means and finite
variances (i.e., E[|Ri(w(i),w)|] < +oo and Var[Ri(w(i),w)] < +oo for all
o) eQowenow(i),k=1,2,...,i=1,2,...).

The neighborhood function establishes relationships between the solu-
tions in the solution space, hence allows the solution space to be traversed
or searched by moving between solutions. To ensure that the solution
space is not fragmented, assume that all the solutions in the solution space
(with neighborhood function # and neighborhood probability mass func-
tion /(w)) are reachable (i.e., for all ', " € Q, there exists a set of solu-
tions wy,ws,...,m, € Q such that w, € n(w,_1), r=1,2,...,m+ 1, where
o = wy and @” = w,,41). If all solutions in the solution space are reach-
able, then the solution space (with neighborhood function #) is said to be
reachable. Note that solution space fragmentation can be a problem, for
example, in some implementations of tabu search with a deterministic tabu
list. Fox (1993) describes a clever method on avoiding fragmentation alto-
gether. The objective function, f, and the neighborhood function, #, allow
the solution space, Q, to be decomposed into three mutually exclusive and
collectively exhaustive sets:

— aset of global optima, G = {0* € Q:f(0*) < flw) for all w € Q};
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— a set of local optima that are not global optima, L= L(n) =
{w € Q\G: flw) < flo) for all @ € n(w)};
— a set of hill solutions, H =Q\(GU L).

Therefore G U L are the set of local optima in Q associated with neighbor-
hood function 5, where by definition, Q =GULUH with GNL =,
GNH=, and LN H = . Note also that for all w € G,n(w)NL =,
and for all w € L, n(w) NG = (i.e., a global optimum and a local opti-
mum cannot be neighbors).

In practice, the best solution obtained over the entire GHC algorithm
run, not just the final solution, is reported. This allows the algorithm to
aggressively traverse the solution space visiting many inferior solutions en
route to a globally optimal solution, while retaining the best solution
obtained through the entire GHC run. By design, GHC algorithms are
sampling procedures over the solution space Q. For example, Monte Carlo
search generates independent samples (with replacement) from the solution
space, while simulated annealing generates samples guided by the neighbor-
hood function, the objective function, and the temperature parameter.
More specifically, simulated annealing can be described as a GHC
algorithm by setting Ri(w(i),w) = —t(k)In(v;), w(i) € Q,w € n(w(i)), k =
1,2,..., where #(k) is the temperature parameter (hence, defines a cooling
schedule as #(k) — 0) and v; are independent and identically distributed
U(0, 1) random variables. Note that in the “accept improving or hill climb-
ing moves” step of the GHC algorithm pseudo-code, for the simulated
annealing hill climbing random variable, Ry (w(i),w)>d(w(i),®) becomes
v; < exp —d(w(i), w)/t(k), which is the standard form in which the simu-
lated annealing hill climbing acceptance probability is described (Aarts and
Korst, 2002). Other algorithms that can be described using the GHC
framework include threshold accepting (Dueck and Scheuer, 1990), some
simple forms of tabu search (Glover and Laguna, 1997), Monte Carlo
search, deterministic local search, the noising method (Charon and Hudry,
2001), and Weibull accepting (see Jacobson et al., 1998 and Johnson and
Jacobson, 2002a, b, for a discussion on how these algorithms can be fit
into the GHC algorithm framework).

2.2 CLASSIFYING THE ITERATIONS FOR GENERALIZED HILL CLIMBING
ALGORITHMS

The iterations of a GHC algorithm can be classified using the concept of
macro iterations. A macro iteration is a set of consecutive iterations that
move the algorithm from any element of GU L to any element of GU L
(including itself), where the solutions at any intervening iterations are (not
necessarily distinct) elements of H. From the pseudo-code in Section 2.1,
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by requiring that the STOP INNER criterion checks whether the current
solution is a local optimum, then the outer loops correspond to macro iter-
ations. If there are a polynomial number of neighboring solutions of the
current solution or the neighborhood of the current solutions can be
searched in polynomial time, then verifying that the current solution is a
local optimum can be done in polynomial time. Assume that this is the
case, hence local optimality can be verified in polynomial time.

Using this STOP INNER criterion, at macro iteration k fixed, the itera-
tions can be modeled as a homogeneous discrete-time Markov chain, with
|Q| x |Q| transition matrix
P’g ’ P"é . P"4 o

G Yur Thb
where the entries of P* denote the single iteration transition probabilities
between all elements of Q. Without loss of generality, assume that the
GHC algorithm run is initialized at a solution w(0) € L, since local search
can be applied from any element in €, and the solution space is reachable.
This places a restriction on the classes of discrete optimization problems
that can be studied, since if a local optimum cannot be obtained in polyno-
mial time in the size of the problem instance, then initializing the GHC
algorithm run in this way may not be feasible (see Johnson et al., 1988;
Jacobson and Solow, 1993). In addition, if local search is applied and the
local optimum obtained is a global optimum, then the problem is solved,
though this may not be known until further iterations are executed.

In the pseudo-code presented in Section 2.1, for k fixed, the macro itera-
tions can also be modeled as a homogeneous discrete-time Markov chain,
with a (|G| + |L|) x (|G| + |L|) macro iteration transition matrix,

Pk =

+00 +00
Piy Z(P];{H)j Py + Pee  Pey Z(P]I;H)j Py + Py
Pro— J=0 J=0
M +00 . ) +00 . ] ’
Piy Z(PHH)j Py + Pic  Piy Z(PHH)j Pl + Py
j=0 J=0

where the entries represent the probability of a GHC algorithm moving
from any element of G U L to any element of G U L (including itself), pass-
ing only through elements of H (Sullivan and Jacobson, 2001). If P%,, is
the zero matrix, then set (P%,,)’ =1, the identity matrix. Matrix PX, can
be simplified, since for all w € G, n(w)NL =, and for all we L,
nw)NG =9 (e, a global optimum and a local optimum cannot be
neighbors), hence Pk, and P are both zero matrices. Moreover, if a glo-
bal optimum cannot be a neighbor of another global optimum, and a local
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optimum cannot be a neighbor of another local optimum, then P’éG and
P%, are both diagonal square matrices.

3. The False Negative Probability for Generalized Hill Climbing Algorithms

Consider a GHC algorithm applied to an instance of a discrete optimiza-
tion problem. Assume that Ri(w(i), w) >0 for all w(i) € Q,w € n(w(i)), for
all outer loop, macro iterations kK =1,2,.... At each macro iteration k,
define the event

B(k) ={The algorithm does not visit any element of G over

(1)

first K macro iterations}
and its complementary event
B¢(k) = {The algorithm visits G over the first kK macro iterations}. (2)

By definition, B(k) O B(k + 1) for all macro iterations k, hence {B(k)} is a
telescoping, non-increasing sequence of events in k. Therefore, by the
Monotone Convergence Theorem (Billingsley, 1979),

+00
P{B(k)} — P{B} = P{ﬂ B(k)}as k — 4o0. (3)
k=1

Over the first & macro iterations, the algorithm visits k solutions,
{wi,m,...,0}y C GU L. Define f* to be the minimum objective function
value among these k solutions and w* to be the associated solution (i.e.,
f* = flr) with of = argmin{f(w;), j=1,2,...,k}). In practice, the best
solution to date (i.e., w*) is reported. The key issue is whether o* € G. If
o € G, then the algorithm should be terminated no later than macro
iteration k, while if o® ¢ G, then it would be desirable to determine
whether the algorithm will at some future macro iteration visit a solution
in G. Therefore, P{w* € G} = P{B‘(k)} provides an algorithm perfor-
mance measure for the solutions obtained within the first £ macro itera-
tions.

To establish the relationship between the convergence of a GHC algo-
rithm and the event B, the following definition is needed.

DEFINITION 1. A GHC algorithm converges in probability to G if
P{C(k)} — 1 as k — +oo, where C(k) = {w; € G} = {The algorithm is at
an element of G at macro iteration k}.

Therefore, given an initial solution w(0) € L, if a GHC algorithm con-
verges in probability to G (as k — +o00), then P{B‘} = 1. Equivalently, if
P{B‘} < 1, then the algorithm does not converge in probability to G. The
convergence behavior of GHC algorithms is further investigated in Section 4.
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In light of these observations, the false-negative problem asks whether a
GHC algorithm will eventually visit G, given that the algorithm, after exe-
cuting a finite number of macro iterations, has yet to visit G. The false neg-
ative probability is formally defined.

DEFINITION 2. For a GHC algorithm, the false-negative probability at
macro iteration k is P{B‘|B(k)}, provided P{B(k)} > 0.

The false-negative probability at macro iteration k provides a measure
for the effectiveness of a GHC algorithm, namely the ability of an algo-
rithm to visit G beyond macro iteration k. In particular, if P{B‘} is
small, then one can use the false-negative probability to assess whether a
GHC algorithm will eventually visit G; if the false-negative probability at
macro iteration k is sufficiently close to zero, then the algorithm may be
terminated.

4. Asymptotic Properties of Generalized Hill Climbing Algorithms

This section derives a necessary convergence condition for GHC algo-
rithms. Recall that P{B(0)} =1 (i.e., all GHC algorithm runs are initial-
ized at an element of L). Furthermore, unless otherwise stated, assume that
P{B‘(k)} < 1 for all macro iterations k = 1,2, .. ..
For macro iteration k, define the conditional probability

r(k) = P{B‘(k)|B(k — 1)} = P{C(k)|B(k — 1)}. (4)
This probability can be used to quantify the false-negative probability.
lemma 1. expresses the relationship between (4) and (1).

LEMMA 1. Given a GHC algorithm initialized at solution »(0) € L,
(i) P{B(k)} = HI;ZI [1 — r())] for all macro iterations k.

(i) P{B} =T33 [1 = r(j)].

Proof. By the definition of r(j), 1—r(j)) = P{B())|B(j—1)} = P{B(j)N
B(j—1)}/P{B(j— 1)} = P{B())}/P{B(j — 1)}. Therefore, since P{B(0)} =
1, then (i) holds. Letting kK — o0 in (i) establishes (ii). O

Theorem 1 provides a closed form expression for the false-negative prob-
ability.

THEOREM 1. Given a GHC algorithm initialized at solution »(0) € L, for

all macro iterations k with P{B(k)} > 0,
+00

P{BBk)} =1~ ] 1 = ()] (5)

J=k+1
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Proof. Since {B(k)} are telescoping non-increasing events, then using (4),
for all macro iterations m and k, m > k, with P{B( )} > O

P{B(m)|B(k)} = [P{B(k)} — P{B(m)}]/ P{B(k)
ﬁl—l Hl—r ]/Hl—r

=1- JJ 0 -r0)]
j=k+1
Taking the limit as m — +oo establishes (5). O

Theorem 2 provides upper and lower bounds for the false-negative prob-
ability.

THEOREM 2. Given a GHC algorithm initialized at initial solution
(0) € L, then for all macro iterations k with P{B(k)} > 0,

l—eXp{— i V(J')}<P{B"|B(k)}<1 —exp{— ZOO (/N —r(j)]}-

J=k+1 J=h1
(6)
Proof. For all macro iterations k with P{B(k)} >0, from Lemma 1,
r(j) <1 for all j=1,2,... k. Therefore, for all macro iterations m and k

with m > k and P{B(m)} > 0, hence r(j) < 1 for all j=1,2,...,m,

m

1 — exp{— Z r(j)} < P{B‘(m)|B(k)}

Jj=k+1
<i- exp{— S PO - r(j)]}.

J=k+1
To see this, from the proof of Theorem 1, for m >k, P{B‘(m)|B(k)} =

|
1 - H] w1l = 7()]. Therefore, P{B(m)|B(k)} = H “ie1 L —=r(j)], which
implies that

In[P{B(m Z In[1 — r(j)].
J=k+1
ForO<r(j)<1,j=k+1,k+2,.
—r()/[1 = r( < Il = ()] < - r(/)
Therefore,

m

- Z /11 = (D] < I[P{B(m)|B(k)}]< = D r())-

j=k+1 J=k+1
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Taking the exponential function and the limit as m — +oco establishes the
result. O

To compute the false-negative probability for both convergent and non-
convergent GHC algorithms, Proposition 1 establishes the relationship
between convergence in probability to G and visits to G in probability.

PROPOSITION 1. If a GHC algorithm converges in probability to G, then
the GHC algorithm visits G in probability (i.e., P{B‘|B(k)} = 1 for all macro
iterations k = 1,2,... with P{B(k)} > 0).

Proof. By the definition of conditional probability,
P{B|B(k)} = P{BN B(k)}/P{B(k)}
= P{B}/P{B(k)} for all macro iterations k =1,2,...

Since C(m) C B‘(m), then B(m)C C‘m) for all macro iterations

m=1,2,... Therefore, for all macro iterations k = 1,2, ...
P{B}/P{B(k)}< lim P{C‘(m)}/P{B(k)} =0

hence P{B‘|B(k)} =1 for all macro iterations k = 1,2, ... O

Proposition 2 provides necessary and sufficient conditions for a GHC
algorithm to visit G in probability (i.e., the false-negative probability is one
for all macro iterations).

PROPOSITION 2. 4 GHC algorithm visits G in probability if and only if
+oc
0 r() = +oc.

Proof. (<) If j:°1° r(j) = +oo, then j i1 () = +oo for all macro itera-
tions k, hence from the lower bound in (6), P{B‘|B(k)} =1 for all macro
iterations k with P{B(k)} > 0. Therefore, the GHC algorithm visits G in
probability. (=) If the GHC algorithm visits G in probability (i.e.,
P{B‘|B(k)} =1 for all macro iterations k with P{B(k)} > 0), then from
the upper bound in (6), >-7%. r(j)/[1 — r(j)] = +oo for all macro iterations
k. To complete the proof, it is necessary to show that
j Y1 () /11 = r(j)] = +o0 implies that Zﬂo r(j) = +o00. To see this, sup-

pose that ]Jr_oo r(j) < 4o00. Then for all ¢ > 0, there exists a non-negative
integer j(&) such that r(j) <e for all j>j(e). Therefore,

r()/ (L =r(j)<r()/(1 = &)
for all j>j(¢), which implies that

+00 +00

Yo/ =)< Y r()/(1—e). (7)

J=i(#) J=i(#)
However, if the right hand side of (7) is finite, then the left hand side must
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also be finite, which contradicts that the left hand side diverges. Therefore,
+00

i1 T(J) = +oo. ]
Proposition 3 establishes the relationship between a GHC algorithm vis-
iting G in probability and P{B}.

PROPOSITION 3. A GHC algorithm visits G in probability if and only if
P{B‘} =1.

Proof. The result follows from the law of total probability, since
P{B‘} = P{B‘|B(k)}P{B(k)} + P{B‘|B(k)} P{B(k)}. O

Theorem 3 summarizes the relationship between P{B‘}, the false negative
probabilities, r(k), visits G in probability, and convergence in probability
to G.

THEOREM 3. Given a GHC algorithm initialized at initial solution »(0) €
L, consider the expressions

(D1) P{C(k)} — 1 as k — 400 (converges in probability to G).
(D2) P{B‘|B(k)} = 1 for all macro iterations k (visits G in probability).
(D3) P{B‘} =1 (visits G in probability).
(D4) Z;Olo (j) = 4oo for all macro iterations k.
Then (D1) = (D2) < (D3) < (D4).
Proof. Follows from Propositions 1, 2, and 3. O

Theorem 3 provides three necessary conditions for the convergence of a
GHC algorithm. The only restriction on how the GHC algorithm tra-
verses the solution space is that P{B(k)} >0 for all macro iterations
k=1,2,... This restriction means that there is no finite-time convergence
to G with probability one. Note that from Lemma 1, if
P{B} :H;;of[l —r(j)] >0, then from Theorem 3, the GHC algorithm
does not converge in probability to G. Moreover, since C(k) C B‘(k) for
all macro iterations k =1,2,..., then P{C(k)}<1— ;Of[l —r(j)] for all
macro iterations k.

5. False-Negative Probability Representation

This section derives closed-form expressions for r(k) such that the results
in Section 4 can be applied to GHC algorithms, including the computation
of the false-negative probability and condition (D4) in Theorem 3. To
obtain such an expression, the following definition is needed to represent
r(k) as a function of the macro iteration transition matrix, P%,.
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DEFINITION 3. For all w € L, at macro iteration k, Q(w,k) = B(k)N {The
algorithm is at solution ® at macro iteration k} with ¢(w,k) =
P{Q(w,k)}. Theorem 4 provides a closed-form expression for r(k) in terms
of the macro iteration transition matrix. This expression is used in Section
6 to identify properties of non-convergent GHC algorithms.

THEOREM 4. Given a GHC algorithm initialized at initial solution «»(0) €
L, then for all macro iterations k,

+00 X
(k) =" qlosk = )P (2, 0) | (Phy) | Phgle, on). (8)
wyeLl w €G j=0
Proof. By the law of total probability,
r(k) =3 qlwy,k — 1)P{B(k)|Q(wa,k — 1)}
wy€EL
+o0
=SS glomk - 1Py e [zw';m)f Pioloo). O
wzeLwleG j:()

The closed-form expression for r(k) in Theorem 4 can be expressed in
terms of the hill climbing random variable Rj;. To see this, for all
w €G,y €L, w3,w4 € H,

PIEH(CULCO): { (1/|’7(w2)|)P{Rk(0)2,CO) 25(032,(1))}’ weﬂ(wz)ﬂH (9)

07 wgn(wZ)mH
and
(1/|n(w3)]) P{ R (w3, w4) = 6(w3,04)}, { 2(46063 ’,70()333)??}]7
Py(0s,05) = 1/(o3), { oo onsty
0 w3 € H,
’ ws € n(w3)NH.
(10)
Moreover, for all vy € G, w € H,
Pho(oron) = { {1/ n a0 (1)

To determine whether 3", r(k) converges, only the most dominant terms

in (8) need to be considered (i.e., the terms in (8) that approach zero the
slowest as k — +00). From (9)—(11), the most dominant terms in (8) are
O(P{Ri(m2,w)=d(wr,w)}) for wry €L, wen(w)NH (as Ry —p0 as
k — 400). Therefore, if the hill climbing random variables are defined such
that the probability of moving from any local optimum in a single iteration
converges to zero sufficiently fast (as the number of macro iterations
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approaches infinity) so that the infinite sum (over k) of the r(k) converges
(i.e., (D4)), then from Theorem 3, the resulting GHC algorithm will not
converge in probability to G. This necessary condition provides a simple
feature to check for a given GHC algorithm, hence can be used to deter-
mine when a particular GHC does not converge.

To wuse this result in practice, P{Ri(w2,®)=0(wr, )}, wr €L,
o € n(wy) N H, can be bounded above using the first and second moments
of Ri(wy,w). For example, from Markov’s inequality,

P{Ry (w3, ) =d(wr, )} <E[Ri (w2, ®)]/0(w2, ®) (12)

for wy, € L, w € n(wp) N H, (where 6(wy, w) > 0). Moreover, by the one-
sided Chebyshev inequality,

P{Ry (w2, w) = 6(w2, )} < Var[Ry(wz, w)]/[Var[Ry (w2, w)]

13).
+ (8(w2, ) — E[Ri(w2, w)])?]. (13)

If either of these upper bounds approaches zero sufficiently fast such that

2 r(k) < +oc, then the GHC algorithm does not converge in probabil-
ity to G.

To illustrate the use of these bounds, consider a simulated annealing algo-
rithm with temperature parameters #(k) = 1/k*. Then E[Ri (w1, )] = 1/k>
and from (12), P{Ry(wa, ) =5(wa, w)} <1/(k*6(wy, w)), which implies that
r(k) < + oo. Therefore, from Theorem 3, this simulated annealing algorithm
does not converge in probability to G. On the other hand, for a simulated
annealing algorithm with temperature parameters (k) = 1/k, E[Ri(w2,®)]
= 1/k and from (12), P{Ri(w7,w)=> o(wy, )} <1/ (kd(wy,®)), which is
not sufficient (from Theorem 3) to show that this simulated annealing
algorithm does not converge in probability to G. However, Var[Ry(w,, w)] =
1/k> and from (13), P{Ri(wr,®)=>  &(wr, )}y <(1/k*)/[1/k*+
(8(wa, w) — 1/k)*] = O((1/kd(w,, w))?) for k large, which implies that

725 r(k) < +o00. Therefore, from Theorem 3, this simulated annealing
algorithm does not converge in probability to G.

6. Illustrative Examples

The results presented in Sections 3—5 can be used to assess the performance
of various GHC algorithms. In this section, the performance of four GHC
algorithms, Monte Carlo search, random-restart local search, threshold
accepting, and simulated annealing are evaluated.

6.1. MONTE CARLO SEARCH

Monte Carlo search is the process of randomly generating a large set of
solutions in the solution space and taking the best solution among those
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generated. Theorem 3 implies that the false-negative probability is one (for
all macro iterations) for Monte Carlo search. To see this, Monte Carlo
search can be described as a GHC algorithm by setting n(w) = Q for all
w € Q, and R, = max|flw) — flo')], v € Q, &' € n(w) for all macro itera-
tions k=1,2,.... If p(G)=1G|/(|G|+|L]|), then r(k) = p(G). Therefore,
P{B(k)} = [I — p(G)]*. For macro iterations j and k, with m > k,
P{B(m)|B(k)} =1 - [1 - p(G)]" ™,
which approaches one as m — +oo. Moreover, from Theorem 3,
;;Olo r(j) = E,J;Olo p(G) = +oo . This means that Monte Carlo search visits
G in probability as k — +oo. However, P{C(k)} = p(G) for all macro iter-
ations k, hence Monte Carlo search does not converge in probability to G
(i.e., from Theorem 3, (D2), (D3), and (D4) all hold, but (D1) is not satis-
fied).

6.2. RANDOM-RESTART LOCAL SEARCH

Random-restart local search (or multi-start local search; see Marti, 2003)
combines Monte Carlo search and local search, by randomly selecting a
new initial solution every time a local search algorithm terminates at a
local optimum. The analysis in Section 6.1 for Monte Carlo search also
shows that the false-negative probability is one (for all macro iterations)
for random-restart local search, by redefining p(G) to be the probability
that a randomly generated initial solution in Q will terminate at an element
of G. Moreover, random-restart local search will not converge in probabil-
ity to G (i.e., from Theorem 3, (D2), (D3), and (D4) all hold, but (D1) is
not satisfied).

6.3. THRESHOLD ACCEPTING

Threshold  accepting is a particular GHC  algorithm  with
Ri(o(i),w) = t(k), (i) € Q, o € n(w(i)), for macro iteration k, where #(k)
— 0 as k — +oo. Therefore, there exists ¢ > 0 sufficiently small and a
macro iteration kg such that |#(k)| < ¢ and P{Ri(w(i),w) = é(w(i),w)} =0
for all w(i) € L,w € n(w(i)), and all k >k, hence (D4) in Theorem 3 does
not hold. This implies that this common implementation of threshold
accepting does not converge in probability to G. However, if (k) is set
such that it does not approach zero, hence r(k) >4 for some 6 > 0 and for
all macro iterations k, then (D4) in Theorem 3 may hold and the probabil-
ity of a false negative is one at all macro iterations k. However, setting
t(k) in this way may not be feasible in practice, since it requires full knowl-
edge of the solution space (with respect to the depth of all local and global
optima; see Hajek, 1988). Although the given formulation of threshold
accepting does not converge in probability to G, it often yields satisfactory
results in practice (Nissen and Paul, 1995; Abboud et al., 1998; Franz
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et al., 2001). This observation further supports the belief that asymptotic
convergence is not necessarily a good predictor of finite-time performance.

6.4. SIMULATED ANNEALING

Simulated annealing is a particular GHC algorithm  with
Ri(w(i),w) = —t(k) In(v;), (i) € Q0 € n(w(i)),k=1,2,..., where t(k) is
the temperature parameter (hence, defines a cooling schedule as 7(k) — 0)
and {v;} are independent and identically distributed U(0, 1) random vari-
ables. The necessary condition (D4) in Theorem 3 can be related to the
convergence conditions for simulated annealing presented in Hajek
(1988). In particular, Hajek (1988) shows that simulated annealing con-
verges in probability to a global optimum if and only if
Z,Zﬁ e (/1K) = 450, where the temperature parameters #(k) define a
nonincreasing cooling schedule (that approaches zero as k — +o00), and
d* is the maximum depth of all local optima (i.e., the maximum gap in
objective function value between an element of L and the solution in H
that can reach an element of G via local search, where the maximum is
taken over all elements of L). This result assumes that the depth of all
elements in G is infinity, hence once a global optimum is reached, simu-
lated annealing cannot escape from it (with probability one). Since the
neighborhood function # is defined such that the solution space is reach-
able, then at each macro iteration k that is sufficiently large, there is a
positive probability that the algorithm will need to escape from each ele-
ment of L and move to an element of G. In particular, at each macro
iteration k sufficiently large, the conditional probability r(k) has a compo-
nent that includes the probability of escaping from the deepest local opti-
mum. Therefore, using the law of total probability,

r(k) = Z r(k|w € L is visited at macro iteration k — 1)
w€eL

P{w € L is visited at macro iteration k — 1}.

Therefore, there exists a lower bound for r(k) that is a linear function of
P{moving from the deepest element of L to an element of G} =
P{Accepting hill climbing moves out of the deepest element of L to an ele-
ment of G} = O(e”@/M)), since the hill climbing random variable at
macro iteration k is exponential with mean 1/#(k). Therefore, if
S e @/1h) = 400, then condition (D4) in Theorem 3 is satisfied.
Another consequence of Theorem 3 is that different simulated anneal-
ing algorithms may not converge in probability to G, but they may visit
G in probability. For example, fixed temperature implementations of sim-
ulated annealing are provably non-convergent (since the temperature
parameter does not approach zero), but visit G in probability (since
r(k) > &> 0 for all k for some ¢ fixed). Cohn and Fielding (1999) and
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Fielding (2000) present interesting theoretical and empirical results that
suggest that there is an optimal fixed temperature for simulated annealing
for different classes of problems. Orosz and Jacobson (2002a, b) also
present results with fixed temperature simulated annealing algorithms,
including analytical expressions for the expected number of iterations
needed to reach a prespecified objective function value. The results in
Theorem 3 are consistent with the observations in Cohn and Fielding
(1999) and Fielding (2000). Moreover, from Lemma 1, the rate at which
H;‘:l[l —r(J)] converges to zero as k — +oo (or equivalently, the rate at
which Zj;l r(j) diverges to infinity as k — +o0) may provide a measure
for comparing two fixed temperature simulated annealing algorithms.
Work is in progress to study this measure and provide a practical
approach for such an analysis, hence provide an alternative means to
obtain the results reported in Cohn and Fielding (1999) and Fielding
(2000).

7. Summary

This paper introduces the false negative probability as a performance mea-
sure that reflects how effectively a GHC algorithm has performed to date
in visiting a global optimum as well as how effectively a GHC algorithm
can be expected to perform in the future to visit such a solution. This
paper also presents expressions and bounds for the false negative probabil-
ity, and illustrates how these expressions and bounds can be computed for
particular GHC algorithms. These expressions are used to create necessary
convergence conditions for GHC algorithms. One of these conditions is
then used to prove that a common implementation of threshold accepting
is nonconvergent.

Work is in progress to show how the false negative probability can be
used to develop guidelines to design effective run strategies for GHC algo-
rithms that do not converge in probability to a global optimum. These
guidelines can be useful in determining stopping conditions once the mar-
ginal value of additional iterations is deemed negligible. Work is also in
progress to identify new performance measures for GHC algorithms that
complement the false negative probability.

On a broader scale, the framework developed in this paper shows how
different GHC algorithms for discrete optimization problems can be com-
pared and evaluated using a single performance measure. The results in
this paper represent a first step towards the development of a performance
theory for GHC algorithms, hence foster new avenues for future research
on the evaluation of GHC algorithm performance, independent of the spe-
cific problems being addressed.
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