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ABSTRACT

The Annealing Adaptive Search (AAS) algorithm searches the feasible region of an optimization
problem by generating candidate solutions from a sequence of Boltzmann distributions. However,
the difficulty of sampling from a Boltzmann distribution at each iteration of the algorithm limits its
applications to practical problems. To address this difficulty, we propose an approximation of AAS,
called Model-based Annealing Random Search (MARS), that samples solutions from a sequence of
surrogate distributions that iteratively approximate the target Boltzmann distributions. We present the
global convergence properties of MARS by exploiting its connection to the stochastic approximation
method and report on numerical results.

1 INTRODUCTION

Random search methods have been recognized as a class of useful and effective tools for optimization of
complex global optimization problems with little structure. Over the past few decades, various random
search algorithms have been developed, ranging from the classical methods such as simulated anneal-
ing (Kirkpatrick, Gelatt, and Vecchi 1983), pure/adaptive random search (Zabinsky and Smith 1992),
tabu search (Glover 1990), and genetic algorithms (Goldberg 1989), to the more recent ant colony
optimization (Dorigo and Gambardella 1997), nested partitions method (Shi and Olafsson 2000), es-
timation of distribution algorithms (Larranaga and Lozano 2002), cross-entropy (CE) as in the work
(Rubinstein and Kroese 2004), and model reference adaptive search (MRAS) (Hu, Fu, and Marcus 2007),
to name just a few. Because only the function values rather than structural information of the objec-
tive function such as continuity and differentiability are required, these methods are robust, easy to
implement, and can be applied to a broad class of optimization problems.

The Annealing Adaptive Search (AAS) was first proposed in Romeijn and Smith (1994a) as an
idealistic model to understand the behavior of simulated annealing. The algorithm samples candidate
solutions according to a sequence of Boltzmann distributions parameterized by time-dependent tem-
peratures. For a class of nonlinear optimization problems, AAS has the promising property that its
computational complexity increases at most linearly with the problem dimension (e.g., Zabinksy 2003).
However, what hinders its application to solving practical problems is that sampling exactly from a
Boltzmann distribution is known to be extremely difficult. In attempts at resolving this difficulty, prior
work has mostly focused on using Markov chain-based sampling techniques within the AAS frame-
work to sample asymptotically from a Boltzmann distribution (cf. e.g., Romeijn and Smith 1994b,
Zabinksy 2003). In this paper, we provide an alternative approach called Model-based Annealing
Random Search (MARS). The underlying idea is to use a sequence of easy-to-sample distribution
functions to approximate the target Boltzmann distributions and then use the sequence as surrogate
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distributions to generate candidate points. The approximation technique involved in MARS inherits
ideas from CE and MRAS, and is carried out by minimizing the Kullback-Leibler (KL) divergence
between a family of parameterized distributions and the target Boltzmann distribution. However, we
note that our approach does not require the quantile estimation of the distribution of the (unknown)
objective function, a critical component used in the selection step of both CE and MRAS.

We also discuss a natural connection between MARS and the well-known stochastic approximation
(SA) method (cf. e.g., Robbins and Monro 1951, Kushner and Yin 1997, Spall 2003). In particular,
we show that, regardless of the type of decision variables of the original problem, MARS can be
equivalently formulated into the form of a generalized stochastic approximation procedure on the
parameter space (of the parameterized distribution family) for solving a sequence of time-varying
stochastic optimization problems with differentiable structures. This viewpoint, which is new to this
type of random search algorithms, allows us to study the asymptotic performance of MARS for a
general class of global optimization problems, both continuous and discrete combinatorial, by using
existing theory and analytical tools from SA.

The outline of the paper is as follows. In Section 2, we describe the MARS algorithm and establish
its connection to SA. In Section 3, we present the global convergence property of MARS, followed by
an asymptotic normality result in Section 4. Preliminary numerical results are reported in Section 5
and concluding remarks are given in Section 6. Due to space limitation, most of the proofs are omitted.
A more comprehensive development of the approach and additional numerical results can be found
in Hu and Hu (2010).

2 THE MARS ALGORITHM
We consider the global optimization problem

x" € argmax H (x), (D)
xeX

where H : X — R is a deterministic bounded objective function, X C R” is a compact feasible region,
which may either be continuous or discrete. We assume the existence of a unique global optimal
solution x* to (1); however, there could be multiple local optima.

The idealistic AAS algorithm iteratively approximates the global optimal solution x* of (1) by
assuming that solutions can be sampled exactly from the Boltzmann distribution

/T

8k(x) fx eH(x)/TkV<dx) (2)
ateachiteration k, where 7T; is an iteration-dependent temperature parameter and v is the Lebesgue/discrete
measure on X. The idea is that as 7} decreases to a small constant 7* > 0, the sequence of {g;}
will converge to a limiting distribution g* that assigns most of its probability mass around x*, so
that near-optimal solutions will be sampled with higher probabilities as the search goes along. For
a class of Lipschitz optimization problems, AAS is known to have several important theoretical
properties, the most appealing of which is that its complexity increases at most linearly with the
problem dimension (Romeijn and Smith 1994b, Zabinksy 2003). Unfortunately, the algorithm is not
readily implementable to solving optimization problems, because the practical problem of sampling
exactly from the Boltzmann distribution gy is intractable in general. In the proposed MARS algorithm,
we address this implementation difficulty of AAS by sampling points from a surrogate distribution
that approximates g;. The idea is to select a family of (easy-to-sample) parameterized distributions
{f9,0 € O} (O is the parameter space), and then project {g; } onto the parameterized family to obtain
a sequence of sampling distributions. In particular, we borrow ideas from CE and MRAS, and carry
out the projection at each iteration k of MARS by finding an optimal parameter 6; that minimizes the
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KL divergence between the family {fg,0 € ©} and g, i.e.,

8k(X)}
fo(X)V

where X denotes a random vector taking values in X, and E,|[-] denotes the expectation taken with
respect to the density/mass function g; also, throughout this paper, for a distribution parameterized by
0, we use Ey|-] to represent the expectation with respect to the underlying parameterized distribution.
The primary reason for adopting the KL divergence is that for the natural exponential family (NEF)
of distributions (cf. e.g., Morris 1982), the optimization problem (3) can be solved analytically in
closed form for an arbitrary g, which makes the approach very convenient to implement efficiently.

O = argmin (g, fp) 1= argminEg, [ln (3)
0c0O

CISC]

Definition 1. A parameterized family of density/mass functions { fo(-), 6 €6 C EKd} on X is said

to belong to the natural exponential family (NEF) if there exist mappings T'(-) : R" — RY and
K(-): R — R such that

fo(x) =exp (67T (x) —K(0)), VO €O,

where K(0) = In [y exp (0TT'(x)) v(dx) is called the log partition function, and © = {6 € R :
|K(0)| < oo} is called the natural parameter space.

Let int(©) denote the interior of ©. Tt is well-known (e.g., Morris 1982) that the function
K(0) is strictly convex on int(©) with gradient VK(0) = E¢[I'(X)] and Hessian matrix Covg[I'(X)].
Therefore, the Jacobian of the mean parameter function m(6) := Eg[I'(X)] is strictly positive definite
and invertible. From the inverse function theorem, it follows that m(60) is also invertible on int(©).

In MARS, instead of directly using the sequence {g;} to minimize the KL-divergence in (3), we
consider a general distribution sequence in the recursive form

Gkr1(x) = oggrr1(x) + (1 — o) fo, (x) with o € (0,1] Vk=0,1,..., “4)

where each g, | is a mixture of the Boltzmann distribution g;, | parameterized by temperature Ty |
(cf. (2)) and the sampling distribution fg, obtained at the kth iteration. Intuitively, such a mixture
gk 1 retains the properties of the Boltzmann distribution g 1, while on the other hand, ensures that
it does not stay too far apart from the sampling distribution fg,.

When NEF is used to approximate the mixture distribution g 1, the following lemma establishes
a key link between the two successive mean parameter functions.

Lemma 1. If fg belongs to the NEF and the new parameter 0y 1 obtained via minimizing 2(gx+1, /o)
satisfies O.1 € int(O) for all k, then

MmOy 1) —m(0) = —4VeZ(gri1,fo)lo=g, Vk=0,1,2,.... ()

Sketch of Proof: Since 6y € int(0), it satisfies the first order necessary condition for optimality
of the optimization problem mingcg Z(g+1,f9). Thus, setting the gradient Vg Z(gy+1, fo) to zero
yields m(6;11) = Eg,,, [['(X)] = Eg,_, , [['(X)]. It follows from (4) that

8kt

m(6xy1) = Ez

8k+1

[C(X)] = owEg,,, [T(X)] + (1 — 0og)m(6). (6)

Finally, the result follows by rearranging the terms in (6) and then applying the dominated convergence
theorem to switch the order of integral and derivative. O

Lemma 1 shows that by minimizing the KL divergence Z(gy+1, fo), the mean parameter func-
tion m(6;) of the new sampling distribution fp,,, can be viewed as an iterate generated by
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a gradient descent algorithm for solving the iteration-varying stochastic minimization problem

mingeco Z(8k+1,fo) = mingep Ey, | [ln g}‘%ég)] on the transformed parameter space ©@, whose so-

lution, as k goes to infinity, is an optimal parameter 6* € inf(©) that provides the best possible
approximation to the limiting Boltzmann distribution g*. We remark that this observation is indepen-
dent of the type of decision variables involved in the original optimization problem (1).

Note that in order to implement the above projection idea, we would still require the full information
about the Boltzmann distribution gz, which is generally unavailable unless the entire solution space
X can be enumerated. Therefore, a rational approach in practice is to use only a finite number of
samples generated at each iteration k to construct an empirical distribution g1, and then use gr. |
to approximate g 1. This results in the following implementable version of MARS:

Model-based Annealing Random Search (MARS)

Step 0: Choose an initial density/mass function fj (x) on X, 6y € int(O). Specify an annealing
schedule {7}, a step-size sequence {0y}, a sample size sequence {Ny}, and an exploration
parameter sequence {A;}. Set iteration counter k = 0.

Step 1: Independently generate a population of Nj candidate solutions Ay = {Xj,..., Xy} as
follows:

fori=1to Ny

generate a random number u ~ U|0, 1].

if u < A, then sample a solution X; from e

elseif u > Ay, then generate a solution X; according to fék‘
endfor

Step 2: Compute the new parameter ék+1 =argming.g Z(8ik+1, fo), where g1 is given in (7).
Step 3: If a stopping rule is satisfied, then terminate; otherwise set k = k+ 1 and go to Step 1.

In MARS, the initial density/mass function féo can either be chosen based on prior knowledge of
the underlying problem or be chosen in a way that any region in the solution space will have a positive
probability of being sampled. In addition to the annealing temperature {7} } and the step-size sequence
{04}, the algorithm requires specifications of two parameter sequences {N;} and {A;}, where N
specifies the number of candidate solutions to be generated at each iteration, and the exploration
parameter A; allows the algorithm to explore the entire feasible region so that there is a positive
probability for the algorithm to reach anywhere in X at each single iteration. At Step 2, the KL
divergence is with respect to gy 1, an estimate of gz, (cf. (4)) based on the sampled solutions in Ay,
ie.,

8ik+1(xX) = 81 (x) + (1 — 00) fi (x), x € A (7
Note that we have replaced the Boltzmann distribution g1 in (4) by an empirical distribution

Hx)
/730
g_k+l(~x> = H(x) : Vxe A/m (8)

Seen e/, (0

where fék (x) == (1= 2Ak) fp, (x) + A fg, (x) is the overall density/mass function that a candidate solution

will be sampled at Step 1 of MARS. Intuitively, the division by fék in gx41 is used to compensate
for solutions that are unlikely to be chosen, which makes g, a good estimate of the Boltzmann
distribution gg4 1.

Similar to Lemma 1, the following result shows the connection between the successive mean
parameter vectors obtained in MARS.
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Lemma 2. If 6 € int(©) Yk, then the mean parameter function m(6y, ) of fék+l satisfies

m(O1) — m(0y) = —oy (m(ék) —Eg [r(x)}) Vk=0,1,2,.... 9)
Proof.  Similar to the proof of Lemma 1. [

We conclude this section by relating MARS to stochastic gradient search. Note that (9) can be
rewritten as follows:

m(Bei1) —m(0) = —o% (m(ék) —Eg [T(X)] + Eg,, [T(X)] — Eg.,, [F(X)D :
= —04VoZ(gir1.fo)lg—p, — O (Egk+l [C(X)] - Egy,, [F(X)]) (10)

This becomes a Robbins-Monro type stochastic approximation algorithm in terms of the true gradient
and a noise term due to the approximation error between g | and g 1. Thus, with the help of existing
tools from stochastic gradient search and stochastic approximation, the asymptotic performance
analysis of MARS essentially boils down to the issue of inspecting whether the Boltzmann distribution
8k+1 can be closely approximated by its empirical estimate gi .

3  GLOBAL CONVERGENCE OF MARS

Since MARS is randomized, it induces a probability distribution over the set of all sampled solutions.
We denote by P(-) and E[-] the probability and expectation taken with respect to this distribution.
In the rest of the paper, probability one convergence is to be understood with respect to P. We also
define #; = o{Ao,A1,..., A1}, k=1,2,... as the sequence of increasing o-fields generated by
the set of all sampled solutions up to iteration k — 1. We use ﬁék(-|ﬁk) and Eék[-L%c} to denote the

conditional probability and expectation taken with respect to ]/‘;;k.

To present the main convergence result, we make the following assumptions, where Assumptions
Al and A2 are mild regularity conditions on the objective function, whereas A3—AS5 are conditions
on the input parameters.

Assumptions:

Al.  For any constant € < H(x"), the set {x € X: H(x) > €} has a strictly positive Lebesgue or
discrete measure.

A2, Forany § >0, supyes, H(x) < H(x"), where As :={x € X: [|x—x*|| > &}.

A3.  The mapping T'(x) given in Definition 1 is bounded on X. Moreover, for any & > 0, there
exists 0 > 0 such that |T'(x) —T'(x*)|| < & whenever ||x —x*|| < 6.

Ad.  The step-size sequence {0y} satisfies o >0 Vk, Y70 = oo, and ¥y Otk2 < oo,

AS.  (a) The annealing schedule {T;} satisfies Ty >0 Yk and Ty — T* > 0 as k — oo;
(b) The exploration parameter sequence {A} satisfies & >0 Vk and 4 — A* € [0,1) as
k= oo 2HY /T,

(c) Moreover; T){k — 0 as k — oo, where H* = H(x").

We have the following convergence theorem for MARS.

Theorem 3. If Assumptions Al to A5 hold and 6 € int(©) Yk, then

m(6y) — Eg<[['(X)] as k— oo wp.1,

where the limit is taken component-wise and g* is the limiting Boltzmann distribution parameterized
by T* > 0.
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The result of Theorem 3 is much stronger than it appears to be. Its interpretation depends on
the parameterized distribution family used in MARS and, in particular, on the specific form of the
function T'(x). For example, in continuous optimization, if 7* = 0 and normal distributions are used
as parameterized family, then Theorem 3 implies that the sequence of sampling distributions { ‘fék} in
MARS will converge to a delta distribution with all mass concentrated at the global optimizer x*, in
the sense that limy_... Eg [X] = x" and limy_... Covg [X] =0 w.p.1. Another case of interest is when
independent univariate density/mass functions are used and the parameterized family takes the form
fo(x) =TT exp(x;% — K(¥%)), where x; and 0; are the respective ith components of x = (xy,...,x,)"
and the parameter vector 0 = (0, ...,9,)7, in which case, we have I'(x) = x and m(6y) = Eg [X].
Thus, if T* = 0, then the result of Theorem 3 reduces to limy_,.. Eék [X] =x* w.p.1, i.e., the means of
the sequence of sampling distributions converge to x* w.p.1. As a third example, consider a discrete
optimization problem with a feasible region X that contains m distinct values. To approach the
problem, we can specify an m-by-1 probability vector Q, whose ith entry ¢; indicates the probability
that a solution will take the ith value x; € X. When parameterized by Q, the probability of sampling
a solution x can be written as

folx) =g =10,
i=1

where 6 = [Ingy,...,Ing,]" and T'(x) = [[{x =x;},...,I{x = x,,}]7. Note that ['(x) satisfies As-
sumption A4. Thus, when 7% = 0, a straightforward interpretation of Theorem 3 yields

lim 3 T ()" x =x;} =H{x" =x;} Vj wpl,

xeXi=l1

where qf.‘ is the ith entry of the vector Q; obtained at the kth iteration of MARS. This implies that
limy_o q{-‘ = I{x* =x;} w.p.1 Vi. In other words, the sequence of probability vectors Q; will converge
to a limiting vector that assigns unit mass to the global optimum x*.

Proof Sketch of Theorem 3:  Since the function Z(gx. 1, fg) may change shape with k, our convergence
proof is based on the analysis of a time-varying SA recursion given in Evans and Weber (1986). To
proceed, we rewrite (9) in the form

Ni+1 = Mk — &k,

where 1y :=m(8) — Eg+[T(X)] and & = oy (m(8) — Eg,.,[T(X)]). To show the desired result, it is
equivalent to show that 1 — 0 as k — e w.p.1.

Let My = Eq, [Ek|-Zk] and Zi = & — M. We establish that the multivariate versions of conditions
(1)-(iv) in Evans and Weber (1986) hold.

[i] First we show that for every € > 0, P(||n|| > &, nf My <0 i.0.) = 0. By the definition of M, it
is easy to see that

My = oy (m(8) — Eg [T(X)] +Eg- [T(X)] — Eg ,, [[(X)] +E,.., [T(X)] —Eék [Eg., [TX)]|#]). D)
Therefore,

0! My = o (Il + 0] (Ege [TOO] = B [TOO]) + 0] (B, [000] — B, [Eg, [TOO] 7)) ).
Since 7y, is bounded, by Al and A2, it can be seen that the sequence of Boltzmann distributions {gy }

converges to g* in the sense that limy_,.. E,, [I'(X)] = Eg<[I'(X)]. Moreover, by A3 and AS, it can
be shown that the third term (i.e., the noise term) in the parenthesis above also vanishes to zero as
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k — oo w.p.1. Therefore, for almost every sample path generated by MARS, we must have nkT M >0
whenever ||| > ¢ for k sufficiently large, i.e., P(||m|| > €, nf My <0i.0.) =0.

[ii] Since the mapping I" is bounded on X by A3, both m(6;) and E;

2uy: [(T(X)] are bounded. Moreover,

(Lt [Iml) ™" — 0 as k —

w.p.l.
[iii] By the definition of Z;, we have

oo

pNAAR zaﬁE[( B <X>n%}—Egk+l[r<x>1)T(E@k[Egkmxwk}—Eg—Hl[r(X)])}<oo,

since I is bounded and 37 | 07 < o by A4.
[iv] Finally, we show that P(liminfy_... [|n]| >0, T, [[M|| <o) = 0. From (11), we have

1M1 2 e (Imull = 1o [FOO] = By [FOON = By [FCO) — B, [Beya TCON ] )

Let Q; = {liminfy_...||Mk|| > 0} and Qy = {37, |[Mk|| < e=}. For every sample point @ € Q;, we
can find a 6 > 0 such that liminfy_... ||| > & > 0. This implies that there exists a Kg(®) such that
Ill > 8 Yk > K5 (). In addition, let Q3 = {||Eg,., [[(X)] —Eq, [E x)]|Z]|| — 0}. It can be

8k+1 [T°(
shown that P(Q3) = 1 and E, , [[(X)] — Eg+[['(X)] as k — co. Therefore, there exists a K/, (o) for
every @ € €3 such that

~

|Eg [T (X)] - Eq,, [T ||+H gear [l X)]—E@k[Eng[F(X)H%}H<§

forall k > K5 /(). Consequently, we have for every @ € Qi NQs, || M| > gak forallk > K*(w) :=
max{K5((D),K5/2((D)}. Thus by A4,

oo

- )
XMl = X (Ml = 5 2 o= Yo NQ;.
k=1 k=K*() 2 - K*(o)

This implies P(2; N NQ3) = 0. Thus, it follows that P(Q; NQy) = P(QNQNQ3) + P(Q N
Q,NQ5) < P(QS) =0.

Finally, combining [i]—[iv] and directly applying the result of Evans and Weber (1986), we have
N — 0 as k — oo w.p.1, which completes the proof of the theorem. O

4 ASYMPTOTIC CONVERGENCE RATE

To fix ideas, we consider a sample size sequence N = O(kﬁ) and a step-size sequence of the form
oy = ¢/k® for some constants § >0, ¢ >0, and & € (3, 1). Note that such a choice of ¢ satisfies A4.
In addition, we require that {7} and {A;} satisfy the following strengthened version of Assumption
AS.

Assumption B1. For a given sample size sequence Ny = O(kP) and a step-size sequence oy, = O(k~?),

the sequence {1} } satisfies T, > T* > 0 Vk and limy_,.. Kt (7 — Tik) =0, and the sequence {A;}

satisfies oy > O Vk, A4y — A* €[0,1) as k — oo, and Ay = Q(k™7) for some positive constant 'y < g

It is easy to see that Theorem 3 still holds true with Assumption A5 replaced by B1. Thus, by the
invertibility of m(-), the sequence of parameters {6;} generated by MARS converges to a limiting
parameter §* w.p.l. Throughout this section, we should also assume that that 6* € int(©), i.e., the
convergence of {6} occurs to a limiting point that lies in the interior of @. Since m(-) is continuously
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differentiable on int(©), this assumption implies that the Jacobian of m(-) at §* is strictly positive
definite. Therefore, by inverse function theorem, there exists an open neighborhood of m(8*) such
that m~! (+) is continuously differentiable on that neighborhood. This, together with the boundedness
of T, further implies that the sequence of sampling distributions { fék} converges point-wise to a
limiting distribution fg. w.p.1.

We have the following asymptotic convergence rate result for MARS.

Theorem 4. Let o = c/k* and Ny = O(kP) for constants ¢ > 0, o € (%, 1), and B > a. Assume
Assumptions A1—A3 and B1 hold, 6 € int(©) Yk, 6" € int(O), then

K5 (m(8) — B [T(X)]) 2 N(0,5) ask— o

where ¥ = Tgo\vé* [(F(X) —Es[I(X)])g* (X)/]?B*(X)} for some constant Y > 0, and E(;é* [-] repre-

sents the covariance under fy..

Proof Sketch of Theorem 4: Given the specific forms of N, and oy, we can rewrite (9) in the form
of a recursion in Fabian (1968):

M1 = (1 —ckfo‘)nk+k*(2a+ﬁ)/2Rk_’_k7(3a+/3)/2Wk’

where n; = m(6;) — E[T'(X)],

Re= kPP (g, [P(X)] ~ g [Ege,, [TX)]| 73] ), Wie= kP12 (B [Eg [T0X))| 73] — By D))
Under conditions A1-A3 and B1, it can be verified that the term Ry, satisfies the following two properties:

(HE o [RkR,{ |- F] — Zask — cow.p.1, where Xis given in the statement of the theorem; (2) the sequence
{Ry} is uniformly square integrable in the sense that limy_... E [I{||R¢||* > rk®}||R¢||*] =0 Vr > 0.

Moreover, the term W, satisfies klatB)/ Wi — 0ask — oo w.p.1l. The desired result then follows from
Theorem 2.2. in Fabian (1968). O

It is interesting to note that in contrast to general stochastic approximation algorithms, which have
an optimal asymptotic rate of O(1/ \//E), Theorem 4 states that the asymptotic rate of convergence for
MARS is at least O(1/v/k) (i.e., when the values of o and f3 are chosen close to 1/2). Moreover, this
rate can be made arbitrarily fast by using a sample size sequence {N;} that increases sufficiently fast
as k — oo. However, increasing sample sizes too fast may have a negative impact on the algorithm’s
practical performance, as the normality result is expressed in terms of the number of algorithm
iterations, not the sample size. Therefore, there is a trade-off between the need for large values of 3
to increase the algorithm’s (asymptotic) convergence speed and the desirability of using small values
of B to reduce the per iteration computational cost.

5 NUMERICAL EXAMPLES

We illustrate the performance of MARS on multi-modal optimization problems and compare its
performance with those of simulated annealing (SAN) and the Hide-and-Seek (HAS) algorithm (cf.
e.g., Romeijn and Smith 1994b, Zabinksy 2003). The following four benchmark functions, taken
from Hu, Fu, and Marcus (2007), are used in our experiment. The problem dimensions vary from
4 to 100. In particular, H; is low dimensional with only a few local optima; however, the maxima
are separated by relatively flat regions and are far apart from each other. Functions H> has many
wide-spread local optima, and the number of local maxima increases exponentially with the problem
dimension. H3 is a well-known badly-scaled problem, whereas Hy is both highly multimodal and
badly scaled.
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(1)  Shekel’s function (n =4,0<x; <10, i=1,...,n)

5 4
Hix) =Y (Z(x,.—AiJ)ZjLB,) ~10.1532,
=1 il

with B = (0.1,0.2,0.2,0.4,0.4)7, A; = A3 = (4,1,8,6,3),and Ay = A, = (4,1,8,6,7), where
A; represents the ith row of A. The function has a global maxima x* = (4,4,4,4)" and
H(x*)=0.
(2)  Trigonometric function (n =100, —10 <x; <10,i=1...,n)
n
Hyx)=-1-3 [8 sin? (7(x; — 0.9)2) + 6sin® (14(x; — 0.9)) + (x; —0.9)2},
i=1

where x* = (0.9,...,0.9)7, Hy(x*) = —1.
(3)  Powell function (n =100, —10<x; <10, i=1...,n)

(n=2)/2
Hy(x)=—1— ) [(x2i71 +10x2;)% +5 (X241 —X2i52) % + (x2i — 2x0:41)* + 10(x21-1 _x2i+2)4} ;
i=1
where x* = (0,...,0)" and H3(x*) = —1.
(4)  Pinter’s function (n =50, —10<x; <10, i=1,...,n)
n n
Hy(x) = — 2 ix,-2 — 2 20i sin’ (xl-_l sinx; —x; + sinxlurl)

i=1 i=1

n
— Ziloglo (1 —|—i(x?_1 — 2x; + 3xi41 —Ccosx; + 1)2) -1,
=1

14
where xg = X, X, 1 = x1, x* = (0,...,0)7, Hy(x*) = —1.

In our implementation of MARS, we have used the independent multi-variate normal distributions
as the parameterized distributions. Specifically, at the kth iteration of the algorithm, the parameterized
sampling density takes the form

Ty )’
fo, %) 11:[1 /ZE(G,i)zep( 2(o})? )’

where the initial means are uniformly selected from the feasible region and initial variances (66)2
are set to 100 for all i = 1,...,n. It is easy to verify that the new parameters are updated at Step 2 of
MARS as

Hx)
S /Ty (x)x

HEx)
Sen et /f, (%)

Hx) .
Senc et /Fp, (6) (e — iy )2

(61£+1>2 = 0% Hx) + (1 — o) ((0',@)2 + (“1i+1 - /,L,i)z),
ZreA, elkt] /fék (x)

+(1— o)

i
i1 = O

1231



Hu and Hu

Shekel function (n=4) Trigonometric function (n=100)
T T T

T T
210° B

___________ A AT L R S e O

— MARS-PS

g @
= =
S -4r "‘_‘A.l-' o= —o=w b g
c I E —— MARS-LS
2 A7 2 -10° = HAS-PS  []
g -5mt A L B B o T e | g - HAS_LS
< 1 |
= ] = - - SAN-PS
-6i -+ SAN-LS
u 1_optimal value
-7 — MARS-PS | - —_— -
i —=— MARS-LS ~10° »_“—,.’-‘-_“u‘."_‘,'!,':.::‘!.‘_‘..:;‘_Y_‘_‘_‘_.‘_‘_‘_ by et o~y Bl -
8 = HAs-Ps |l i
-4 HAS-LS
- - SAN-PS
-9 -s- SAN-LS
“““ optimal value 4
1 I | I I I | I T T _10 | i i | i i P
0 1 2 3 4 5 6 7 8 9 10 0 0.5 1 15 2 25 3 35 4
total sample size x10* total sample size x10°

Powell function (n=100) Pinter function (n=50)
T T T T T T

function value
function value

»
1 N
1 ;_,”,,,-.-;-_-a-.‘-'---o-o-.o—o-a-o---o-aoo-.o.rt-.o_a-i
-
[ — MARS-PS
f : —— MARS-LS
S| i =+ HAS-PS -10* o bt S R b s
-10" k4 - HAS-LS i R R S W = e S
5 - - SAN-PS ¥
3 -+ SAN-LS
“““ optimal value
~10° it i i | i I T ~10° L i i [ i L i
0 0.5 1 1.5 2 25 3 35 4 0 1 2 3 4 5 6 7 8
total sample size x10° total sample size x10°

Figure 1: Averaged performance of MARS, HAS, and SAN on test functions H; to Hs.

foralli=1,...,n. In our implementation of SAN, we have used the following neighborhood structure:
N (x) ={y € X:|lx—y|lw < 1}, which yields reasonable performance for all test problems. In HAS,
the Markov chain sampler is implemented using a hyperspherical direction (e.g., Zabinksy 2003).

We consider two different annealing schedules in all three algorithms: (1) a polynomial schedule
(PS): T = 1075+ |H(x}) |/ (1+k"6); and (2) alogarithmic schedule (LS): 7, = 107> +0.1|H (x} )|/ log(1 +
k), where x; signifies the current best solution at the kth iteration of an algorithm, and the scaling
factor |H(x})| is introduced to counterbalance the effect of the magnitude of H in the term e’ /i,
Note that since H is bounded, both schedules PS and LS satisfy condition A5(a).

As in a typical stochastic approximation algorithm, we found empirically that the performance
of MARS is primarily determined by the choice of the step-size sequence {0y}, but is insensitive to
the choices of {N;} and {A;}. So a relatively conservative step-size og = 1/(k+ 100)*%! is used in
all four test cases, where the constant 100 is used to keep initial step sizes small in early iterations
of the algorithm to prevent unstable behavior, whereas a slow decay rate 0.501 is used to produce
non-negligible step sizes and prevent slow improvement in later iterations; see, e.g., Spall (2003)
for a detailed discussion of step-size sequences of such a form. The other parameters in MARS are
chosen as follows: A = 1/(1+k)%3 and N, = max{10, [k*%2|}, where |a] is the largest integer no
greater than a. Note that the above parameter settings satisfy the relevant conditions in Theorem 3
for convergence.

For each test case, we performed 50 independent replication runs of all three algorithms. The
performances are shown in Figure 1, which plots the averaged function values at the best solutions
found by the three comparison algorithms as a function of the number of function evaluations consumed
thus far. Numerical results clearly indicate convergence of MARS with both annealing schedules
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as well as its superior performance over both SAN and HAS. Since SAN combines local search, it
shows a fast initial improvement, but the algorithm frequently stagnates at solutions that are far from
optimal, especially in higher-dimensional cases. However, we note that the performance of both SAN
and HAS may be improved by careful selections of neighborhood structures and adaptive annealing
schedules tailored to specific problems.

6 CONCLUSIONS

In this paper, by combining ideas from AAS, CE, and MRAS, we have presented an algorithm
called Model-based Annealing Random Search (MARS) for solving general global optimization
problems with little structure. In addition, we have established a novel connection between the
proposed algorithm and the well-known stochastic approximation method. This connection allows
us to analyze the asymptotic performance of the algorithm for a general class of global optimization
problems. Preliminary numerical results on high-dimensional multi-extremal benchmark problems
show that MARS may yield high-quality solutions within a modest number of function evaluations.
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