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1. INTRODUCTION
Many different applications require solving optimization problems of the form

maxa(6), (1)
feA

where A C IR? is the feasible set, and «(-) is the objective function. When «(-) is avail-
able in “closed form” and is smooth, (1) is generally solved numerically by applying
derivative-based iterative algorithms; see, for example, Gill et al. [1981].

In this article, we focus on the case where «(0) is defined as the expectation of a real-
valued random variable, X (0). We assume that EX(0) is not available in closed form,
and must be computed via (Monte Carlo) simulation. Perhaps the simplest possible
algorithm for solving (1) is what we shall call “simple random search”. Simple random
search proceeds by first generating points 61,69, ...,6,, randomly from A. One then
simulates n independent realizations of X (0) at each 0 € {04, ...,60,,} and computes the
sample mean, oy (0;) 2t Zj'?lej(Qi) (1 < i < m), at each of the m random points.
The maximum of the problem (1) is then estimated via max{o, ;) : 1 < i < m}, and
the maximizer is estimated via the empirical maximizer of {«,(0;) : 1 <i < m}.

This algorithm does not take advantage of potential smoothness in «(-), nor does
it adapt its behavior in light of the information gained from previously generated ob-
servations. On the other hand, simple random search is trivial to implement, in part
because it makes no effort to estimate derivatives (which are generally difficult to
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compute in the simulation setting; see, for example, Robbins and Monro [1951],
Kiefer and Wolfowitz [1952] and L'Ecuyer and Perron [1994]). In addition, simple
random search is convergent even in the presence of (many) local maxima. Such multi-
modality significantly complicates the implementation of more intelligent derivative-
based methods. For these reasons, simple random search is a potentially attractive
algorithm from a practitioner viewpoint.

Despite the attractiveness of simple random search, no analysis of the best possible
convergence rate is presently available. Our main contribution in this article is to
supply a relatively complete convergence theory for simple random search. Deriving
the best possible rates of convergence (that optimally balance the relative magnitudes
of m and n) also gives us a “benchmark” convergence rate for the simplest possible
simulation-based optimization algorithm, against which all other algorithms can be
compared.

The major contributions of this article are theoretical in nature and include the
following

(a) We establish that the optimal trade-off between exploration (m) and estimation
(n) occurs when m is of order n%/4, so that in low dimensions (d < 4), one needs
accurate estimation (n > m) whereas in high-dimensional settings (d > 5), lots of
exploration (m > n) is necessary; see Theorems 3.2 and 3.3. A related result can
be found in Yakowitz et al. [2000], in a setting in which quasi-random sequences
are used to determine the placement of the 6;’s.

(b) We present the first derivation of the limit distributions that arise in the context
of simple random search; see Theorems 3.2 and 3.3.

This article is organized as follows Section 2 carefully introduces the mathemati-
cal setting for our discussion and reviews previous theory on conditions under which
random search is consistent, while Section 3 presents the large-sample limit theo-
rems that form the core results of this article. Section 4 provides some brief concluding
remarks.

2. PROBLEM FORMULATION AND BASIC THEORY

We start by reviewing the basic theory of simple random search. We assume that A C
IR? is a compact set with a nonempty interior. For each 6 € A, there exists an integrable
random variable X (0) for which EX(0) = «(0).

Given a computer (time) budget ¢, we generate m independent identically distributed
(iid) random points 61,09, ...,0,, from a common density g that is concentrated on A.
The density g is assumed to be positive and continuous on A; g can then be extended to
IR? by setting its values to zero on IR% \ A. Given the random points {61, 6s, ... ,6n}, we
perform n simulations at each of the m points. In view of the computer time constraint,
we set n = |¢/m], so that the total number of simulations (aggregated across all m
points) is approximately equal to c¢. More precisely, we simulate mn random variables
{Xj(6;) : 1 <i <m,1 <j < n} having conditional distribution

m n
PX;(6;) € dxjj,1 <i <m,1<j<nl61,6s,...) = [ [[ [F i dx;p),
i=1j=1

where F (0, -) is the distribution function of X (0). Fori > 1, put

1 n
n(0) = — > X;0h),
j=1
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so that a,(6;) is the sample mean of the X;(6;)’s associated with the ith random point
0;. Then,

a(c) = max a,(6;)
1<i<m
is the associated estimator of max{a(9) : 6 € A}.

Intuitively, it seems clear that if n is too small relative to m, then the noise that is
present in the sample mean o, (6;) will dominate, and the simple random search algo-
rithm will be inconsistent (i.e., nonconvergent). The remainder of this section discusses
what is known about consistency for random search, and provides context for the more
precise convergence rate results of Section 3.

Conditions under which &(c) converges to max{«(0) : & € A} have been previously
studied. To describe these results, put s(@) = sup{y : PX®) < y) < 1}, and s =
sup{s(®) : & € A}, so that s is the maximal value that can be taken on by any of the
X(0)’s. We assume the following.

Assumption 1. o : A — IR is continuous.
Assumption 2. There exists ¢ > 0 such that sup{E exp(¢|X(0)|) : 0 € A} < oc.

Assumption 3. If s < oo, then there exists, for each ¢ > 0, a choice of ) € A and
8 > 0 such that

inf P(X(0) >s—¢) > 0.
o i<’ OV =8>

If s = o0, there exists, for each x > 0, a choice of 6y € A and § > 0 such that

‘lejafl[<8P(X(9) >x) > 0.

Note that Assumption 2 ensures (via application of Markov’s inequality) that the
tail of X(0) converges to zero exponentially fast uniformly in 6, and is a strong version
of what is known in the probability literature as a statement that the X(0)’s are light-
tailed. This assumption is critical to the validity of Theorem 2.1 below. When the X (0)’s
are heavy-tailed, a different consistency theory holds.

For 6 € A,y € IR, set ¥ (0,y) = loglE exp(yX(0))]. Part (i) of the following theorem
is Theorem 2/, p. 145, in Devroye [1978]; see also Proposition 4.2 of Ensor and Glynn
[1997]. Part (ii) is Proposition 4.1 of that paper and (iii) is Theorem 4.1 of Ensor and
Glynn [1997]. (These proofs are given when A =[0, 1]¢, but go over without change in
the current setting.)

THEOREM 2.1. If Assumption 1, Assumption 2, and Assumption 3 hold, then:
(i) If logm)/n — 0 as ¢ — oo, then
a(c) = maxa(d)
feA

asc — oo.
(ii) If Jogm)/n — oo as ¢ — oo, then

ac) =s

as ¢ — oo.
(iit) Suppose (logm)/n — v € (0,00) as ¢ — oo. Assume that for each 0 € A, there
exists a root y = y(0) > 0 satisfying

d
Y
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Furthermore, suppose that v is twice continuously differentiable on A xI0, yy],
where yy > supycp v (0). Then,

9
G — (0,70
a(c):rglg\x 8)/1#( ,7(0))
as ¢ — oQ.

Theorem 2.1 establishes that when the noise has a tail that decays exponentially
rapidly, then (logm)/n — 0 as ¢ — oo is typically required for consistency of sim-
ple random search. For a discussion of consistency in the presence of heavy tails, see
Theorem 3.1 of Ensor and Glynn [1997].

3. LIMIT DISTRIBUTIONS FOR THE MAXIMUM

Section 2 establishes conditions under which simple random search is consistent. In
this section, our focus is on developing an understanding of the optimal trade-off be-
tween m and n for a given value of c.

We first consider the case where X (/) = «(9) a.s., so that the function evaluations
are deterministic. If we throw m points uniformly into A, then there is (in expectation)
one point in each subset of A having volume vol(A)/m. The radius of a d-sphere having
volume of order 1/m is of order m~1/?. This suggests that the closest sampled point 6;
to the maximizer 6* of «(-) is at a distance of order m~1/? from 6*. If «(-) is smooth,
then «(-) is locally quadratic around 6*. Hence, the difference between «(6;) and a(6*)
should be of order m~2/¢. This analysis suggests that the rate of convergence of &(c)
to max{a(0) : 6 € A} is of order ¢2/¢ in the deterministic function evaluation setting.
(Note that in this setting, n = 1 so that m = |c].)

We now proceed to make this analysis precise; the three assumptions needed for
Theorem 3.1 are completely natural when considering global optimization of smooth
objective functions (whether via random search or otherwise).

Assumption 4. «(-) is three times continuously differentiable on A.
Assumption 5. «(-) has a unique maximizer 6* lying in the interior of A.

Assumption 6. The Hessian of «(-), when evaluated at 6* (and denoted H (6*)), is
negative definite.

Since H(0*) is symmetric and negative definite, the eigenvalues of H(6*) are negative
real numbers (see Strang [1986]). We denote the d eigenvalues as

_)"1’_)"2" . 'a_)\'da
where 0 < A1 <Aty <--- < Ag4.

THEOREM 3.1. IfAssumption 4, Assumption 5, and Assumption 6 hold and X (0) =
a() a.s. for 0 € A, then

24w (0*) — a(c)) = Weibull(a,d/2)

as ¢ — oo, where Weibull(a,d/2) is a Weibull random variable with shape parameter
d/2 and scale parameter 1/a where

2/d
a =27 867 / .
r'd/2+1)\/|det H(0*%)]
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PROOF. For x > 0, observe that

P(a(6%) — a(c) = xc™ /)
[P(a(61) < a(6%) —xc™2/d)m
exp{mlog[l — P(a(61) > a(0*) —xc~2/H]}. (2)

Since «(-) has a unique maximizer and g is continuous on A, P(«(61) > a(6*)—xc 2/ dy N,
0asc— oo. So

log(1 — P(a(61) > a(6%) — xc™2/%))
= —P(a(f1) > a(0*) —xc~2/%) (1 + o(1)) (3)

as ¢ — oo. But
P(a(fy) > a(6*) — xc~2/4)
— / Ixe 2/ > a(6*) — a(y)g(y) dy. 4)
A
Furthermore, Assumption 4 ensures that
1

a0 —al) = —5 0 =0 THO)@ =0 +olly — 0" %) (5)

as y — 6*. The uniqueness of the maximizer guarantees that for each ¢ > 0,
1
{y:xc 24 > —5(1 +e)y —0HTH®O ) @y — 6%)}
C yeA x> q%) — a@)

C {y:xc ¥ > —%(1 —e)y —0HTHO")(y — 0%))

for ¢ large enough. To see why this is true, note that (5) implies that if Q(y) =
~(1/2)(y — 0)THO*)(y — 0%), then

a(0*) = a(y) = QW) +olly — 6*|I?).

But since Q(y) > (A1/2)|ly — 6*||?, it follows that there exists § > 0 for which a(6*) —
ay) > (1 — e)Q(y) for ||y — 6*| < 8. For ¢ sufficiently large, the uniqueness of the
maximizer 6* and continuity of «(-) guarantee that {y € A : xc 2/% > a(6*) — a(y)} C
{y € A : |ly — 6%|| < 8}. So, for such values of ¢, {y € A :x¢™2/% > (1 —e)Q)} D {y € A :
xc2/% > (6*) — a(y)}. The other set inclusion can be similarly argued.

Hence, an upper bound on (4) is

/szI (xc_Z/d > —%(1 — o)y —0HTH®O") @y — 9*)) g dy. (6)

Because —H(6*) is a symmetric matrix, it can be diagonalized via an orthogonal matrix
A (see Strang [1986, p. 254]). In particular, there exists a d x d matrix A such that
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ATA = I, with —H(6*) = ATDA, where D = diag(i1, Ag, ..., Aq). Hence, this integral
can be re-written as

/ I (2_x > (VA — 0*)TD(4A(y — 9*))) g()dy
R4 1 — &

2
c_I/ I < r . zTDz) g6 + c VAT dz
R \1—¢

d
1 2x
— | I 22 | g0 + ¢ YIATD?3) dz.
. (1_8>§1z1)g< te ) dz

(We used the fact that | det A| = 1 in the change-of-variables in the first equality.)
Note that

g0 +cVIATD2z) — g(6%)

as ¢ — oo uniformly over the region {# : 2x(1 — &)1 > 2?2121.2} because
le=VeATD=1/2z)| < ¢=1/d{2x/[ 11 (1 — &)] }1/2 for every Z in that region. Also,

2x d
~9 ~
/Rdl 1—8>§2i dz
1=

is the volume of a d-sphere having radius (2x/(1 — ¢))1/2. It therefore equals

2mx \ 42 1 )
1-—¢ rd/2+1)’

see, for example, Zhigljavsky [1991, pg. 78]. Finally, A1Ag9---Agy = det D = | det H(6*)|,
so we conclude that the integral (6) equals

(1+o0(1)),

1 0" ( 2mx )d/2
c/Tdet HOONd/2+1)° 1-¢

as ¢ — oo. By appealing to (2),(3), (4), and (6), and using the fact that m = |c], in this
context, we therefore find that

liminfP(a(0*) — &(c) > xc~2/%)
Cc—> 00
-6=))
> exp|— .
1—c¢

lim sup P(a(6%) — a(c) > xc
c— 00

ax 42
< exp|-— Tre .

Since ¢ was arbitrary, this proves the theorem. O

The Weibull structure of the limit was previously identified by Archetti et al. [1977]
and de Haan [1981]. The new feature of the above result is its explicit computation of
the scale parameter of the Weibull limit law. Theorem 3.1 shows that when function

Similarly, we find that
~2/dy
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evaluations are deterministic, then the rate of convergence to the maximum is of order
¢~2/4_ This result makes clear that simple random search degrades rapidly when the
dimension d is large, even when the function can be evaluated without (random) error.

Our goal is next to identify the optimal rate of convergence in the setting of stochas-
tic function evaluations. It seems intuitively clear that the optimum trade-off between
m and n is attained when the error contributed by the finite number m of random
points and the Monte Carlo error associated with the sample size n are roughly bal-
anced. In view of our previous discussion of the rates attained in deterministic setting
and the n~1/2 associated with Monte Carlo estimators (due to the central limit theo-
rem), this suggests that an optimal trade-off is attained when m~2/¢ ~ n~1/2, When
expressed in terms of ¢, this leads to consideration of limit distributions for &(c) in
which the asymptotic regime is given by

m ~ red/d+4) o
n ~ r_lc4/(d+4)

asc — oo (with 0 < r < o0).
To analyze this asymptotic regime, we make some additional assumptions.

Assumption 7. The collection of distributions {F'(@,-) : 6 € A} is weakly continuous
over A (i.e., if 0] € A is such that 9, — 6/, then F(9),,-) = F(6.,,-) asn — 00).

Assumption 8. var X(0*) > 0.
Assumption 7 is a mild assumption in practice, and merely asserts that the distri-
bution of the (random) noise varies continuously in the decision variable 6, while
Assumption 8 is a nondegeneracy assumption that asserts that nonzero noise is
present when evaluating the objective function at the maximizer.

Set 0(0) = /varX(9). Our next result describes the behavior of &(c) where m and n
are balanced according to (7).

THEOREM 3.2. Suppose that Assumption 4 through Assumption 8 hold and
Sup{E|X )P : 6 € A} < oo for p > max(3,d2). If m and n satisfy (7), then

DG (e) —a(0) = B

as ¢ — oo, where

(4+d)/4 - d/2 00 2
P(B < x) = exp (— d E1C P (N(O, 1) > x_”) ydr2-1 dy) .

r'(d/2)./|detH®%)] Jo 20 (6%)

PROOF. We start by observing that

P(n2(@a(c) — a(6%) < x)
= P(max a,(6;) — a(0*) <xn~1/?)

1<i<m
= [P(an(61) < a(8%) +xn~ V2™
= exp(mlogll — P(an(61) > a(6*) +xn~1/2)]). 8)
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For § > 0, let Bo(8) = {6 :|| 6 —6* ||< 8}, where || - || is the Euclidean norm on IR?. Then,
for e > 0,
P(oy(61) > a(0%) +xn~Y?2)
= / P(an(0) > a(8*) +xn"1/2)g(6) do
By(n=*)

+/ P(a, (0) > a(0*) +xn~2)g(6)do.
[Bo(n=8)I°NA
9)

The uniform boundedness of E|X(9)|P (with p > 2) ensures that (X2(0) : 6 € A) and
(X () : 0 € A) are uniformly integrable families of rv’s. In view of the weak continuity of
PX () € -) in 0, it follows that o2(9) is continuous in 6 over A. Put &, (0) = n/2(a, () —
a(8)). The positivity of 2(6*) allows us to write, for n so large that Bo(n ™€) C {# € A :
a(0) > 0},

/ P(an(0) > a(60*) +xn~Y?)g(0) do
Bo(n—*)

/ (&nw) n12((0%) — a(0)) +x
= P >
By(n—*)

=T O )g(e) do.

The Berry-Esseen theorem asserts that for 6 € By(n™¢),
~ 1/2 *\ _ 1/2 ®)
P(an(m R CIC) a(9>>+x) - P<N(O’ PP 1 ) a(e>)+x)‘
o(9) o(9) o(0)

_1/25upgen ELIX(0) —a®)°]
infyep (o [0 (@)1~

< 3n

see, for example, p. 542 of Feller [1971]. Hence, the first integral on the right-hand side
of (9) equals

1/2 *Y _
/ PN, 1) > @O — O T2) L o 4 n V200l (Bo (7))
Bo(n—*) o(0)

1/2 *Y
_ / PN, 1) > @O — @) T2 )0 4 02y, (10)
Bo(n—*) o(0)

Turning next to the second integral on the right-hand side of (9), we start by noting
that Markov’s inequality shows that

P(a, () > a(6%) +xn~1/?)

= P(@, () > nY2(@(6*) — a(9)) +x)
InY2(@(6%) — a(9)) + x| PE|an ()P (11)

IA

But, according to Petrov [1995, p. 62],
Ela,(0)P < C(p)E[X1(0) —a(®)], (12)
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where C(p) is a universal constant (not depending on the distribution of X7(9)). Also,
the compactness of A guarantees that for each n, there exists 6, € A that maximizes o
over [Bo(2n~%)]° NA. Clearly,

On = 0"+ (6p — 0" /1160 — 0% € {6 :n~° < |16 — 6% < 207"}

and note that 6, — 6* = r,(0, — #*) with 0 < r, < 1/2. Furthermore, we claim that
a(0,) > a(by,) for n sufficiently large. Note that if this is false, then exists a subsequence
6, for which «(f,/) < «(6,). Since 6* is the unique maximizer of «, it is evident that
Oy — 0% Let z,y = A6y — 0%), 2, = A, — 0*) (where A is the orthogonal matrix
introduced in the proof of Theorem 3.1), and observe that z,,, = r, .z, . Also,

a(On) — a(O)
d 52
=~ =1 Y kit +olllzw ),
=1

which is negative for n sufficiently large, yielding a contradiction. We conclude that

min{|a(@) — a(6%)] : 6 €[Bo(n )1 NA}

min{le(¥) —a @) :n"" < [0 — 07| <277}

min{(1/2)|(0 — 0)TH©")(© — 0%) + o(n™ %) : n7° < (|0 — 6%|| < 20" }(1 +0(1))

— O(n72s) (13)

as n — oo. It follows from (11), (12), and (13) that

sup  Plan(®) > a(0*) +xn"Y?)
0el[By(n=)]°NA

= O(nP1/2-20))
as n — oo, and consequently
/ P(an(8) > a(0®) +xn~Y?)g®) do
[Bo(n—5)IcNA
— O(n-P1/2-20)) (14)
Put ¢ =1/4 — 1/(8d). Relations (10) and (14) then guarantee that
P(ap(61) > a(0®) +a2n %) > 0

as n — oo, so that

mlog[l — P(ay, (61) > a(6%) +xn~?)]
~ —mP(an (1) > a(0*) +xn"1/?). (15)
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as n — o0o. Also, with this choice for ¢, (10) and (14) in turn establish that

mP(an (01) > a(60%) +xn~1/?)
n12(a0*) — a(0)) +x
o (0)

=m P(N©,1) > 2(0)do + O(mn~1/2-d%)
Bo(n—)

+0(mn—P1/2-28))

nY2(a*) — a(0)) +x
o ()

=m P (N(O, 1) > )g(@) do +0n=3/8)
Bo(n~*)

+O(n@/4-p/Ad)y

n12(a(0*) — a(0)) +x
o(6)

=m P (N(O, 1) > )g(@) do +o(1) (16)
By(n—*)

as ¢ — oo.

To evaluate this integral, using the fact that the symmetric negative definite matrix
H(6*) can be diagonalized via an orthogonal similarity transformation, we now do a
change of variables so that y = nl/4A© — 6*). Let B() = {y € IR% : |y| < §}. Since
|det(A)| = 1,

n1 2 (6*) — a(0)) x
P(N(,1 0)do
/Bom—s) ( OCV=""""6 *ow)*?

1/2 ®Y * —1/4AT
_ n_d/4/ p(No. 1> " (@) —a(@* +n y)+x
Bt/ o (6% +n-1/4ATy)

x g(0* + n*1/4ATy)] dy.

Uniformly in y € B(n1/4-%),

n12(a0%) — a(@* + n~14ATy)) +x)
o(0* +n-1/4ATy)
—yTAH6*)ATy + 2x
- 20 (6%)
»TDy + 2x)
T 2000

(1 +o0(1))

(1+4+0(D)

and

gO* +n~YV4ATy) = g(6") (1 +0(1))

as n — oo. Consequently,

an®) nl2@@) -a@®) x
m P >
Bon—s) \ 0(0) o(0) o (6)

+ )g(@) do

2 d y?
 prdya / pINoy > (ZFEE N o L oapdy. )
B(n1/4—5) 20 (9*)
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Because P(IN(0,1) > (x + 271 Z?:l )»iy?) /o (6*)) is integrable over IR? and dominates
the integrand of (17) uniformly in n, it follows that the integral (17) converges to

20+ Y8 | hiy?
g(0*)ritd/4 f P(N@©,1) > ot D My dy (18)
R 20 (6%)

as n — oo. To simplify the limit distribution further, let z; = /A;y;. Then, it follows

that
2 d y2
/ P(N(O,l) J B Dy ‘yl> d
R4 20 (0%)

1 2x+zd_12-2
- PIN©.1 ==l ) 4
NZET TRy /,Rd ( 0D > — e

i=1

d
1 x 1 9
T /de (N(O, R R Zzi) dz.
(19)

Finally, we convert from Cartesian coordinates to hyperspherical coordinates using

the transformation
d
r=./ dic1 Ziz )
¢1 = arc cot <zl/,/z% + ... +2(21 s

¢2=arccot<zg/ z§~|—...+z§ s

¢4_o = arc cot (zd_z/m> ’

$q—1 = arc cot (24-1/z4) -
With this transformation, ¢; € [0,7] for 1 <i <d — 2, ¢4_1 € [0,27], and

|detJ (r, ¢1,. . ., ¢a_1)| = r¥ L sin?"2(py) sin? 3 (¢p) - - - sin(ghg_s);
see Edwards [1995, p. 268].

Note that
2w T T 1
/ f/ / |detd (r,¢1, - ,¢q—1)|drdey---dpg_1
o Jo 0o Jo

-2

1 or | d T .
[T sin® o da | dous
k

=1

vol(B(1))

Then, it follows from p. 342 of Edwards [1995] that
(surface area of B(1)) = d - vol(B(1))

27 | d-2 ,.n
- /0 [1[ sin®*ndon | doar.

k=170
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Therefore,

d
/ P(N©,1 >xlo@)] '+ Qo@*) ) 27
Rd

i=1
o 27 |d=2 ,x 2

/ / I1 / sind=1* (g )dy | dg1 P (N0, 1) = 257 -1y
o Jo |70 20 (6%)

00 2
= (surface area of B(1)) - / P <N(O, 1) > %Ci) ri=-1dr
0

20 (6*)
= % OOOP (N(O, 1) > %) r¢=tdr
- i - E)
- %72) OOOP (N(o, 1> %) yd/2=1q, (20)
The theorem then follows from (8), (14), (15),(16), (17), and (20). O

According to Theorem 3.2, the rate of convergence in the asymptotic regime (7) is
¢2/@+% a5 ¢ — oo. This makes clear that simple random search converges slowly
when the number of decision variables d is large. On the other hand, when d is large,
the rate is only marginally worse than the rate ¢~2/¢ obtained in the setting of deter-
ministic function evaluations (see Theorem 3.1). This suggests that when d is large, the
stochastic nature of the function evaluations only modestly degrades the performance
of simple random search. The principal factor contributing to the slow convergence
rate for d large is the fact that there is no learning effect that is present in the way
the points 61,09,... are generated. By learning effect, we mean that one can devise
algorithms that “learn” the shape of the objective function over time, and direct their
sampling effort (in terms of point placement and sample sizes used) to those regions of
the feasible set that appear most promising.

A key difference in the setting of random search with “noise” (as opposed to random
search in the presence of deterministic function evaluations) is that the error a(c) —
a(0*) can be of either positive or negative sign, whereas the error in the deterministic
case can only be negative; see Theorem 3.1. Furthermore, unlike a normal distribution,
the asymptotic distribution of the error is not symmetric about zero. Note that the limit
distribution takes the form

_ _ * 204y | apo-1
P Sx)—eXP( wfo [N(O D> (9*)}y dy),

where w = (r4td/4g0*)7%/2) /(T (d/2)/| det H(6*)]). The standard deviation o (§*) acts
as a scale parameter, so that larger values of ¢ (6*) make the error distribution more
diffuse. But the behavior of the error distribution as a function of the parameter w is
much more complex, as w affects the shape of the distribution in a nontrivial manner.
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Note that if one sends w — 0, then P(8 < x) — 1 for each x, establishing that 8 4 —00
as w — 0. On the other hand, if w — oo, P(B < x) — 0 for each x, establishing that

B £ oo as w — o0. In other words, the magnitude of the error is not monotone as a
function w, suggesting there is a value w* that minimizes (for example) E|8| for fixed
o (6*). So, a w that is either “too large” or “too small” creates an asymptotic error for
random search that is substantial. For example, if r is too small, then the number
m of sampled points is too small (relative to n) and it is less likely that one of the
sampled points will be close to 6*, so that the value of the objective function at the
closest sampled point will be significantly smaller than «(0*). This creates a strong
negative bias in a(c) so that the error a(c) — «(6*) tends to be quite negative (which,

of course, is in agreement with the fact that g £ —o00 as w — 0). On the other hand,
if r is large, then we will have more sampled points close to 6*, with smaller sample
sizes at each point. Consequently, there will be more points, with objective values very
close to «(#*), at which their associated approximately normal “noise” (with larger
standard deviation, due to n being reduced) will be competing to be the maximum.
The maximum of this collection of normal random variables will therefore be made
larger, pushing the probability mass of the error &(c) — «(6*) towards larger values

(as is consistent with the observation that g £ as w — oo). Similarly, if g(6*) is
small, there will be fewer sampled points close to 6*, increasing the tendency of the
error to be negative (as in our discussion of r), while if g(6*) is (very) big, there will
be many sampled points close to 6*, with all the associated (approximately normally
distributed) errors competing to be the maximum, thereby increasing the tendency of
the error to be positive (as for r). Finally, if | det H(6*)| is large, the objective function is
very peaked near 6*, so that the sampled points need to be close to 6* in order that the
bias (as an estimate of «(6*)) be small. Thus, the error @(c) — a(6*) tends to be negative
(due to large negative bias) when |det H(6*)| is large (which is again consistent with

B —P> —o0 as w — 0). On the other hand, if | det H(6*)| is small, the objective function
is “flat” in a neighborhood of 6*, increasing the magnitude of the error, due to the
presence of more sampled points at which the associated “noise” can compete to be the

maximum (as is suggested by g £ 00 as w — o0).
We turn next to identifying the convergence rate of the simple random search when
m and n are chosen so that the algorithm is consistent but fails to satisfy (7).

THEOREM 3.3. If Assumption 2 and Assumptions 4 through 8 hold, then
(@) If m ~rc? asc — oo, with 0 <q <d/(d+4) and 0 < r < oo, then
2/ (0*) — &(c)) = r 2/¥Weibull(a, d/2)

as ¢ — oo, where a is defined as in Theorem 3.1.
(i) If m ~rc? asc — oo, withd/(d+4) <q <1land 0 <r < oo, then

N e o for (DY (4
oge) @©—a@) =06 r( " )(q m)

as ¢ — oQ.
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PROOF. For part (i), observe that
m%%| max «(6;) — &(c)|
1<i<m
= m*?| max (@(6) — a(c))|
1<i<m

= m%9n"12| max nV2(a ;) — a(0))|

1<i<m

< m¥4n12 max |a,(6)|

1<i<m

— r2/d+1/207(1/2)(17q(4+d)/d) m_aX |&n(8l)|(1+0(1)),
1<i<m

where () is again defined, as in the proof of Theorem 3.2, to be &, () = n'/2(a, (8) —
a(0)) and the o(1) term absorbs the difference between m and n and their asymptotic

values rc? and r—1¢179, respectively.
Putpo = (1/2) (1 —q(4 +d) /d). For ¢ > 0, the union bound and Markov’s inequality
implies

P(c™P° max |G, (0;)] > ¢)
1<i<m

IA

mP(jin(61)] > £cP)
C(p)rePcd PP / EX10) — a(6)/Pg(6) db; 1)
A

IA

see (12) for the last inequality. If we use Assumption 2, it follows that (21) converges
to zero as ¢ — oo for p sufficiently large, and consequently

mz/d(&(c) — max «a(6;)) L 0
1<i<m

as ¢ — o0. Theorem 3.1 therefore implies that

m? (@ (6*) - a(c))

= m¥a(6*) — max a(9;)} +m?¢ max «a(6;) — a(c))
1<i<m 1<i<m

= Weibull(a,d/2) + 0 = Weibull(a,d/2)

as ¢ — oo, proving part (i).
For part (ii), observe that, for x > 0,

cl-qa

= exp |:m log {1 — / gO)P <an(9) > a(0%) +x,/ 1‘1&) d@}] . (22)
RA ct— 49
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This integral is lower bounded for ¢ sufficiently large, by

/ (0" +n~1/4ATy)
BA) nd/4

1 1
x P (&nw* +nATy) > Sy TDy(L+o(1) +/ F"ﬂ d
e

q
- ) n
> % . P (&n(g* +nV4ATyY) > ag +x ogc) dy
n B(1) r
infy x 2(0) - vol(B(1 1
> Woen 8@ VOBM) e p5,6) 2 g +ay EC
nd/4 lo—6* | <n—1/4 r

rq +xy/r~Lloge
a(0)

_ infheng(® -volB) . P(N(O 1) >

nd/4 lo—6% || <n—1/4

) (1+o0(1)),

where the o(1) terms are uniform over their respective domains. This final equality
follows from a careful consideration of the argument of p. 548-552 of Feller [1971], in
support of the Corollary stated there on p. 552; such considerations make clear that
the o(1) term can indeed be taken to be uniform, in view of the bounded exponential
moments implied by Assumption 2. Using a well-known asymptotic for the normal tail
probability (see, for example, p. 175 of Feller [1968]) then establishes the following
lower bound on the integral in (22), namely

— A4
= Infg(®)-n vol(B(1))

o (0) exp {—(,\d +x/rTloge)2/[1202(0)] }
inf 1+o0(1)).
) Ile—e’flﬁlsn—l/‘l V2w (Ag +xy/r~1logc) ( o)

When multiplied by m, the lower bound can therefore be represented as

1 Ca-9% - ) 4 odoge
exp | loge | q q4 5020 o(logc

4+d d x?
- [logc ( 4 {q Td+ 4} - 2r02(9*)> +0(logc)] =

by the continuity of 02(9) in Bo(n~1/4).
As a consequence, if x < /2ro2(0*)(1+d/4)(q — d/(d + 4)), this quantity converges
to infinity as ¢ — oo. This implies that P(@(c) < a(8*) + x+/logc/cl=9) — 0 as ¢ — co.
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We now need to show that if x > /2ro2(0*)(1 +d/4)(q — d/(d + 4)), then P(a(c) <
a(0*) +xy/loge/cl=9) — 1 as ¢ — oo. The integral appearing in (22) can be written as

/ g(O* +n1/4ATy)
B(ka/logc) nd/4

1 1
x P (&n(e* +n4ATy) > 2y Dy +o(D) +x ”Clo_icﬂ dy

N / g(O* + n1/4ATy)
[B(k\/Tog o)l nd/4

Inl
x P <&n(9* + n*1/4ATy) > n2{a(0*) — a(®* + n*1/4ATy)} +x %)] dy.(24)
c
For the first integral, we can upper bound it via

(ky/loge)'volB(D) -n™¥*  sup  g(®)-  sup P<&n(9>z,/ "clfgqc>~

6—6*]|<n—1/4 6—6%||<n—1/4

Applying the same arguments as leading to (23) establishes that this upper bound,
when multiplied by m, tends to zero for x in the above range.

For the second integral, we note that n1/2{a(6*) — «(6* + n~1/4ATy)} > (A1/2)k2logc -
(1+40(1)) in [B(k/logc)]¢, so n¥/2{a(6*) — a(0* +n~V*ATy)} > (11/4)k? logc for ¢ suffi-
ciently large. So, the second integral can be upper bounded by

/ g©* +n"*ATy)
[B(k/log o)l nd/4

g0* +n ATy
e

A
/i ~3u11\)P<&n(9) > Zlk2 logc) dy
€

A
P (&nw* +n 44Ty > ZlkZ logc> dy

A
= supP <&n(0) > Zlk2 10gc>

feA
A
< supP <&n(9) > —1k2\/10g0>.
geA 4

We again apply the argument leading to (23), thereby establishing that this upper
bound, when multiplied by m, takes the following form.

1 S LA +o(loge) | — 0
exp [loge | ¢ ) 20) o(logc

if & is chosen sufficiently large. As a consequence, both integrals in (24), when multi-
plied by m, converge to zero for x > /2ro2(6%)(1 4+ d/4)(q — d/(d + 4)), thereby proving
that P(a(c) < a(8*) +x+/logc/cl—9 — 1 for such x. O

Theorem 3.3 shows that when m and n do not satisfy the optimal trade-off condition
described by (7), then @(c) converges to «(6*) at a rate slower than ¢=2/@+% 1In ad-
dition, the result describes the precise limit distributions that appear in this setting.
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Note that both Theorems 3.2 and 3.3 imply that &(c) is consistent as an estimator of
a(6%), a conclusion that is in agreement with our consistency results of Section 2 (since
it is evident that when m and n are powers of ¢ that log(m)/n necessarily converges
to zero).

4. CONCLUSION

As indicated in the introduction, the main contribution of this article is the develop-
ment of large-sample limit theory for simple (nonadaptive) simulation-based random
search for the optimizer of an objective function that can be expressed as an expecta-
tion. This large-sample theory provides insight into the rates of convergence that arise
as a consequence of the trade-off between exploration (m) and estimation (n), as well
as the associated limit distributions that describe the random error associated with
such search methods. From a practical standpoint, it should be noted that (by far) the
most important such limit distribution is that arising in the context of Theorem 3.2.
In particular, observe that when a simulator sets the values of m and n, the presence
of the parameter r always permits one to fit such a (m,n) combination into the setting
of Theorem 3.2 (by, for example, putting ¢ = mn and r = /m/nc*=D/4+d Thus, the
limit distribution of Theorem 3.2 can, in principle, be used to develop large-sample
confidence intervals for the class of simple random search algorithms described in
this article. However, one is then faced with the difficulty of needing to estimate, from

the sample, the ratio of g(6*) to /| det H(0*)|. While g(6*) can be easily estimated
from the simulated data (via g evaluated at the sample minimizer), |det H(6*)| is
much more challenging to estimate. In particular, since our method does not take
advantage of estimated derivatives, computing an approximation to H(0*) would be
difficult.
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