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Abstract

We consider the bound-constrained global optimization of functions with low effective
dimensionality, that are constant along an (unknown) linear subspace and only vary
over the effective (complement) subspace. We aim to implicitly explore the intrinsic
low dimensionality of the constrained landscape using feasible random embeddings,
in order to understand and improve the scalability of algorithms for the global opti-
mization of these special-structure problems. A reduced subproblem formulation is
investigated that solves the original problem over a random low-dimensional sub-
space subject to affine constraints, so as to preserve feasibility with respect to the
given domain. Under reasonable assumptions, we show that the probability that the
reduced problem is successful in solving the original, full-dimensional problem is pos-
itive. Furthermore, in the case when the objective’s effective subspace is aligned with
the coordinate axes, we provide an asymptotic bound on this success probability that
captures its polynomial dependence on the effective and, surprisingly, ambient dimen-
sions. We then propose X-REGO, a generic algorithmic framework that uses multiple
random embeddings, solving the above reduced problem repeatedly, approximately
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and possibly, adaptively. Using the success probability of the reduced subproblems,
we prove that X-REGO converges globally, with probability one, and linearly in the
number of embeddings, to an e-neighbourhood of a constrained global minimizer. Our
numerical experiments on special structure functions illustrate our theoretical findings
and the improved scalability of X-REGO variants when coupled with state-of-the-art
global—and even local—optimization solvers for the subproblems.

Keywords Global optimization - Constrained optimization - Random embeddings -
Dimensionality reduction techniques - Functions with low effective dimensionality

Mathematics Subject Classification 65K05 - 90C30 - 90C26 - 49K45 - 15A52

1 Introduction

In this paper, we address the bound-constrained global optimization problem
*:=min f(x),
f min fx) (P)

where [ : RP — R is continuous, possibly non-convex and deterministic,! and
where, without loss of generality,> X :=[—1, 1]° € RP.

In an attempt to alleviate the curse of dimensionality of generic global optimiza-
tion, we focus on objective functions with ‘low effective dimensionality’ [58], namely,
those that only vary over a low-dimensional subspace (which may not necessarily be
aligned with standard axes), and remain constant along its orthogonal complement.
These functions are also known as objectives with ‘active subspaces’ [14] or ‘multi-
ridge’ [25,55]. They are frequently encountered in applications, typically when tuning
(over)parametrized models and processes, such as in hyper-parameter optimization
for neural networks [3], heuristic algorithms for combinatorial optimization prob-
lems [34], complex engineering and physical simulation problems [14] as in climate
modelling [37], and policy search and dynamical system control [26, 61].

When the objective has low effective dimensionality and the effective subspace of
variation is known, it is straightforward to cast (P) into a lower-dimensional problem
which has the same global minimum f* by restricting it to and solving (P) only within
this important subspace. Typically, however, the effective subspace is unknown, and
random embeddings have been proposed to reduce the size of (P) and hence the cost
of its solution, while attempting to preserve the problem’s (original) global minimum
values. In this paper, we investigate the following feasible formulation of the reduced
randomised problem,

! Note that we assume [ to be defined outside X. Our analysis would be significantly more involved, but
still possible, if f was not defined outside of X'. Note that in our X-REGO algorithm, we only query f(x)
at feasible points x € X.

2 Note that the random embedding framework presented in this paper has been subsequently applied to
more general objectives and domains in [12].
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Global optimization, low effective dimension and random embeddings 999

min f(Ay + p)
Y (RPX)
subjectto Ay + p e X,

where A is a D x d Gaussian random matrix (see Definition A.1) with d < D,
and where p € X is user-defined and provides additional flexibility that we exploit
algorithmically. Our approach needs the following clarification.

Definition 1.1 We say that (RPX) is successful if there exists y* € R? such that
f(Ay*+p)= fTand Ay* + p e X.

We derive a lower bound on the probability that (RPX) is successful in the case
when d lies between d, and D — d,, where d, is the dimension of the effective
subspace. We show that this success probability is positive and that it depends on both
the effective subspace and the ambient dimensions.> However, in the case when the
effective subspace is aligned with the coordinate axes, we show that the dependence on
D in this lower bound is at worst polynomial. We then propose X-REGO (X'-Random
Embeddings for Global Optimization), a generic algorithmic framework for solving (P)
using multiple random embeddings. Namely, X-REGO solves (RPX) repeatedly with
different A and possibly different p, and can use any global optimization algorithm
for solving the reduced problem (RPX’). Using the computed lower bound on the
probability of success of (RPAX"), we derive a global convergence result for X-REGO,
showing that as the number of random embeddings increases, X-REGO converges
linearly, with probability one, to an e-neighbourhood of a global minimizer of (P).

Existing relevant literature  Optimization of functions with low effective dimen-
sionality has been recently studied primarily as an attempt to remedy the scalability
challenges of Bayesian Optimization (BO), such as in [17, 21, 28, 41, 58]. Inves-
tigations of these special-structure problems have been extended beyond BO, to
derivative-free optimization [48], multi-objective optimization [47] and evolution-
ary methods [15, 50]. As the effective subspace is generally unknown, some existing
approaches learn the effective subspace beforehand [17, 21, 25, 55], while others esti-
mate it during the optimization, updating the estimate as new information becomes
available on the objective function [13, 15, 28, 61]. We focus here on an alternative
approach, bypassing the subspace learning phase, and optimizing directly over random
low-dimensional subspaces, as proposed in [6, 7, 36, 58].

Wang et al. [58] propose the REMBO algorithm, that solves, using Bayesian meth-
ods, a single reduced subproblem,

min f(Ay)
y (RP)
subjectto y € Y =[-8, 819,

3 A brief description, without proofs, of a subset of the main results of this paper has appeared as
(a sub)part of a four-page conference proceedings paper (without any supplementary materials) in the
ICML Workshop “Beyond first order methods in ML systems” (2020), see https://drive.google.com/file/d/
1JxQc9rSK8GYchKnDpOdhwEa4f3AeyNeb/view.
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where A is as above, and § > 0. They evaluate the probability that the solution of (RP)
corresponds to a solution of the original problem (P) in the case when the effective
subspace is aligned with coordinate axes and when d = d,, where d, denotes the
dimension of the effective subspace; they show that this probability of success of
(RP) depends on the parameter § (the size of the ) box), and it decreases as & shrinks.
Conversely, setting § large may result in large computational costs to solve (RP). Thus,
a careful calibration of § is needed for good algorithmic performance. The theoretical
analysis in [58] has been extended by Sanyang and Kaban [50], where the probability
of success of (RP) is quantified in the case d > d,; an algorithm, called REMEDA,
is also proposed in [50] that uses Gaussian random embeddings in the framework of
evolutionary methods for high-dimensional unconstrained global optimization.

In the recent preprint [9], we further extend these analyses to arbitrary effective
subspaces (i.e., not necessarily aligned with the coordinate axes) and random embed-
dings of dimensiond > d,, and consider the wider framework of generic unconstrained
high-dimensional global optimization. We propose the REGO algorithm, that replaces
the high-dimensional problem (P) (with X = RP), by a single reduced problem (RP),
and solves (RP) using any global optimization algorithm. Instead of estimating solely
the norm of an optimal solution of (RP), as in [50, 58], we derive its exact probability
distribution. Furthermore, we show that its squared Euclidean norm (when appropri-
ately scaled) follows an inverse chi-squared distribution with d — d, 4+ 1 degrees of
freedom, and use a tail bound on the chi-squared distribution to get a lower bound
on the probability of success of (RP). Our theory and numerical experiments indicate
that, under suitable assumptions, the success of (RP) is essentially independent on D,
but depends mainly on two factors: the gap between the subspace dimension d and
the effective dimension d,, and the ratio between & (the size of the low-dimensional
domain), and the distance from the origin (the centre of the original domain X') to the
closest affine subspace of global minimizers.

In contrast to [9, 50], the present case of the constrained problem (P) poses a new
challenge: a solution y* of (RP) is not necessarily feasible for the full-dimensional
problem (P) (i.e., Ay* ¢ X). To remedy this, Wang et al. [58] endow REMBO with
an additional step that projects Ay* onto X. However, the lack of injectivity of the
projection may not be beneficial to the proposed Bayesian optimization algorithm as
some parts of the domain might be over-explored when using a classical kernel (such as
the squared exponential kernel) directly on the low-dimensional domain ). The design
of kernels avoiding this over-exploration has been tackled in [6, 7]. Binois et al. [7]
further advances the discussion regarding the choice of the low-dimensional domain
Y in (RP) and computes an ‘optimal’ set J* C R, i.e., a set that has minimum (here,
infimum) volume among all the sets ) C R? for which the image of the mapping
Y — X :y+> py(Ay) contains the ‘maximal embedded set’ {py(Ay) : y € R?},
where py(x) is the classical Euclidean projection of x on X. They show that }*
has an intricate representation when the dimension of the full-dimensional problem
is large, and propose to replace the Euclidean projection map p y suggested by Wang
et al. [58] by an alternative mapping for which an ‘optimal’ low-dimensional domain
has nicer properties. Nayebi et al. [43] circumvent the projection step by replacing the
Gaussian random embeddings of (RP) by random embeddings defined using hashing
matrices, and choose ) = [—1, l]d. This choice guarantees that any solution of the
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Global optimization, low effective dimension and random embeddings 1001

low-dimensional problem provides an admissible solution for the full-dimensional
problem in the case X = [—1, 1]7.

The need to combine optimization algorithms that rely on random Gaussian embed-
dings with a projection step has also been recently discussed in [40], where it is
suggested to replace the formulation (RP) by (RPX'), that we also consider in this paper.
However, Letham et al. [40] do not provide analytical estimates of the probability
of success of this new formulation, solely evaluating it numerically using Monte-
Carlo simulations; they also do not use multiple random embeddings as proposed
in Wang et al. [58] and employed here as well. Our proposed X-REGO algorith-
mic framework (and more precisely, the adaptive variant A-REGO described in
Sect. 5) is closely related to the sequential algorithm proposed by Qian et al. [48],
in the framework of unconstrained derivative-free optimization of functions with
approximate low-effective dimensionality, and to the algorithm proposed in [36] for
constrained Bayesian optimization of functions with low-effective dimension, using
one-dimensional random embeddings. However, our results rely on the assumption
that the subspace dimension d is larger than the effective dimension d,, and so our
approach significantly differs from [36]. Very recently, Tran-The et al. [54] have pro-
posed an algorithm that uses several low-dimensional (deterministic) embeddings in
parallel for Bayesian optimization of high-dimensional functions.

Randomized subspace/projections methods have recently attracted much interest
for local or convex optimization problems; see for example, [30, 33, 38, 42, 44, 57];
no low effective dimensionality assumption is made in these works. Finally, we note
that the main step in our convergence analysis consists in deriving a lower bound on
the probability that a random subspace of given dimension intersects a given set (the
set of approximate global minimizers), which is an important problem in stochastic
geometry, see, e.g., the extensive discussion by Oymak and Tropp [46]. Unlike the
results presented in [46], our results do not involve statistical dimensions of sets, which
are unknown and, in our case, problem dependent.

We have recently explored the applicability of X-REGO to global optimization of
Lipschitz-continuous objectives, that do not necessarily have low effective dimension,
for arbitrary (non-empty) domain X and arbitrary d. We prove in [12] that X-REGO
converges almost surely to an e-neighbourhood of a (constrained) global minimizer of
(P), relying on tools from conic integral geometry to bound the probability of success
of the random subproblem. The latter bound is understandably exponential in the big
problem dimension and does not provide a distributional result for the size of the
reduced minimizer. Even asymptotically, the general success bound is exponential in
D while when there is an effective subspace aligned with coordinate axes, the bound
here is polynomial. We also address in [12] the unconstrained case when the objective
has low effective dimension but the effective dimension d, is unknown, and propose
a variant of X-REGO that explores random subspaces of increasing dimension until
finding the effective dimension of the problem.

Our contributions Here we investigate a general random embedding framework for
the bound-constrained global optimization of functions with low effective dimension-
ality. This framework replaces the original, potentially high-dimensional problem (P)
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with several reduced and randomized subproblems of the form (RPX’), which directly
ensures feasibility of the iterates with respect to the constraints.

Using various properties of Gaussian matrices and a useful result from [9], we derive
a lower bound on the probability of success of (RPX) whend, < d < D —d,. To
achieve this, we provide a sufficient condition for the success of (RPA) that depends
on a random vector w, which in turn, is a function of the embedding matrix A, the
parameter p of (RPX’) and an arbitrary global minimizer x* of (P). We show that w
follows a (D — d,)-dimensional ¢-distribution with d — d, + 1 degrees of freedom, and
provide alower bound on the probability of success of (RPX") in terms of the integral of
the probability density function of w over a given closed domain. In the case when the
effective subspace is aligned with the coordinate axes, the closed domain simplifies to
a (D —d,)-dimensional box, and we provide an asymptotic expansion of the integral of
the probability density function over the box, when D — oo (and d and d, are fixed).
Our theoretical analysis, backed by numerical testing, indicates that the probability
of success of (RPX) decreases with the dimension D of the original problem (P).
However, in the case when the effective subspace is aligned with the coordinate axes,
we show that it decreases at most in a polynomial way with the ambient dimension D
for some useful choices of p.

We also propose the X-REGO algorithm, a generic framework for the constrained
global optimization problem (P) that sequentially or in parallel solves multiple sub-
problems (RPX), varying A and also possibly p. We prove global convergence of
X-REGO to a set of approximate global minimizers of (P) with probability one, with
linear rate in terms of the number of subproblems solved. This result requires mild
assumptions on problem (P) ( f is Lipschitz continuous and (P) admits a strictly feasi-
ble solution) and on the algorithm used to solve the reduced problem (namely, it must
solve (RPX) globally and approximately, to required accuracy), and allows a diverse
set of possible choices of p (random, fixed, adaptive, deterministic). Our convergence
proof crucially uses our result that the probability of success of (RPX) is positive
and uniformly bounded away from zero with respect to the choice of p, and hence,
assumes thatd, <d < D — d,.

We provide an extensive numerical comparison of several variants of X-REGO on
a set of test problems with low effective dimensionality, using three different solvers
for (RPX), namely, BARON [49], DIRECT [24] and (global and local) KNITRO
[8]. We find that X-REGO variants show significantly improved scalability with most
solvers, as the ambient problem dimension grows, compared to directly using the
respective solvers on the test set. Notable efficiency was obtained in particular when
local KNITRO was used to solve the subproblems and the points p were updated to
the ‘best’ point (with the smallest value of f) found so far.

Paper outline In Sect. 2, we recall the definition of functions with low effective
dimensionality and some existing results that we will use in our analysis. Section 3
derives lower bounds for the probability of success of (RPX’). The X-REGO algorithm
and its global convergence are then presented in Sect. 4, while in Sect. 5, different
X-REGO variants are compared numerically on benchmark problems using three
optimization solvers (DIRECT, BARON and KNITRO) for the subproblems. Our
conclusions are drawn in Sect. 6.
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Notation We use bold capital letters for matrices (A) and bold lowercase letters (a)
for vectors. In particular, Ip is the D x D identity matrix and Op, 1p (or simply
0, 1) are the D-dimensional vectors of zeros and ones, respectively. We write a; to
denote the ith entry of @ and write a;.;, i < j, for the vector (a; a;41 - ~aj)T. We let
range(A) denote the linear subspace spanned in R? by the columns of A € RP*,
We write (-, -), || - || and || - ||so for the usual Euclidean inner product, the Euclidean
norm and the infinity norm, respectively. Where emphasis is needed, for the Euclidean
norm we also use || - ||2.

. . . I
Given two random variables (vectors) x and y (x and y), the expression x Ey y

(x law y) means that x and y (x and y) have the same distribution. We reserve the

letter A for a D x d Gaussian random matrix (see Definition A.1) and write X,f to
denote a chi-squared random variable with n degrees of freedom (see Definition A.S).

Given a point @ € R” and a set S of points in RP, we write @ + S to denote the
set {a + s : s € S}. Given functions f(x) : R — Rand g(x) : R — R*, we write
f(x) = 0O(g(x)) as x — oo to denote the fact that there exist positive reals My, M»
and a real number xg such that, for all x > xo, M1g(x) < |f(x)| < Mpg(x).

2 Preliminaries
2.1 Functions with low effective dimensionality

Definition 2.1 (Functions with low effective dimensionality [58]) A function f :
RP — R has effective dimension d, if there exists a linear subspace 7 of dimension
d, such that for all vectors xTin7 and x| in T L (the orthogonal complement of 7°),
we have

fT+x1) = fxT), 2.0
and d, is the smallest integer satisfying (2.1).

The linear subspaces 7 and 7 are called the effective and constant subspaces of
f, respectively. In this paper, we make the following assumption on the function f.

Assumption 2.2 The function f : R? — R is continuous and has effective dimen-
sionality d, such that d, < D, with effective subspace* 7" and constant subspace 7+
spanned by the columns of the orthonormal matrices U € RP*% and V e RP*(P—de)|
respectively. WeletxT = UU” x andx, = V V7 x, the unique Euclidean projections
of any vector x € R” onto 7 and T, respectively.

We define the set of feasible global minimizers of problem (P),

G={xeX: f(x)=f". (2.2)

4 Note that 7 in Assumption 2.2 may not be aligned with the standard axes.
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Note that, for any x* € G with Euclidean projection x%- on the effective subspace 7,
and for any X € T+, we have

[f=fG" = fxr +X) = f(xT). 2.3)

The minimizer x* may lie outside X, and furthermore, there may be multiple points
x% in 7 satisfying f* = f(x%) as illustrated in [9, Example 1.1]. Thus, the set G
is (generally)® a union of (possibly infinitely many) (D — d,)-dimensional simply-
connected polyhedral sets, each corresponding to a particular x%-. If x*- is unique, i.e.,
every global minimizer x* € G has the same Euclidean projection x*- on the effective
subspace, then G is the (D — d,)-dimensional set {x € X' : x € xT + T}

Definition 2.3 Suppose Assumption 2.2 holds. For any global minimizer x* € G, let
G ={xeX:xext+ T} be the simply connected subset of G that contains
xh = UUTx* and G* == {x e RP : x € xh + 71}, the (D — d,)-dimensional
affine subspace that contains G*.

We canexpress G* =G*NAX ={x1 +Vg: -1<x%> +Vg<lge RD_d”},
where V is defined in Assumption 2.2. For each G*, we define the corresponding set
of “admissible” (D — d,)-dimensional vectors as

G*:={g eRP™ . x* + Vg e G*). (2.4)

Note that the set G* is (D — d,)-dimensional if and only if the volume of the set
G* in RP~% denoted by Vol(G*), is non-zero. In some particular cases, when the
global minimizer x* in Definition 2.3 is on the boundary of X, the corresponding
simply connected component G* may be of dimension strictly lower than (D — d,)
and, hence, Vol((_}*) = 0; a case we need to sometimes exclude from our analysis.

Definition 2.4 Let G* and G* be defined as in Definition 2.3 and (2.4), respectively.
We say that G* is non-degenerate if Vol(G*) > 0.

The definitions and assumptions introduced in this section are illustrated next in
Fig. 1.

Geometric description of the problem Figure 1 sketches the linear mapping y —
Ay + p that maps points from R to points in the affine subspace p +range(A) in R?.
This figure also illustrates the case of a non-degenerate simply-connected component
G* of global minimizers (blue line; Definition 2.3), which here has dimension D—d, =
1. Degeneracy of G* (Definition 2.4) would occur if x7 was a vertex of the domain
X, in which case the corresponding G* would be a singleton.

For (RPX) to be successful in solving the original problem (P), Fig. 1 illustrates
it is sufficient that the red line segment (the feasible set of (reduced) solutions in R4
mapped to RP) intersects the blue line segment (the set G*). If G* = G, this sufficient
condition is also necessary, so that (RPX’) is not successful; else, we need to check

5 Except in degenerate cases, see Definition 2.4.
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p + range(A)

. x*(= Ay* + p)

g*

Fig.1 Abstract illustration of the embedding of an affine d-dimensional subspace p + range(A) into RD.
The red line represents the feasible set of solutions along p 4 range(A) and the blue line represents the set
G*. The random subspace intersects G* at x*, which is infeasible

the other simply connected components of G to decide whether (RPX’) is successful
or not.

Note that, while the blue and red line segments do not intersect in Fig. 1, their
prolongations outside X' (G* and p + range(A)) do. This is related to [58, Theorem
2], which says that if the dimension of the embedded subspace (d) is greater than the
effective dimension (d,) of f then G* and p + range(A) intersect with probability
one. Wang et al. [58] have shown this result for the case p = 0, but it can easily be
generalized to arbitrary p. In other words, in the unconstrained setting when X =
RP and d > d,, it is known that the reduced problem (RPX) is successful with
probability one [9, 58]: one random embedding typically suffices to solve the original
problem (P). The main contribution of this paper is to quantify the probability of the
random embedding to contain a feasible solution of the original problem, in the bound-
constrained setting. For this, we rely on results of [9] that characterize the distribution
of a random reduced minimizer y* such that A y* + p is an (unconstrained) minimizer
of f, thus quantifying a specific intersection between the random subspace and G*.
We recall these results in Sect. 2.2, and use this characterization in Sect. 3 to derive
a lower bound on the probability of Ay* + p to belong to G*, namely, to be feasible
for the original problem (P).

2.2 Characterization of (unconstrained) minimizers in the reduced space

Let S* := {y* € R? : Ay* 4+ p € G*}, with G* defined in Definition 2.3, be a subset
of points y* corresponding to solutions of minimizing f over the entire R?. With
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probability one, S* is a singleton if d = d, and has infinitely many points if d > d,
[9, Corollary 3.3]. It is sufficient to find one of the reduced minimizers in ¥, ideally
one that is easy to analyse, and that is close to the origin (i.e., the centre of the domain
X) in some norm so as to encourage the feasibility with respect to X’ of its image
through A. An obvious candidate is the minimal Euclidean norm solution,

y5 = argmin |yl
yeRr? (2.5)
s.t. yeS*.

The following result provides a useful characterization of y3 as the minimum
Euclidean norm solution to a random linear system.

Theorem 2.5 [9, Theorem 3.1] Suppose Assumption 2.2 holds. Let x* be any global
minimizer of (P) with Euclidean projection x*- on the effective subspace, and p € X,
a given vector. Let A be a D x d Gaussian matrix, with d > d,. Then y; defined in
(2.5) is given by

ys:=BT(BBT) 'z*, (2.6)

which is the minimum Euclidean norm solution to the system

By”< = z*, (27)
where B = UT A and z* € R% is uniquely defined by
Uz* =x* — pr, withpr =UU" p. (2.8)

Proof The full proof is given in the technical report version of this paper, see [11]. O

Remark 2.6 Notethat B = UT Aisa d, x d Gaussian matrix, since U has orthonormal
columns (see Theorem A.2). Also, (2.8) implies [|z*[2 = [|x% — pll2.

Using (2.6) and various properties of Gaussian matrices, [9] shows that the squared
Euclidean norm of y3 follows the (appropriately scaled) inverse chi-squared distribu-
tion. We rely on this result in the next section (see the proof of Theorem 3.3) to quantify
the probability of success of (RPX’), which we will lower bound by the probability
that Ays+p € X,i.e., that Ay} + p, the representation of y} in the high-dimensional
domain, is feasible for (P).

Theorem 2.7 ([9, Theorem 3.7]) Suppose Assumption 2.2 holds. Let x* be any global
minimizer of (P) and p € X a given vector, with respective projections X% and p+
on the effective subspace. Let A be a D x d Gaussian matrix, with d > d,. Then, y}
defined in (2.5) satisfies
* 2
¥t =prlE e g
ly3115

Ifx% = pr, then y5 =0.

@ Springer



Global optimization, low effective dimension and random embeddings 1007

3 Estimating the success of the reduced problem

This section derives lower bounds on the probability of success of (RPX). Lemma 3.1
lower bounds this probability by that of a non-empty intersection between the random
subspace p + range(A) and an arbitrary simply-connected component G* of the
set of global minimizers (Definition 2.3). This probability is further expressed in
Corollary 3.4 in terms of a random vector w that follows a multivariate 7-distribution.
From Sect. 3.1 onwards, we derive positive and/or quantifiable lower bounds on the
probability of success of (RPX), while also trying to eliminate, wherever possible, the
dependency of the lower bounds on the choice of p and G*.

Lemma 3.1 Suppose Assumption 2.2 holds. Let x* be a(ny) global minimizer of (P),
p € X, agivenvector, and A, a D x d Gaussian matrix withd > d,. Let y} be defined
in (2.5). The reduced problem (RPX) is successful in the sense of Definition 1.1 if
Ay; + p € X, namely

P[(RPX) is successful] > P[-1 < Ay5 + p <1]. (3.1)

Proof This is an immediate consequence of Definition 1.1 and (2.5), as the latter
implies Ay; + p € G* andso f(Ay; + p) = f*. O

Let us further express (3.1) as follows. Let Q@ = (U V), where U and V are defined
in Assumption 2.2. Since @ is orthogonal, we have

T v’
Ay; =00 Ay5=0Q (VT> Ay;. (3.2)

Using (2.6), we get UT Ay} = z*. Letting
w:=VTAy3, (3.3)

we get
*

vimafi)-n(;

where in the last equality, we used (2.8). By substituting p = p+ 4+ p, and (3.4) in
(3.1), we obtain

):Uz*—i—Vw:x*}—pT—i—Vw, (3.4)

P[(RPX) is successful] > P[—1 < Ay; + p <1]
=P[-1<xt—pr+Vw+pr+p, <11 (35)
=P[-1<x%+p +Vw<1].

According to this derivation, all the randomness within the lower bound (3.5) is

contained in the random vector w. The next theorem, derived in Appendix B, provides
the probability density function of this random vector.
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1008 C.Cartis et al.

Remark 3.2 Suppose that Assumption 2.2 holds and recall (2.2). If there exists x* € G
such that xT = p+, where the subscript represents the respective Euclidean projec-
tions on the effective subspace, then f(p) = f(p++p)) = f(xT +py) = f7,
where p | is the Euclidean projection of p on the constant subspace 7+ of the objec-
tive function. Thus p € G so that, for any embedding A, (RPX) is successful with
the trivial solution y* = 0. Therefore, in our next result, without loss of generality,
we make the assumption x* # p+.

Theorem 3.3 (The p.d.f. of w) Suppose that Assumption 2.2 holds. Let x* be a(ny)
global minimizer of (P), p € X, a given vector, and A, a D x d Gaussian matrix with
de <d < D—d,. Assume that p+ # x*-, where the subscript represents the Euclidean
projection on the effective subspace. The random vector w defined in (3.3) follows a

* 2
(D — d,)-dimensional t-distribution with parameters d — d, + 1 and %I ,and

with p.d.f. g(w) given by

1 r () aTw "
D) = 1+ . (36
S = Rl — pr [ ro } ( ||x*T—pT||2> GO

wherem = D —d, andn =d — d, + 1.
Proof See Appendix B. O

Let us now summarize the above analysis in the following corollary.

Corollary 3.4 Suppose that Assumption 2.2 holds. Let x* be a(ny) global minimizer of
(P), p € X, a given vector, and A, a D x d Gaussian matrix withd, < d < D — d,.
Assume that p+ # x%, where the subscript represents the Euclidean projection on
the effective subspace. Then

PL(RPX) is successful ] > P(—1 <x% 4+ p, + Vw < 1), 3.7

where w is a random vector that follows a (D — d,)-dimensional t-distribution with
* _ 2

parameters d — d, + 1 and %I .

Proof The result follows from derivations (3.1)—(3.5) and Theorem 3.3. O

Here is a roadmap for the results in the remainder of this section. We aim to answer
the following two questions:

e Is the probability of success of (RPX) positive for any p? In other words: Does the
random subspace range(A) + p intersect a subspace of (unconstrained) global
minimizers of (P) inside X with positive probability for all p? Answering this
question allows to quantify the number of random embeddings required for finding
a global minimizer of (P) when p is chosen arbitrarily and kept fixed (if several
embeddings are used, they all share the same p). We show that this question can
be answered positively, and provide a lower bound on the probability of success
of (RPX) that depends on p in Theorem 3.6.
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e Furthermore, can we derive a positive lower bound on the probability of success
of (RPX) that does not depend on p? Ideally, we aim to prove convergence of X-
REGQO irrespectively of the choice of p. Indeed, it could be useful algorithmically
to let p vary from one random embedding to another, for example by setting p to
the best point found so far as proposed in Sect. 4. In the specific case where the
effective subspace is aligned with the coordinate axes, we provide in Theorem 3.8
alower bound that is independent of p, and asymptotically quantify its dependence
on D, d, and d. Deriving such a bound for arbitrary effective subspaces seems,
unfortunately, too challenging; we bypass this difficulty by assuming Lipschitz-
continuity of f and providing in Theorem 3.15 a uniform lower bound on the
probability of e-success of (RPAX’), a weaker condition that requires the random
subspace to contain an €-minimizer, i.e., a feasible point x such that f'(x) < f*+e.
This key result will allow us to prove almost sure convergence of X-REGO to an
e-minimizer in Sect. 4, for any choice of p € X, including adaptive ones.

3.1 Positive probability of success of the reduced problem (RP.X)

To prove that the probability of success of (RPX) is strictly positive, we need the fol-
lowing additional assumption, that says that the function has low effective dimension
and there exists a set of feasible optimal solutions of (P) that is “large enough”, i.e.,
of dimension at least D — d,; a counter-example of this assumption would be a case
when the feasible global minimizers of (P) are isolated (for an illustration, translate
the set G* in Fig. 1 to the upper right so that the blue line segment shrinks to the upper
right corner of the box).

Assumption 3.5 Assume that Assumption 2.2 holds, and that there is a set G* defined
in Definition 2.3 that is non-degenerate according to Definition 2.4.

The next result then proves that for all p, with a strictly positive probability, the
random embedding contains a feasible global minimizer of (P).

Theorem 3.6 Suppose that Assumption 3.5 holds, and let A be a D x d Gaussian
matrix withd, < d < D — d,. Then, forany p € X,

P[(RPX) is successful ] > 0. 3.8)

Proof We consider two cases, p € G and p € X \ G. Firstly, assume that p € G.
Then, P[(RPX) is successful ] = 1 since taking y = 0 in (RPX) yields f(p) = f*.

Assume now that p € X \ G. Assumption 3.5 implies that there exists a global
minimizer x* and associated G* for which Vol(G*) > 0, where G* and G* are defined
in Definition 2.3 and (2.4), respectively. Using (3.7) with this particular x* and noting
that p, = VV7 p gives us
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P[(RPX) is successful] > P[—1 < x% + ViVIip+w) <1]
=P[Viptwe{geRP ™ : 1<x*+Vg<1)
=PVip+we G
=Plwe -V p+G*

=f _ g(w)dw,
—VTp+G*

where g(w) is the p.d.f. of w givenin (3.6). The latter integral is positive since g (w) > 0
for any w € RP~% and since Vol(—V' p + G*) = Vol(G*) > 0 (invariance of
volumes under translations) by Assumption 3.5. O

(3.9)

Note that the proof of Theorem 3.6 illustrates that the success probability of (RPX),
though positive, depends on the choice of p.® Next, under additional problem assump-
tions, we derive lower bounds on the success probability of (RPX) that are independent
of p and/or quantifiable.

3.2 Quantifying the success probability of (RP.X) in the special case of
coordinate-aligned effective subspace

Provided the effective subspace 7 is aligned with coordinate axes and without loss of
generality, we can write the orthonormal matrices U and V, whose columns span 7°
and 7+, as U = [I4, 01" and V = [0 I p_,,]7. The following result quantifies the
probability of the random embedding to contain a feasible global solution of (P) in
this case, in terms of the cumulative distribution function of w.

Theorem 3.7 Let Assumption 2.2 hold with U = [I14, 017 and V = [0 Ip_4,1". Let
x* be a(ny) global minimizer of (P), p € X, a given vector, and A, a D x d Gaussian
matrix withd, < d < D — d,. Assume that pt # x*, where the subscript represents
the Euclidean projection on the effective subspace. Then

P[(RPX) is successful ] > P[-1—py 1.p <w <1—p, 1.pl, (3.10)

where w is a random vector that follows a (D — d,)-dimensional t-distribution with

arameters d — d, + 1 and MI
p e d—d,+1 1

Proof For x* € G*, we have

* T % _ I 0 * xT:dg
xT_UUx—<0 0)]* = o) (3.11)

6 When ||x’f|_ — p7ll = 0, the multivariate ¢-distribution in Corollary 3.4 becomes degenerate. Thus it is
challenging to derive a lower bound on the integral (3.9) that is uniformly bounded away from zero with
respect to p.
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Furthermore,

0 0 0
—vvTiy= = )
P P (0 I) P <pde+l:D>

Note that x* € [—1, 1]? implies that xT:de e[—1,1]%. Corollary 3.4 then yields

P[(RPX)is successful] > P(—1 <xT 4+ p, +Vw <1)

G5 6,)- )= )

(sincexT:de e[-1,11")=P[-1<py1.p+w=<1],

which immediately gives (3.10). O

Note that the right-hand side of (3.10) can be written as the integral of the p.d.f. of
w over the hyperrectangular region =1 — p; 11.p < w < 1— p, . ,.pp. Instead of
directly computing this integral, we analyse its asymptotic behaviour for large D,
assuming that d, and d are fixed. We obtain the following main result, with its proof
provided in Appendix C.

Theorem 3.8 Let Assumption 2.2 hold with U = [I 4, 01" and V = [0 I1p_4,1". Let
d, and d be fixed, withd, < d < D —d,, and let A be a D x d Gaussian matrix. For
all p € X, we have

P[(RPX) is successful ] > t > 0, (3.12)

where T satisfies

_ o loeD—d,+ 1T
o \2D-de . (D —d, + 1)de

) as D — oo, (3.13)
and the constants in O (-) depend only on d, and d.

Proof See Appendix C. O

The next result shows that, in the particular case when p = 0, the center of the full-
dimensional domain &, the probability of success decreases at worst in a polynomial
way’ with the ambient dimension D.

Theorem 3.9 Let Assumption 2.2 hold with U = [I 4, 01" and V = [0 ID,dE]T. Let
d, and d be fixed, withd, <d < D — d,, and let A be a D x d Gaussian matrix. Let
p=0.Then

P[(RPX) is successful ] > t9 > 0, (3.14)

7 This simplification is due to the fact that when p = 0, the factor 2D~de in the denominator of (3.13)
disappears.
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where

d—1
log(D —d, 1) 7
70=0 < og((D de-:_l)zf - ) as D — 00, (3.15)
— e e

and where the constants in © (-) depend only on d, and d.
Proof See Appendix C. O

Remark 3.10 Unlike Theorem 3.6, the above result does not require Assumption 3.5.
In this specific case, as the effective subspace is aligned with the coordinate axes,
Assumption 3.5 is satisfied. The latter follows from G* = {g € RP=% : -1 <
xt+ Vg <1} ={ge[-1,11°P %} as V = [0 Ip_4]" and the last D — d,
components of the vector x* are zero; see the proof of Theorem 3.7.

Remark 3.11 We note that (3.10) holds with equality if d = d, and G = G*. Our
numerical experiments in Sect. 5 also clearly illustrate that the success probability
decreases with growing problem dimension D.

Remark 3.12 Our particular choice of asymptotic framework here is due to its prac-
ticality as well as to the ready-at-hand analysis of a similar integral to (C.2) in [60].
The scenario (d, and d fixed, D large) is a familiar one in practice, where commonly,
d, is small compared to D, and d is limited by computational resources available to
solve the reduced subproblem. Other asymptotic frameworks that could be considered
in the future are d, = O(1),d = O(log(D)) ord, = O(1),d = BD where 8 is fixed.
For more details on how to obtain asymptotic expansions similar to (3.13) and (3.15)
for such choices of d, and d, refer to [53, 60].

3.3 Uniformly positive lower bound on the success probability of (RP.X) in the
general case

As mentioned in the last paragraph of Sect. 3.1, it is difficult to derive a uniformly
positive lower bound on the probability of success of (RPX’) that does not depend on
p. However, assuming Lipschitz continuity of the objective function, we are able to
achieve such a guarantee for (RPX’) to be approximately successful, a weaker notion
that is defined as follows.

Definition 3.13 For a(ny) € > 0, we say that (RPX) is e-successful if there exists
y* € R? such that f(Ay* + p) < f*+eand Ay* + p € X.

Let
Ge:={xeX: f(x)< f"+¢ (3.16)

be the set of feasible e-minimizers. The reduced problem (RPX) is thus e-successful
if it contains a feasible e-minimizer.
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Assumption 3.14 The objective function f : R? — R is Lipschitz continuous with
Lipschitz constant L, that is, | f(x) — f(y)| < L|lx — y||» for all x and y in R?.

The next theorem shows that the probability that (RP.X) is e-successful is uniformly
bounded away from zero for all p € &.

Theorem 3.15 Suppose that Assumption 3.5 and Assumption 3.14 hold. Let A be a
D x d Gaussian matrix withd, < d < D — d, and € > 0, an accuracy tolerance.
Then there exists a constant T > 0 such that, forall p € X,

P[(RPX) is e-successful] > t.. (3.17)

Proof Assumption 3.5 implies that there exists a global minimizer x* € X, with
corresponding sets G* (Definition 2.3) and G* in (2.4) such that Vol(G*) > 0. Let
Ny(G*) = {x € X : |x% — UUTx||; < n} be a neighbourhood of G* in X, for
some n > 0, where as usual, x*% = UUTx* is the Euclidean projection of x* on the
effective subspace.

Firstly, assume that p € N/ (G*). Then, | x% — p1|l < €/L, and by Assump-
tion3.14, [ f(p) — f*I = |f(p1) — f(xT7)| < LllxT — p7ll < €. Thus p € G and,
hence, P[(RPX) is e-successful] = 1.

Otherwise, p € X' \ N/ (G*). Using the proof of Theorem 3.6, we have

P[(RPX) is e-successful] > P[(RPX) is successful] > / g(w)dw,
—vT p+G*
(3.18)

where g(w) is the p.d.f. of w given by (3.6), and where the first inequality is due to
the fact that (RPX’) being successful implies that (RPX) is e-successful (by letting
€ := 0 in Definition 3.13). To prove (3.17), it is thus sufficient to lower bound g(w)
by a positive constant, independent of p. Since p ¢ N/ (G*), we have

€
7 <Xt = prl =0V " = p)lla < UV |2 - |¥* = pll2 = 2v/D,
(3.19)
where the last inequality follows from |[UUT|, = 1, since U has orthonormal
columns, and from —2 < x* — p < 2since x*, p € [—1, 1]P. Furthermore, note that,

forany w € —V7 p + G*, we have

—1—-x%—p, <Vw<l—-x}—-p,,
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and, hence,

IV®]loo < max(]| =1 —x% = p lloo: [1 = x5 = pllo)
< Mo + 1%l + 121 oo

L+ [lx% o + Ip LIl

=1+ |UU x* 2+ VVTpl,

L+ 1UUT |2 - x*l2 + 1VVT 2 - Il

<142vVD,

IA

IA

where the last inequality follows from |[UUT ||, = 1 and [[VVT |, = 1 (as U and V
are orthonormal) and from x*, p € [—1, 11°. Thus,

ol = [IV®ll, < VDIIVlle < vD(1 +2vD) < 3D. (3.20)

By combining (3.6), (3.19) and (3.20), we finally obtain

1 ”15”2 —(m+n)/2
f _ gw)dw = C(m, n)/ p <1 +— 2) dw
—VTp+G* VT p+G* |xT prl ||x'r —prll

> C(m,n)(2vD)™"™(1 + 91)2L2/52)*<’"+")/2/ dw
—VT p+G*

= C(m,n)2vVD)™™ (1 +9D?>L?/e*)~ "t 2Nol(—=VT p + G*)
= C(m,n)2vVD)™ (1 +9D>L?/e*)~ "M /2\o(G*),

where C(m,n) = I'((m + n)/2)/(n’"/2F(n/2)) and where in the last equality we
used the fact Vol(—= V7T p+G* = Vol(G*) for any p € RP (invariance of volumes
under translations). The result follows from the assumption that Vol(G*) > 0. O

4 The X-REGO algorithm and its global convergence

In the case of random embeddings for unconstrained global optimization, the suc-
cess probability of the reduced problem is independent of the ambient dimension [9].
However, in the constrained case of problem (P), the analysis in Sect. 3 shows that
the probability of success of the reduced problem (RPX’) decreases with D. It is thus
imperative in any algorithm that uses feasible random embeddings in order to solve
(P) to allow multiple such subspaces to be explored, and it is practically important
to find out what are efficient and theoretically-sound ways to choose these subspaces
iteratively. This is the aim of our generic and flexible algorithmic framework, X-REGO
(Algorithm 1). Furthermore, as an additional level of generality and practicality, we
allow the reduced, random subproblem to be solved stochastically, so that a sufficiently
accurate global solution of this problem is only guaranteed with a certain probabil-
ity. This covers the obvious case when a (convergent) stochastic global optimization
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algorithm would be employed to solve the reduced subproblem, but also when a deter-
ministic global solver is used but may sometimes fail to find the required solution due
to a limited computational budget, processor failure and so on.

In X-REGO, for k > 1, the kth embedding is determined by a realization ;\k =
Ak (wk) of the random Gaussian matrix Ak, and it is drawn at the point i)kil =
pk_1 (@*~1) € X, a realization of the random variable pk_l (which, without loss of
generality, includes the case of deterministic choices by writing p¥~! as a random
variable with support equal to a singleton).

Algorithm 1 X'-Random Embeddings for Global Optimization (X-REGO) applied
to (P)

1: Initialize d and j)o eX
2: for k > 1 until termination do

3: Draw Ak, a realization of the D x d Gaussian matrix A
4:  Calculate j}k by solving approximately and possibly, probabilistically,

~ . ~k ~k—
Fhin = min A"y + 1)
yeRd

(RPX”‘)
subject to Aky + i)k_l ex
5:  Let
~ ~k . ~k—
o= A K + pr! “.1)

6:  Choose (deterministically or randomly) i;k eX
7: end for

. . . - ~k
X-REGO can be seen as a stochastic process, so that in addition to pk and A , each
algorithm realization provides sequences i = xk ), S’k = yK(@") and f,',‘lin =
f,ﬁm(wk), for k > 1, that are realizations of the random variables x*, y* and fn’;m,

respectively. Each iteration of X-REGO solves—approximately and possibly, with a
certain probability—a realization (RPX*) of the random problem

Foin = min f(AFy + pF=h

(RPXK)
subject to Afy 4+ pFle x.

To calculate j}k , (RPX*) may be solved to some required accuracy using a determin-
istic global optimization algorithm that is allowed to fail with a certain probability; or
employing a stochastic algorithm, so that j}k is only guaranteed to be an approximate
global minimizer of (RPX¥) (at least) with a certain probability.

Several variants of X-REGO can be obtained by specific choices of the random
variable p¥ (assumed throughout the paper to have support contained in X). A first
possibility consists in simply defining p¥ as a random variable with support {0}, so
that i)k = 0 for all k. It is also possible to preserve the progress achieved so far by
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k

opt» Where

defining p* = x

xh, = argmin{f(x"), f(x7), ..., f(x"). 4.2)

the random variable corresponding to the best point found over the & first embeddings.
We compare numerically several choices of p on benchmark functions in Sect. 5.

The termination in Line 2 could be set to a given maximum number of embeddings,
or could check that no significant progress in decreasing the objective function has
been achieved over the last few embeddings, compared to the value f (i];p,). For
generality, we leave it unspecified here.

4.1 Global convergence of the X-REGO algorithm to the set of global €-minimizers

For a(ny) given tolerance € > 0, let G, be the set of approximate global minimizers
of (P) defined in (3.16). We show that x’;pl in (4.2) converges to G, almost surely as
k — oo (see Theorem 4.7).

Intuitively, our proof relies on the fact that any vector %% defined in (4.1) belongs
to G if the following two conditions hold simultaneously: (a) the reduced problem
(RPX%) is (e — A)-successful in the sense of Definition 3.13,3 namely,

fhin < ffHe—a (4.3)

(b) the reduced problem (Rf;,)/c'k ) is solved (by a deterministic/stochastic algorithm) to
an accuracy A € (0, €) in the objective function value, namely,

FARY 4+ phy < fh o (4.4)

holds (at least) with a certain probability. We introduce two additional random variables
that capture the conditions in (a) and (b) above,

R¥ = IL{(RPX") is (¢ — X) -successful in the sense of (4.3)}, 4.5)
sk = 1{(RPX k) is solved to accuracy A in the sense of (4.4)}, 4.6)

where 1 is the usual indicator function for an event.

Let F* = a(Al, R Ak, yl, ...,yk, po, R pk) be the o-algebra generated by
the random variables Al, R AF , yl, e, yk , po, R pk (a mathematical concept
that represents the history of the X-REGO algorithm as well as its randomness until the
kth embedding),9 with F9 = o(p°). We also construct an ‘intermediate’ o -algebra,

8 The reader may expect us to simply require that (RPX k) is e-successful. However, in order to ensure
convergence of X-REGO to the set of e-minimizers, we need to be slightly more demanding on the success
requirements for (RPX k) so that we allow inexact solutions (up to accuracy A) of the reduced problem

(RPXF).
9 A similar setup for random iterates of probabilistic models can be found in [2, 10].
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namely,
Fl ol A ARyt T,

with F1/2 = U(po, Al). Note that x*, RF and S¥ are F*-measurable,!? and R* is also
Fk=1/2_measurable; thus they are well-defined random variables.

Remark 4.1 Therandomvariables A, ..., AX y!, ... yk, x .p% pl. .. Pk,
RY, ..., Rk S ... Sk are F*- measurable smce _7-'0 c ... ¢ Fk

Also, Al,...,Ak, y ,...,yk Loyl o xk L p , P ,...,pk 1, R, ..., RK,

St 81 are Fk=1/2_measurable since FO cF2cFlc...cFktlc

‘/':'k—l/Z.

A weak assumption is given next, that is satisfied by reasonable techniques for the
subproblems; namely, the reduced problem (RPX¥) needs to be solved to required
accuracy with some positive probability.

Assumption 4.2 There exists p € (0, 1] such that, for all k > L1
P[s* = 1|F12) = B[S F12) = p,

i.e., with (conditional) probability at least p > 0, the solution yk of (RPX k ) satisfies
4.4).

Remark 4.3 1f a deterministic (global optimization) algorithm is used to solve (le;;(k),
then S* is always f,f ~1/2_measurable and Assumption 4.2 is equivalent to S¥ >
p. Since S¥ is an indicator function, this further implies that Sk =1, provided a
sufficiently large computational budget is available.

The results of Sect. 3 provide a lower bound on the (conditional) probability of the
reduced problem (RPX k ) to be (¢ — A)-successful, with the consequence given in the
first part of the next corollary.

Corollary 4.4 If Assumptions 3.5 and 3.14 hold and if d, < d < D — d,, then
E[RY|F*11 >, for k> 1. 4.7
If Assumption 4.2 holds, then

E[R*S¥|F*=121 > pRK, for k > 1. (4.8)

10 1t would be possible torestrict the definition of the o--algebra F¥ sothatit contains strictly the randomness
of the embeddings A’ and p' fort < k; then we would need to assume that y is F¥-measurable, which
would imply that R¥, s* and x* are also F¥-measurable. Similar comments apply to the definition of
Fk=1/2,

11 The equality in the displayed equation follows from E[SK|F*—1] = 1. P[s¥ = 1|F*~1]+ 0. P[Sk =
0|F*=1.
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Proof Recall that the support of the random variable p* is contained in X'. For each
embedding, we apply Theorem 3.15 (setting p = i)kil and replacing € by € — A) to
deduce that there exists T € (0, 1] such that P[R¥ = 1|.7-'k_1] > t, for k > 1. Then,
in terms of conditional expectation, we have E[RF|IFF-11=1. IP’[Rk 1| F=1 +
0-P[RF = 0|FF 11> 1.

If Assumption 4.2 holds, then E[ R¥ §¥| F*—1/2] = RFKE[S¥|Fk=1/2] > pR¥, where
the equality follows from the fact that R¥ is F¥~1/2-measurable (see [20, Theorem
4.1.14)). O

4.1.1 Global convergence proof

A useful property is given next.

Lemma 4.5 Let Assumptions 3.5, 3.14 and 4.2 hold, and let d, < d < D — d,. Then,
for K > 1, we have

K
IP’[U {{Rk =1y {sk = 1}}} > 11— (1 —p)K.
k=1

Proof We define an auxiliary random variable, JX := ]I(U,f=1 {{RY = 1} n
{$* = 1}}). Note that /X =1 — [T&, (1 — R¥S*). We have

K K
|:U{{Rk D{Sk—l}}:| :E[JK]:I—E[H(I—R"S")}
k=1 k=1
K
-E |:]E []‘[(1 - R"S")(}"(—WH

—~
1%

k=1

K—1
© IE|: (1—Rks%) - E[1 RKSklfK_]/z]i|
k=1

=3 E[(l pRY) - H(l R"S")}
@ E|:E|:(1—pR ) H(I—RkSk)‘]-'K ‘H

k=1

II@

1-E []‘[(1 — RES%) - E[1 - pRK|}'K_1]:|

k=1

K—1
1—(1—1:p)-IE|:l_[(1—RkSk):|,

k=1

A%

where

— (x) follow from the tower property of conditional expectation (see (4.1.5) in [20]),
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— (o) is due to the fact that R', ..., RK=1" and S, ..., K1 are FK-1/2_ and
FEK-1_measurable (see Theorem 4.1.14 in [20]),
— the inequalities follow from (4.8) and (4.7), respectively.

We repeatedly expand the expectation of the product for K — 1, ..., 1, in exactly the
same manner as above, to obtain the desired result. O

In the next lemma, we show that if (RPX¥) is (¢ — A)-successful and is solved to
accuracy A in objective value, then the solution x* must be inside G; thus proving
our intuitive statements (a) and (b) at the start of Sect. 4.1.

Lemma 4.6 Suppose Assumptions 3.5, 3.14 and 4.2 hold, and letd, < d < D — d,.
Then

(RF=1)n{sF =1} c {x* € G.)}.

Proof By Definition 3.13, if (RPX k) is (e — 1)-successful, then there exists yf.‘m e R4
such that Akyf.‘m + pFl e X and

FARYE 4+ p* ) < f* e —a. (4.9)

Since y¥ . is in the feasible set of (RPA¥) and fX. is the global minimum of (RPX¥),
we have

fiin < FARYE + P, (4.10)
Then, for x¥, (4.4) gives the first inequality below,
FE < frim 2 < FASYL + P D+ < e,

where the second and third inequalities follow from (4.10) and (4.9), respectively. This
shows that x* € G.. O

In the following theorem, we show that X-REGO converges almost surely to an
e-minimizer of (P), i.e., a feasible solution of (P) with cost at most f* + €.

Theorem 4.7 (Global convergence) Suppose Assumptions 3.5, 3.14 and 4.2 hold, and
letd, <d < D —d,. Then

Jim P, € Gel = lim PLf(xg,) < f*+e] =1

where x](jpt and G¢ are defined in (4.2) and (3.16), respectively.

Furthermore, for any & € (0, 1),

P[xlép[ € Gl = ]P’[f(xk Y< f*+e€l=Eforallk > K:, 4.11)

opt

where Kz := IV—I log(ri)—é)l-l.
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Proof Lemma 4.6 and the definition of x’;p, in (4.2) provide
(R =1)n{s" =1} C {x* € G} < {x},, € Ge)

fork =1,2,..., K and for any integer K > 1. Hence,

K K
R =1y nsh =1y < | Jixh,, € G (4.12)
k=1 k=1
Note that the sequence { f (x,,,,) f (xgpt), s f (xX.,)} is monotonically decreasing.
Therefore, if x’;p, € G, for some k < K then x’op, € G.foralli =k, ..., K;andso

the sequence ({x’;p, € G¢ }),{(:1 is an increasing sequence of events. Hence,

K
U{x](()pt € Gl = {x(l)i;; € G} (4.13)
k=1

From (4.13) and (4.12), we have for all K > 1,
K
Pl{xg, € G}l = P [U{Rk =1n{st= 1}} >1-(-p)f, *14)
k=1
where the second inequality follows from Lemma 4.5. Finally, passing to the limit with

K in(4.14), wededuce 1 > limg 0o Pl{x},, € Ge}] = limg o0 [1 — (1 — 1)K ] =
1, as required.

Note that if
I-(-p) z¢ (4.15)
then (4.14) implies P[x%,, € G¢] > &. Since (4.15) is equivalent to k > ————,
’ log(1 — tp)
log(1 —
(4.15) holds for all k > K since Ke = ——20 —8)_ .
log(1 — tp)

Remark 4.8 Crucially, we note that X-REGO (Algorithm 1) is a generic framework
that can be applied to a general, continuous objective f in (P). Furthermore, the
convergence result in Theorem 4.7 also continues to hold in this general case provided
(4.7) can be shown to hold; this is where we crucially use the special structure of
low effective dimensionality of the objective that we investigate in this paper. In [12],
we apply X-REGO to global optimization of Lipschitz continuous objectives, under
no special structure assumption and for arbitrary values of d and arbitrary domains;
there, we also prove almost sure convergence to e-minimizers using tools from conic
integral geometry.
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Remark 4.9 If f is a convex function (and known a priori to be so), then clearlyla local
(deterministic or stochastic) optimization algorithm may be used to solve (RPX*) and
achieve (4.4). Apart from this important speed-up and simplification, it is difficult to
exploit this additional special structure of f in our analysis, in order to improve the
success bounds and convergence.

Quantifiable rates of convergence when the effective subspace is aligned with coor-
dinateaxes Using the estimates for 7 in Theorem 3.8, we can estimate precisely the
rate of convergence of X-REGO as a function of problem dimension, assuming that
7T is aligned with coordinate axes.

Theorem 4.10 Suppose Assumption 2.2 holds with U = [Ig, 01" and Vv =
[0 ID_de]T, as well as Assumption 4.2. Let & € (0, 1), and d, and d be fixed with
d, <d < D —d,. Then (4.11) holds with

log(1 — 2b=de (D —d, + 1)%
ke = oz s>|0< (D—de+1)

- as D — oo. (4.16)
p log(D—d,+1) 2

If p¥ = 0 for k > 0, then (4.11) holds with

— _ d,
K, = ozl s>|0< (D —de + 1)

— | as D — oo. “4.17)
p log(D —d,+1) 2

Proof Firstly, note our remark regarding assumptions below. The result follows from
Theorem 4.7, (3.13) and (3.15). m]

Remark 4.11 Assumptions 3.5 and 3.14 were required to prove Theorem 3.15 and,
consequently, (4.7). If the effective subspace is aligned with coordinate axes, we no
longer need Assumptions 3.14 and 3.5 to prove (4.7). In this case, (4.7) follows from
Theorem 3.8, together with the fact that (RPX ky being successful implies (RPX kY is
e-successful for any € > 0.

5 Numerical experiments
5.1 Setup

Algorithms  We test different variants of Algorithm 1 against the no-embedding
framework, in which (P) is solved directly without using random embeddings and with
no explicit exploitation of its special structure. Each variant of X-REGO corresponds
to a specific choice of p¥, k > 0:

— Adaptive X-REGO (A-REGO). In X-REGO, the point p* is chosen as the best
point found up to the kth embedding: if f(A*y* + p*~—1) < f(p*~") then p* :=
A¥yk 4 p*=1 otherwise, p* := p¥— L.

@ Springer



1022 C.Cartis et al.

— Local Adaptive X-REGO (LA-REGO). In X-REGO, we solve (RPX*) using a
local solver (instead of a global one as in N-REGO). Then, if | f (A¥ y* 4+ pk—1) —
F(pF1| > y for some small y (here, y = 107°), we let p¥ := AXyk 4 pk—1,
otherwise, p* is chosen uniformly at random in X'.

— Nonadaptive X-REGO (N-REGO). In X-REGO, all the random subspaces are
drawn at the origin: p* := 0 for all k.

— Local Nonadaptive X-REGO (LN-REGO). In X-REGO, the low-dimensional
problem (RPX%) is solved using a local solver, and the point p* is chosen uniformly
at random in & for all k.

Solvers  We test the aforementioned X-REGO variants using three solvers for solving
the reduced problem (RPX*)—or for solving the original problem (P) in the no-
embedding case—namely, DIRECT ([24, 27, 35]), BARON ([49, 52]) and KNITRO
(8D.

DIRECT ([24, 27, 35]) version 4.0 (DIviding RECTangles) is a deterministic!?
global optimization solver, that does not require information about the gradient nor
about the Lipschitz constant.

BARON ([49, 52]) version 17.10.10 (Branch-And-Reduce Optimization Navigator)
is a state-of-the-art branch- and-bound type global optimization solver for nonlinear
and mixed-integer programs, that is highly competitive [45]. However, it accepts only
a few (general) classes of functions (e.g., no trigonometric functions, no black box
functions).

KNITRO ([8]) version 10.3.0 is a large-scale nonlinear local optimization solver
that makes use of objective derivatives. KNITRO has a multi-start feature, referred
here as mKNITRO, allowing it to aim for global minimizers.

We refer to [9] for a detailed description of the solvers. We test A-REGO and N-
REGO using DIRECT, BARON and mKNITRO and test LA-REGO and LN-REGO
using only local KNITRO, with no multi-start.

In addition to the comparison with ‘no embedding’, we compare X-REGO with
the REMBO approach proposed in [58], which we modify so that it matches our
present framework. Namely, we replace the Bayesian solver used in REMBO with
(m)KNITRO (in its local and global incarnations). Our proposal is tested within the N-
REGO (with mKNITRO) and LN-REGO (with KNITRO) frameworks where instead
of solving (RPX¥) we solve the following problem

—_~—

ot . ~k e
Soin = min f(Px(A"y + ). (CPXK)
ye

where Py (x) := arg min,c y ||z—x||2 is the standard projection operator that projects
an infeasible x (that is outside X’) onto the nearest feasible point in X’; note that
Px ensures that the computed solutions are feasible and thus there is no need for
linear constraints as in (RPX*). However, to restrict the search space, we follow the
original REMBO proposal [58] and impose the bound constraint y € [—8, 8]%, where
8 = Sopr =8 x v/d,—an optimal value for § determined based on the theoretical

12 Here, we refer to the predictable behaviour of the solver given a fixed set of parameters.
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bounds in [9]. Note that §,,, is not the same for every problem in the test set as 8,
depends on d,.

Test set The methodology of these constructions is given in [9, 58] and summa-
rized here in Appendix D. Our synthetic test set contains 19 D-dimensional functions
with low effective dimension, with D = 10, 100 and 1000. We construct these high-
dimensional functions from 19 global optimization problems (Table 4, of dimensions
2-6) with known global minima [5, 22, 29], some of which are in the Dixon-Szego
test set [16]. The construction process consists in artificially adding coordinates to the
original functions, and then applying a rotation to ensure that the effective subspace
is not aligned with the coordinate axes.

Experimental setup We solve the entire test set with each version of X-REGO and
its paired solvers. Let f be a function from the test set with the global minimum f*.
When applying any version of X-REGO to minimize f, we let d = d, for the size of
the random embedding. We terminate either after K = 100 embeddings, or earlier, as
soon as'3

FA S+ - fr<e=1072 (5.1

We then record the computational cost, which we measure in terms of either function
evaluations or CPU time in seconds. To compare with ‘no-embedding’, we solve the
full-dimensional problem (P) directly with DIRECT, BARON and mKNITRO with no
use of random embeddings. The budget and termination criteria used for each solver
to solve (RPAX’*) within X-REGO, or to solve (P) in the ‘no-embedding’ framework
are outlined in Table 1.

Remark 5.1 The experiments are done not to compare solvers but to contrast ‘no-
embedding” and REMBO with the X-REGO variants. All the experiments were run
in MATLAB on the 16 cores (2 x 8 Intel with hyper-threading) Linux machines with
256 GB RAM and 3300 MHz speed.

We compare the results using performance profiles (Dolan and Moré [18]), which
measure the proportion of problems solved by the algorithm in less than a given
budget defined based on the best performance among the algorithms considered. More
precisely, for each solver (BARON, DIRECT and KNITRO), and for each algorithm .A
(the above-mentioned variants of X-REGO and ‘no-embedding’), we record N, »(A),
the computational cost (see Table 1) of running algorithm A to solve problem p within
accuracy €. Let \ ; be the minimum computational cost required for problem p by
any algorithm 4. The performance (probability) of algorithm .4 on the problem set P
is defined as

(p € P : Np(A) < a3
P ’

TAl) =

with performance ratio o > 1.

13 we acknowledge that the use of the true global minimum f*, or a sufficiently close lower bound, in
our numerical testing is not practical. But we note that our aim here is to test both ‘no-embedding’ and
X-REGO in similar, even if idealized, settings.
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D =10
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0.2 - b
1 1
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no-embedding ||
—oe— A-REGO
—— N-REGO
1
102
@

Fig.2 Comparison between X-REGO variants and ‘no-embedding’ using DIRECT

5.2 Numerical results

DIRECT Figure 2 compares the adaptive and non-adaptive random embedding algo-
rithms (A-REGO and N-REGO) to the no-embedding framework, when using the
DIRECT solver for the reduced problem (RPX¥) (and for the full-dimensional problem
in the case of the no-embedding framework). We find that the no-embedding frame-
work outperforms the two X-REGO variants. We also note that this behaviour is more
pronounced when the dimension of the problem (P) is small. In that regime, itis also dif-
ficult to determine which version of X-REGO performs the best. When D is large, the
no-embedding framework still outperforms the two variants of X-REGO, but among
these two, the adaptive one (A-REGO) performs generally better than N-REGO. The
average number of function evaluations and random embeddings/subspaces required

by the algorithms are given in Tables 2 and 3, respectively.
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Fig.3 Comparison between X-REGO variants and ‘no-embedding’ using BARON

BARON  Figure 3 compares A-REGO and N-REGO to the no-embedding framework,
when using BARON to solve the reduced problem (RPX*). We find that the no-
embedding framework is clearly outperformed by the two variants of X-REGO in the
large-dimensional setting. Then, it is also clear that the adaptive variant of X-REGO
outperforms the non-adaptive one. Table 2 also indicates that the CPU time used by
the different algorithms increases with the dimension of the problem, and that the
increase is most rapid for 'no-embedding’.

KNITRO  The comparison between the X-REGO variants, using mKNITRO to solve
(RPX*), is given in Fig. 4. Here, we also compare the local variants of X-REGO
(namely, LA-REGO and LN-REGO), for which the reduced problem is solved using
local KNITRO, with no multi-start feature, and the REMBO framework described
above with (m)KNITRO. We find that the local variants outperform the global ones, and
the no-embedding framework when the dimension of the problem is sufficiently large.
Figure 4 also indicates that the local non-adaptive variant (LN-REGO) outperforms
the adaptive one in this high-dimensional setting. This behaviour can also be observed
in Tables 2 and 3, which indicate that less function evaluations and embeddings are
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S no-embedding —#— LN-REGO 4
—o— A-REGO —&— modified REMBO
—%— N-REGO —&— modified REMBO(L) | -

—&— LA-REGO
T

0 AR 1
10° 10° 102 108
@
Fig. 4 Comparison between X-REGO variants, modified REMBO and ‘no-embedding’ using KNITRO.
Here and in the following tables, modified REMBO refers to the combination of REMBO with N-REGO
framework and modified REMBO(L) refers to the combination of REMBO with LN-REGO framework

needed for LA-REGO compared to LN-REGO for large D; this may be a feature
of the test set we used/devised. Finally, the modified REMBO framework behaves
comparatively well on this problem set. We note however, that its performance depends
on the choice of a domain in the reduced space whose size § needs careful choosing
and it is typically not known a priori.'* By contrast, such careful reduced domain
choices are not needed for X-REGO; which is a clear practical advantage for the
latter. Furthermore, to the best of our knowledge, the convergence of the REMBO
framework (with multiple embeddings) still needs to be developed, and we delegate
this question to future work.

14 The careful choice of § is to make sure the reduced domain contains a projected minimizer of the original
problem while not being too large to slow down the solver performance in the reduced space. In [9], we
established suitable values for § to ensure this, which we use in the experiments here. These ideal values
Sopt are, however, dependent on the size of an (unknown) original minimizer, which can be further bounded
for our current test set, by a multiple of the effective dimension d,. To check the robustness of the results
to the choice of 8, we have tested our modified REMBO with mKNITRO and small perturbations of 8o
by factors ranging from 1/4 to 4; we have observed similar performance to the results included here.
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Conclusions to numerical experiments The numerical experiments presented in
this paper indicate that, as expected, the X-REGO algorithm is mostly beneficial for
high-dimensional problems, when D is large. In this setting, X-REGO variants paired
with the BARON and mKNITRO solvers outperform the ‘no-embedding’ approach,
of applying these solvers directly to the problems. It is less obvious to decide which
variant of X-REGO is best, but it seems that, at least on the problem set considered,
the local variants outperform the global ones.

We have conducted additional numerical experiments where d is chosen to be
strictly greater than d, (for example, d = d, 42 is reasonable for our test set given the
small dimension of the original Dixon-Szggo test set); the performance of methods—
particularly with BARON and (m)KNITRO—was similar to the d = d, presented here,
as can be seen in the results given in Appendix E. Furthermore, we also considered five
different realizations of the test set (namely, a different random rotation of the effec-
tive subspace was performed); again, similar results to the ones presented here were
observed as illustrated in Appendix E and in the ArXiv version (arXiv:2009.10446)
of this paper.

We also compared X-REGO (paired with KNITRO) with the simplest version of
Random Search—uniform sampling inside the domain X. The maximum budget of
samples is set to 107 in our experiment. We sample until either we have successfully
found a global minimum (i.e. f(Xsampre) < f*+ 1073) or we have exhausted the
budget. The results of this experiment (including average number of samples by Ran-
dom Search) are provided in Appendix E in Fig. 8. As expected, our X-REGO variants
perform reassuring well by comparison.

Finally, since for our test set, we know the effective subspace/exact embedding of
each test function, we have also checked how optimizing directly in this important
subspace compares to using randomly drawn subspaces. Figure 9 in Appendix E dis-
plays our findings when comparing A-REGO and N-REGO (with mKNITRO) against
direct optimization with mKNITRO in the respective effective subspace of each test
function. As expected, mKNITRO usually manages to solve the given problems using
a substantially smaller number of function evaluations when the effective subspace of
each test objective is known. However, we emphasize again that the main aim of devel-
oping X-REGO is to allow the solution of such special structure global optimization
problems when the low-dimensional effective subspace is unknown.

6 Conclusions and future work

We studied a generic global optimization framework, X-REGO, that relies on multiple
random embeddings, for bound-constrained global optimization of functions with
low effective dimensionality. For each random subspace, a lower-dimensional bound-
constrained subproblem is solved, using a global or even local algorithm. Theoretical
guarantees of convergence and encouraging numerical experiments are presented,
which are particularly quantified in terms of their problem dimension dependence
for the case when the effective subspace is aligned with the coordinate axes. We
note that the X-REGO algorithmic framework (Algorithm 1) can be applied to a
general, continuous objective f in (P) as the effective dimensionality assumption is
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not used; furthermore, our main global convergence result continues to hold under
some assumptions (see Remark 4.8). Indeed, in [12], we explore the use of X-REGO
for global optimization of Lipschitz continuous objectives, under no low effective
dimension assumption, for arbitrary non-empty domain X and subspace dimension
d [12]. We prove the convergence of X-REGO to an e-minimizer of (P), i.e., a point
with cost at most f* + €, by providing a lower bound on the probability of the random
subspace to contain an e-minimizer (analogously to Theorem 3.15) using tools from
conic integral geometry.

Note also that our analysis relies on the assumption that the dimension of the random
subspace satisfies d, < d < D — d,, with d, the dimension of the effective subspace.
As the latter may be unknown in practice, this is a strong prerequisite. One possibility
is to estimate the effective dimension d, numerically, as in [50]. Alternatively, we
propose in [12] a variant of X-REGO that explores successively random subspaces of
increasing dimension until finding the effective dimension of the problem, and prove
almost sure convergence of this algorithmic framework to an e-minimizer of (P) in
the unconstrained case (X = RP).

OpenAccess Thisarticleis licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

A Technical definitions and results
A.1 Gaussian random matrices

Definition A.1 (Gaussian matrix, see [31, Definition 2.2.1]) A Gaussian (random)
matrix is a matrix A = (a;;), where the entries a;; ~ N(0, 1) are independent
(identically distributed) standard normal variables.

Gaussian matrices have been well-studied with many results available at hand. Here,
we mention a few key properties of Gaussian matrices that we use in the analysis; for
a collection of results pertaining to Gaussian matrices and other related distributions
refer to [31, 56].

Theorem A.2 (see [31, Theorem 2.3.10]) Let A be a D x d Gaussian random matrix.
IfU € RP*xP D > p,and V € RI%4 4 > q, are orthonormal, then UTAV isa
Gaussian random matrix.

Theorem A.3 (see [31, Theorem 2.3.15]) Let A be a D x d Gaussian random matrix,
and let X € R™*P and Y € RI*P pe given matrices. Then, XA and Y A are inde-
pendent if and only if XYT = 0.
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Theorem A.4 (see [31, Theorem 3.2.1]) Let A be a D x d Gaussian random matrix
with D > d. Then, the Wishart matrix AT A is positive definite, and hence nonsingular,
with probability one.

A.2 Other relevant probability distributions

Definition A.5 (Chi-squared distribution) Given a collection Zi, Z>,...,Z, of n
independent standard normal variables, the random variable W = Z? +Z3 +--- Z2 is
said to follow the chi-squared distribution with n degrees of freedom (see [39, A.2]).
We denote this by W ~ x2.

Theorem A.6 (see[31, Theorem 3.3.12]) Let M be an n x1 Gaussian matrix withn > 1,
y be an | x 1 random vector distributed independently of MT M, and P[y # 0] = 1.
Then,

y'M My ~ 2
yTy "

and is independent of y.

Definition A.7 (Inverse chi-squared distribution) Given X ~ x,%, the random variable
Y = 1/X is said to follow the inverse chi-squared distribution with n degrees of
freedom. We denote this by ¥ ~ l/X,% (see [39, A.5)).

Definition A.8 [Multivariate t-distribution] An [-dimensional random variable ¢ is

said to have 7-distribution with parameters v and X if its joint p.d.f. is given by (see
[31, Chapter 4])

= r) det(x)~12 (14 LTz e Al
f()—WT%) et(X) (‘i‘; ) , (A.1)

where I' is the usual gamma function.

Definition A.9 (F-distribution) Let Wy ~ xZ2 and Wy ~ xZ be independent. A
random variable X is said to follow an F'-distribution with degrees of freedom vy and
1% if

w
x N /vi '
Wa/va
We denote this by X ~ F'(vy, v2). The p.d.f. of X is given by (see [39, A.19])
_ vty

F(Ul-gvz) " vi/2 Vi 2
-2 7 (= /2= 4 2 f (A2
1= rorm) (m) * ( * V2x) orx =0 (A2
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A.3 Additional relevant results

Lemma A.10 [23, p. 13] Let x and y be random vectors such that x law y and let
fi(), i =1,2,...,m, be measurable functions. Then,

(@) ) oo fu) "L (A1) LG - fu )T

The last results apply to spherical probability distributions, defined as follows (for
more details regarding spherical distributions, refer to [4, 23, 31]).

Definition A.11 An n x 1 random vector x is said to have a spherical distribution if
for every orthogonal n x n matrix U,

law

Ux = x

Theorem A.12 (see [32, Theorem 2.1.]) Let x law ru be a spherically distributed n x 1
random vector with Plx = 0] = 0, where r is independent of u with p.d.f. h(-). Then,
the p.d.f. g(X) of x is given by

I'(n/2)

S hAEDIEN "

g(x) =

B Derivation of the probability density function of w

We derive the probability density function of the random vector w defined in (3.3)
following a similar line of argument as in [9]: we first derive the distribution of ||w ||%
and then show that w follows a spherical distribution, which then allows us to derive
the exact distribution of w.

Theorem B.1 (Distribution of ||w||%) Suppose that Assumption 2.2 holds. Let x* be
a(ny) global minimizer of (P), p € X, a given vector, and A, a D x d Gaussian matrix,
withd, < d < D — d,. Assume that p+ # x%, where the subscript represents the
Euclidean projection on the effective subspace. Let w be defined in (3.3). Then,

1 d—d,+1 ’
o Doa )W~ F(D—ded—det ),
T P72 T Te

where F (v1, v2) denotes the F-distribution with degrees of freedom vy and v,.

Proof We write w as Cyj3, where C = VT A. We first establish three facts: a) B
defined in Theorem 2.5 and C are independent; b) y5 and C are independent; c)

Py} #0] = 1.

(a) Since V is orthonormal, Theorem A.2 implies that C is a Gaussian matrix. More-
over, the fact U7V = 0 implies that B and C are independent, see Theorem A.3.
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(b) Since y3 is measurable as a function of B (see proof [9, Lemma A.16]), y5 and C
must be independent.

(c) Wehave P[y; #0]1=1—-P[y; =0]=1— }P’[||y’2‘||% = 0] = 1 — 0, where the
last equality is due to the fact that || y} ||§ follows the (appropriately scaled) inverse
chi-squared distribution (Theorem 2.7), which is a continuous distribution.

Now, we apply Theorem A.6 to obtain

lwi3 o»nTcTcy;
2 w2 ~ XD—d,> (B.1)
ly5115 ly3115

which together with Theorem 2.7 yields

2 2
w3 Xpa,

2 2 ’
||x*T = prl3 Xd—d,+1

(B.2)

where X%_ 4, and xﬁ_ d,+1 areindependent. 15 Using the definition of the F-distribution
(see Definition A.9), we obtain the desired result. O

Using Theorem B.1, it is straightforward to derive the p.d.f of ||w]|.

Theorem B.2 (The p.d.f. of ||w||) Suppose that Assumption 2.2 holds. Let x* be a(ny)
global minimizer of (P), p € X, a given vector, and A, a D x d Gaussian matrix,
withd, < d < D — d,. Assume that p+ # x%, where the subscript represents the
Euclidean projection on the effective subspace. The p.d.f. h(W) of ||w||, with w defined
in (3.3), is given by

h(w) 2L e <1 + i >_(m+n)/2 (B.3)
w) = . , .
reri)  lxt —prl™ lx% — prl?

wherem = D —d,, n =d — d, + 1, and where T is the usual gamma function.

Proof Let X ~ F(D —d,,d — d, + 1). Theorem B.1 implies that
lwl| "2 KVX, (B.4)
where

D —d,

_— B.5
d—d,+1 (B-5)

K = |lx7 — prl

For the p.d.f. of ||w]|, we have

d
dw

h() = — Pllw]| < @] = — PKVX < ] = %P{X < /K]

dw

15 Theorem A.6 implies that yﬁ(: Hxi‘r — pT“/X[?—deJrl) and Xlz)—de are independent; hence, X%fde
and xﬁ_ dp+1 Must also be independent.
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0i
= K_“z’f(wz/l(z), (B.6)

where f(x) denotes the p.d.f of an F-distributed random variable with degrees of
freedomm = D —d, and n = d — d, + 1. By substituting (A.2) in (B.6), we obtain
the desired result. O

To derive the p.d.f. of w we rely on the fact that w has a spherical distribution (see
Definition A.11), as we show next.

Theorem B.3 (w has a spherical distribution) Suppose that Assumption 2.2 holds. Let
x* be a(ny) global minimizer of (P), p € X, a given vector, and A, a D x d Gaussian
matrix, withd, < d < D —d,. Assume that p+ # x7, where the subscript represents
the Euclidean projection on the effective subspace. The random vector w, defined in
(3.3), has a spherical distribution.

Proof Our proof is similar to the proof of Lemma A.16 in [9]. Let S be any (D —d,) x
(D — d,) orthogonal matrix. To prove that w has a spherical distribution, we need to
show that

law

w = Sw. (B.7)
Using (2.6), we write w = CBT (BBT)™'z*, where C = VA and B = UT A
are Gaussian matrices independent of one another by the point a) of the proof of
Theorem B.1. Let f : RP4x1 5 R(P=de)x1 pe 3 vector-valued function defined as

fvec[€T BT) = CcBT(BBT) 'z, (B.8)

where vec[CT BT] denotes the vector of the concatenated columns of (CT BT). We
can express f as

T pTyy _ (p1(C.B) p2(C.B) pnfde(c,m)T
flveclC B D‘( B aB) 4B :

where p; (C, B) for 1 <i < D—d, are some polynomials in the entries of C and B and
q(B) = det(BBT). Since ¢ and p;’s are polynomials in Gaussian random variables,
they are all measurable. Furthermore, since B is Gaussian, by Theorem A.4, Plg =

0] = 0; this implies that p; /g is a measurable function foreachi =1,2,..., D —d,
(see [59, Theorem 4.10]).
We have
_ T pT _ T pT
w = f(vec[C" B"])and Sw = f(vec[(SC)" B"]). (B.9)

From Theorem A.2 it follows that C law SC;hence vec[CT BT law vec[(SC)T BT].
We can now apply Lemma A.10 to conclude that

law

w= f(vec[CT BT])'E f(vec[(SC)" BT]) = Sw. (B.10)
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]
We are now ready to derive the p.d.f. of w, and hence prove Theorem 3.3.

Proof of Theorem 3.3 We show that the p.d.f. of w is given by (3.6). The identification
with the 7-distribution follows from (A.1). Let us first show that Plw = 0] = 0. Let
X~F(D—-d,,d—d,+1). We have

Plw = 0] = P[|w||* = 0] = P[X = 0], (B.11)
where in the last equality we applied Theorem B.1. Since the F-distributed X is a
continuous random variable, the last probability in (B.11) is equal to zero.

Since Plw = 0] = 0 and w has a spherical distribution (Theorem B.3), Theo-
rem A.12 implies that the p.d.f. g(w) of w satisfies

['(m/2)

gz hABDIB (B.12)

g(w) =

where % (-) denotes the p.d.f. of ||w]|. By substituting (B.3) into (B.12), we obtain the
desired result. O

C Proof of Theorem 3.8 and Theorem 3.9

A crucial Lemma is given first.

Lemma C.1 In the conditions of Theorem 3.8, we have

P[(RPX) is successful ] > I(p, A), (C.1)
where A := || x% — pll and

1 ) D s(l—pi)/A ) )
I(p,A) = m/o ld_[ \/—_f( Ca e Pdx | s" e Pds.
(C.2)
Proof Theorem 3.7 implies that
P[(RPX)is successful | > P[-1—p, 1.p <w <1—p,ipl

where w follows a (D —d,)-dimensional ¢-distribution with parametersn = d —d, + 1
and ¥ = (Az/n)l. According to [31, p. 133],

: (C.3)
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withs ~ x,%, m=D-—d,and Zy, ..., Z, i.1.d standard Gaussian random variables.
Then, (C.3) yields

PL(RPX) is successful | > P[-1—p, y1.p Sw <1—p, 4i.pl

S N S S
=IP’[——1— <Zi<=—(1- e, —(—=1— <Zm<-—(1- ]
A( Pd,+1) = Z1 < A( Pd,+1) A( pPp) < Zy < A( PD)

(C.4)
which can be written as (see [19, p. 1])
o0
| cw.asmeas, ©53)
0
where
S(I=pde+1)/A s(1=pp)/A 1 12 N
G(p,A,s) = / / 2eff(’ﬁ*'“*’“m)abc1 codxy
S1=paer/a Js=1-ppy/a @)™
D 1 s(1=pi)/A ) (C6)
= l_[ Er——] / €7x /zd.x,
et 1 V21 Js(=1=pp)/A
and where h(s) is the pdf of s given by
1 n—1_—s%/2
h(s) = ——s"""e . (C.7)
2:7'r ()
By combining (C.4) — (C.7), we obtain (C.1)-(C.2). O

It is easier to show Theorem 3.9 first, when p = 0.

C.1 Proof of Theorem 3.9

The next result is a direct corollary of Lemma C.1 when p = 0, allowing us to replace
I(p, A) in (C.1) with a new integral J,, ,(A) that will be easier to manipulate.

Corollary C.2 In the conditions and notation of Lemma C.1, let p = 0. Then

PL(RPX) is successful ] > Jy n (Ix75])), (C.8)
where
1 00 2 s/A m
Jmn (D) = n—/ —f 20y | s lems 2. (C.9)
227'r (%) Jo 7 Jo
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Proof Let p = 0. Then Lemma C.1 implies that P[(RPX)is successful] >
1(0, [|x%|), where

Y/HxTII

(A
27ir e Jo \ o V2R st

> C.10
( /S/le” 2/2dx> " _S2/2ds ( )
27711"( )

= m,n(”xT”)-

100, x| = 205 | 51152 ds

O
We need to introduce the following three results on the integral J,, ,(A) in (C.9).

Lemma C.3 The integral J,, ,(A) in (C.9) is a monotonically decreasing function of
A.

Proof Let A1, A; be any positive reals that satisfy A < A,. We need to show that
Jm.n (A1) = Ju.n(A2). This relation follows immediately from the observation that,

for any s > 0,
% /S/Al e—xz/zdx > E fS/AZ e—xz/zdx
V.7 Jo “VrmJo

since the integrand is positive. O
Lemma C.4 The integral J,, ,(A) defined in (C.9) satisfies Jy, , (A) < 1forall A > 0.

Proof Note that, for any s > 0, we have

s/A
,/%/Y e_xz/zdxfwlz/me_ﬁ/zdx:1.
T Jo T Jo

1 * 1 —s2/2
mMm$ﬁf——f e 2 — 1.
22714 Jo

Hence,

(]
The following theorem provides an asymptotic expansion of J, ,,(A) for large m,
that has polynomial dependence on m.

Theorem C.5 Let J,, ,,(A) be the integral defined in (C.9). Let n and A be fixed and
letr = (n+ A> —2)/2. If r # O then, for large m,

J mrnﬁﬂﬁlﬁmmﬁ4w—5waow+nyme+m”‘
ma(8) = = (o 5 log(log g
+0m%m+urb) (C.11)
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where

a2, (A%
Cn,A)=nm7A .
['(n/2)

Ifr =0, then Jyy n(A) = Jpp1 (1) = 1/(m + 1).

Proof The proof of this lemma is similar to the derivations in [60, Section 2, Chapter
2], and is deferred to the end of this appendix. O

Proof of Theorem 3.9 Corollary C.2 implies that
P[(RPX) is successful | > 1(0, [[x11) = o (x5 1]). (C.12)
By definition ofxT, there exists x* € G such that xT =UUTx* withU = [14,; 0].
Then x% = [x7,, ; 0] which implies [x%| < /d,. By monotonic decrease of Jy,
(see Lemma C.3), (C.12) yields
P[(RPX) is successful | > J,. (\/dj)
forall x*, p € X' such that x% # p+.If x% = p, then

P[(RPX) is successful ] = 1 > Ju 0 (v/de),

where the inequality follows from Lemma C.4. Thus, (3.12) is satisfied for 79 =
Jm.n(Vdy), and (3.15) follows from Theorem C.5. O

C.2 Proof of Theorem 3.8

Unlike the case p = 0, we cannot rewrite directly the integral /(p, A) in terms if the
integral J,, ,(A) (i.e., Corollary C.2 does not hold) for p € X" arbitrary. However, we
derive a lower bound on /(p, A) in terms of the simpler integral J,,, ,(A) that is valid
forall p e X.

Lemma C.6 For any p € X and for any A > 0, we have
1
I(Pv A) = 2_m-lm,n(A/2)-

Proof Let us define the function

1 s(1-2)/A 2
g(z, A,s) = —/ e dx, (C.13)
V2 (=1-2)/A
and note that
D 2
1P, 8) = [T si-a.s)|s" e s, (C14)
? F( ) i=de+1
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Next we find the minimizers of g(z, A, s) over z € [—1, 1]. Introducing the notation
I(z, A,s) :=s(1 —z)/A, and using Leibniz integral rule, we obtain

dg(z, A,s) e—l(z.zA.s)z d(l(z, A, s)) 3 e—l(—zz.Am2 d(—Il(—z, A,s))
dz - dz dz

—xz(l;z)Z —s —s2<—12—z>2 —s
= 2A R — — 2A _—
e A e A (C.15)

2 2 2
s _s 2 4 s°z
= ¢ 22 (1429 e A _gal ).
A

Hence, dg(z, A, s)/dz is equal to zero if and only if

_ sz

32' <
e A2 —en? =0, (C.16)

which occurs only at z = 0. The sign of dg(z, A, s)/dz changes from negative to
positive at z = 0 implying that the function is concave and so g(z, A, s) attains its
maximum at z = 0 and its minimum at the boundaries. Since g(z, A, s) is symmetric
around z = 0, the minimum is attained at z = 1. Thus, forall z € [—1, 1],

I(=1,A,s) 1 2

A
2 /1(1As) W2 Jo

g(Z3A7S)Zg(_1, A,S) efxz/zdx.

(C.17)
By combining (C.17) with (C.14), we obtain

1 oo f D R, ,
I(p,A) > n—/ l_[ _/ e x| s e 2 ds
227'r%) Jo L V2 Jo

i=d,+1

+

2 m

= L . n; oo 3 / A €_x2/2d_x sn_le_SZ/zdS (Clg)
2 227r%) Jo T Jo

L (A2,

= 21/)1
O
Proof of Theorem 3.8 Lemmas C.1 and C.6 provide
1
P[(RPX) is successful ] > I(p, A) > 2—me,n(A/2). (C.19)

Let us now show that A < 2./d, for all x*, p € [—1, 11°. Since U = (14, 017, for
any global minimizer x*, we have x% = UUTx* = [x*{:dg; 0], and for any p, we

have pr = UUT p = [P1.q,; Ol Since x*, p € [—1, 1]7, there holds ||lx%|| < /d.
and || p7| < +/de, and hence, A = ||x% — p|| < x| + | p7l < 2V/de.
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Using the fact that J;,, , (A) is amonotonically decreasing function (see LemmaC.3),
(C.19) yields

1
P[(RPX) is successful | > 2—mjm,n(\/d7) (C.20)
forall x*, p € X' such that x3 # p+.If xT = p, then

. 1
P[(RPX) is successful ] = 1 > 2—me,n(\/di),

where the inequality follows from Lemma C.4. Thus, (3.12) is satisfied for 7 =
I (Vdg) /2™, and (3.13) follows from Theorem C.5. ]

C.3 Proof of Theorem C.5

We rewrite Jy,, ,(A) as follows

Jm,n (A) 771 \/>f —x2/2d n—le—s2/2ds
22 l"( )

! / /fA = dx s”_le_sz/zds
27—11“( )

1 / ( K ) - 2
= ST erf” s" e 2,
227'r) Jo V2A

where erf(-) denotes the usual error function. After making an appropriate transfor-
mation, the integral becomes

ZAW o0
Jnn(A) = ﬂ/o erf’"(s)s”_le_Azszds
2

In [60, Section 2, Chapter 2], Wong derives an asymptotic expansion of a similar
integral; our derivations are based on his method.

As s varies from 0 to 0o, erf (s) increases monotonically from O to 1. So, for m large
almost all the mass of the integrand is concentrated at co. We make the substitution
e~ ! = erf(s) to bring the integral to the form:

A" [
Inn(A) = *f(n) KO g (pyn=Tlo=m+Dt g (C.21)
2

where K = 1—AZand s(t) = erf ! (e~"). Due to monotonicity of erf, s (¢) is uniquely
defined for every 7. As erf varies from O to 1, ¢ varies from oo to 0. So the mass of the
transformed integrand is now concentrated around O.

We will derive the asymptotic expansion for (C.21) in three steps:
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1. First, we will derive the asymptotic expansion of eX5¢ )Zs(t)"_l.
2. Then, we will show that, for any 0 < ¢ < 1, the integral

o 2
/ eKS(l) s(t)nflef(m+l)l‘dt

c

is exponentially small.
3. Finally, we will derive the asymptotic expansion of

/° eKs(t)2S(t)nflef(erl)tdt'
0

Step 1

Lemma C.7 (see [60,Lemma 1, p.67]) For small positivet, s(t) = erf ! (e™") satisfies

log(—log(r))  log(e/+/7)
4(—log(®))  2(—log(n)

1
s()? = —log(t) — 5 log(—log(1) — log(v/7) +

<1og2(_ log(r»)
o ——————).
(log(1))2

Proof The asymptotic expansion of erf (s) at infinity is given by

f(s) ~ 1 e ! 1 n 3
er s ~ —_— — —_—— —_— — e e
JTS 252 4

" =1 —erf(s) and using Taylor’s expansion for e~ at 0, we obtain

By writing | —e™
2

o=~ (1--1 13 _
- J7s 252 a4t )

By taking logs on both sides and using the Taylor’s expansion for log(1 + x), we have

log(r) + O(1) = —s* — log(+/7) — log(s) — Xlz +0 (é) . (C.22)

The dominant terms are log(¢) and s2, hence
52 ~ —log(r), ast — OF. (C.23)
To obtain higher order approximations, we write

s(t)? = —log(t) + €1 (1)
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and substitute this into (C.22). We have

1 1
log(r) + O (1) =log(t) — €1 (1) — log(v/7) — 3 log(—1log(t)) — 3 log (1 + _6110(;20>

1

(C.24)
Note that by (C.23), as t — 07
t
) (C.25)
—log(7)
By using (C.25) in (C.24), we obtain
1
() = ) log(—log(t)) — log(v/7) + o(1). (C.26)
To obtain the following leading terms in the approximation we write
1
s2(6) = —log(1) — 7 log(~log(1)) — log(v'7) + €2(1) (C.27)

and repeat the above procedure. We substitute (C.27) into (C.22) and after a little
manipulation obtain

0() = —ex(t) — llog (1 _ llog(—log(t)) log(ym) e )
2 2 —log(t) —log(t) —log(t)
1 1 1

2 —log(t) | _ llog(—log) _ log(/m | e
2 —log(t) —log(?) —log(?)

+ O((—log(1)%)

(C.28)

Using the fact (by (C.26)) that €2() = o(1) and Taylor’s expansions for log(1 + x)
and 1/(1 — x), we obtain

o L (Lo oz !
O(t) = —ex(t) 2< 2 —log(t) +0(—log(t)))

1 1 log(— log(1))
T2 “log(r) (1 * 0( —log(1) ))

_ log(—1og(1)) 1
20 =5 Togay T (—bg(r))'

which yields

(C.29)

@ Springer



1044 C.Cartis et al.

To obtain the following leading terms in the expansion of €;(7), we use (C.29) in
(C.28) leaving the first term (—ex(¢)) as is:

_ 1 _ llog(—log(r)) log(y/7) log(—log(?))
0 =l 21°g<1 2 —logt) | —log(t) 0( (—log(1))? ))
! ! ! + O((—log(1)?)
2 —1 log(—log(t)) log(y/7) log(—log(?))
08(t) 1 Jlaces) _ g/ | o (laCleat))

Now, using Taylor’s expansions for log(1 4+ x) and 1/(1 — x), we obtain

B 1/ 1log(—log(r)) log(y/m) log®(— log(1))
0(’)__62“)_5(_5 —log)  —log(n) +0< (— log(1))? ))

R (HO(log(—log(r»»
2 —log(t) —log(z)

Hence,

o) = QECloe®) _ logle/Vm) ) (bg%—log(r)))
4(—log(t))  2(—log(?)) (—log(1))?
[m}
Corollary C.8 LetI(t) = —log(t). Then, ast — 0,
KO (g1t KIO) K2y ) 5 <1 B (n —1- K) log(l() log(eX/2m =% )
4 1(1) 1(1) (C.30)
log?(L(1))
+o(*"))
Proof From Lemma C.7 it follows that
2
Ks@? _ KI(®) K2 —K)2 K log(l(1)) B K log(e//7) log=(I(1))
e e 1(t) Vg exp ( 20 210 + 102
By using Taylor’s expansion for exp we obtain
2
Ks@? _ JKI0)(p~K/2~K/2 (| K log(l(1)) B K log(e/ /) (log (l(t))))
e e I(1) b4 ( + 20 200 (0] 102 .
(C.31)
Similarly, using Lemma C.7 and binomial expansion, for s (t)"_l, we have
pvnst ot (0 (n—1Dlog(()  (n— 1) log(y/7) (10g2(l(l))))
(@72 =102 (1 4() 20(1) O\ e
(C.32)

By multiplying the leading terms in (C.31) and (C.32), we obtain the desired result. O
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Step 2

Let 0 < ¢ < 1. We will show that, for large m,

00 —c(m+n)
/ KW g (pyn=1g=m+Di gy — 0 <ﬂ> '
C

m+n
Let erf(s) = e™". First, we establish that

there exists a positive constant A such thats(z) = erf ! (e™") < Ae " forallt € [c, 00).

(C.33)

Note that (C.33) holds if there exists an A > 0 such that erf ' (x) < Ax for all
x € [0, e~€]. To prove this, we apply the Mean Value Theorem to erf 1 over [0, x];
by the Mean Value Theorem there exists y € (0, x) such that

erf 1 (x) — erf~1(0)

= (erf ™1 (y) (C.34)
x—0

Using the following formula for the derivative of the inverse of the error function [1,
Eq. (2.4), p. 192],

(erf 1 (x)) = «/—Ee(erf_1 )?
3 ,

from (C.34), we obtain

-1
erf (X) _ ?e(el’ffl(y))z. (C35)

X

Since erf ! is an increasing function and y < x < e~ ¢, (C.35) gives

erf "1(x) < %ﬁe(erf_l (e_c))zx,

which proves (C.33).
Now, since s(#) is a monotonically decreasing function with s(c0) = 0, we have!®

K 0? < max{1, eKS(C)z}fOFI >c. (C.36)

16 Overt € [c, ), for K > 0, eK‘Y(’)Z < eK‘V(")Z and, for K < 0, eK“(’)z <.
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Using (C.33) and (C.36), we finally obtain

© Ks(1)? 1 1 1 Ks(c)? *
/ K5O g1y le= Dl g < A max{1, X507 / e~ i gy
C C

—c(m+n)
= A" max(1, K0 <

m-+n '

Step 3

Let L(A, u, z) and G (X, u, z) be defined as follows
¢
L\, pu,z)= / (= log(t))*e % dt
0
and

G, p,2) = /C 1 (—log())" log(— log(1))e~*'dt,
0

. 2 . .
where 0 < ¢ < 1. The expansion of ¢X*®"s(#)"~! in Theorem C.8 gives
/C e](s([)zs(t)n—]e—(m+l)tdt — kK2 (1 K, n_l%,m + 1)

0
kP2 (#) G (1 _ K. ”‘3% "t 1) (C.37)

n=l— -3-K
*ﬂfK/zlog(eK/zn LK)L(lfK,in 5 ,m+1>+~~~,

The following theorem provides the asymptotic expansion for L(A, i, z).

Theorem C.9 (see [60, Theorem 2, p. 70]) Let 0 < ¢ < 1 and let A and w be any real
numbers with ). > 0. We have

oo
_ 1% _
L(x, 1, 2) ~ 2" (log(2)* Z(—l)f( >r<’>(x><log(z>> ’
r=0 r
as z — oo, where T'") denotes the rth derivative of the gamma function.

In the following theorem we derive the asymptotic expansion for G (A, u, z) based
on the proof of [60, Theorem 2, p. 70].

Theorem C.10 Let 0 < ¢ < 1 and let . and p be any real numbers with & > 0. We
have

G, 1, 2) ~ 27" (log(2))" log(log(2)) Y _(=1)" (‘: ) I () log(x) "

r=0

+ 2 (log(2)" Y a7 () (log(x) ™",

r=1
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as z — 00, where

RS (u)(—l)" _
ar=-Y (" forr=1,2,.... (C.38)

i)r—i
i=0

Proof With the substitution u = zt, we obtain

G, p,z)=z2"" f ~u**l(log(z) — log(u))* log(log(z) — log(u))e “du
0

cz M
= 2 *(log(2)" / W (1 . log(”)> <log(log(z)) + log (1 _ loglw) )) e~du
0 log(z) log(z)

=z *(log(2))" (log(log(2))G1 + G2),

(C.39)

where

G = /CZ w1 (1 — —IOg(u))Me_”du
0 log(z)

cz "
Gy = f ut! (1 — M) log <1 - M) e “du. (C.40)
0 log(z) log(z)

We first derive the asymptotic expansion for G, the asymptotic expansion for G| can
then be derived in a similar manner.
Let N be an arbitrary positive integer such that N +1 > p. By Taylor’s expansion,

log()\" _ s, . (1) (log))"
(1_ log<z>> =D () <log<z>) N

log(u)\ N log(u)\"
log (1 — —log(z)> =— Z - <—log(z)) + Ro.N,

and

r=1
forall 0 < u < cz, where
| Tog(u)|NF!
|R; N| < Ci,NW(l =1,2)

for some fixed constants C1_ny, C2 y > 0. Hence,

_ log()\* ( _log(u))_ 2N (log(u)>’
(1 10g(z)> log |1 log(2) _Ear —log(z) + Ryy, (C4D
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forall 0 < u < cz, where a,’s are defined as in (C.38) and

| log(u) PN+

Ron| < Coy——5v—
[Ron| < 2V T og (@) PN

for some fixed Coy > 0. By substituting (C.41) in (C.40), we obtain

2N o
G2 =3 arllog@) ™ [ dogu))"e du+ rax.
r=1 0

where
cZ
N :/ u)”_le_uRZNdu.
0
Wong showed in [60, p. 71] that, as z — oo,
cZ
/ w* ! log()) e " du =T () + 0 (™),
0
where € € (0, 1/2). Furthermore,

CcZ
Iran| 5C2Nllog(z)|‘2N—1/ [ og(u)*M e " |du
0

o0
§C2N|10g(z)|_2N_1/ I’ og(u)*M e |du
0

It can be shown that the latter integral is bounded (see [60, Eq. (2.27), p. 71]; thus,
N = 0(log(z)_2N_1). Hence,

2N
Gy =) aT" () (log(z))”" + Olog(z) ") (C42)

r=1

In a similar manner, one can show that

N
G = Z(—U’(': )F“)(A)(log(z))—f +0(og(x)~ M. (C43)
r=0

Combining (C.39), (C.42) and (C.43), we obtain the desired result. O
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Conclusions

Imn(A) = E/0 erfm(s)s””e*Az‘szds
2

nAn o )
_ \/_ eKS(l‘) S(t)n_le_(m+l)tdt

— r@ (C.44)
. —c(m+n)
_ /A" Leks(r)zs(;)”*‘e’(mﬂ)’dt+ o<\
ré Jo men

By using Theorem C.9 and Theorem C.10 in (C.37) and substituting K = 1 — A%, we
obtain (C.11). Note thatif »r = Othenn = 1 and A = 1 and so K = 0. In this case,
eKS(’)zs(t)”_l = 1 and direct integration yields J, 1(1) = 1/(m + 1).

D The problem test set

Table 4 contains the explicit formula, domain and global minimum of the functions
used to generate the high-dimensional test set. The problem set contains 19 problems
taken from [22, 29, 51]. Problems that cannot be solved by BARON are marked with
“*’_ Problems that will not be solved by KNITRO are marked with °’.

We briefly describe the technique we adapted from Wang et al. [58] to generate
high-dimensional functions with low effective dimensionality, which was first applied
to the above test setin [9]. Let g (x) be any function from Table 4; let d, be its dimension
and let the given domain be scaled to [—1, 119 . We create a D-dimensional function
g(x) by adding D — d, fake dimensions to g(x), g(x) = g(x¥)+0-x4,41+0-xq, 42+
.-+ 4+ 0 - xp. We further rotate the function by applying a random orthogonal matrix
0 to x to obtain a non-trivial constant subspace. The final form of the function we
test is

fx) = g(Qx). (D.1)
Note that the first d, rows of @ now span the effective subspace 7 of f(x).

For each problem in the test set, we generate three functions f as defined in (D.1),
one for each D = 10, 100, 1000.
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Table 4 The problem set listed in alphabetical order

Function Domain Global minima

(1) Beale [22] x € [—4.5,4.5] gx*) =0

(2) *Branin [22] x1 € [=5, 10] g(x*) = 0.397887
x2 €[0,15]

(3) Brent [29] x € [—10, 10]? g(x*) =0

(4) °Bukin N.6 [51] x1 € [-15, =5] g(x*) =0
xp € [-3,3]

(5) *Easom [22] x € [—100, 100]2 gx®) =—1

(6) Goldstein-Price [22] x e [-2,2]? gx*) =3

(7) Hartmann 3 [22] xelo0, 13 g(x*) = —3.86278

(8) Hartmann 6 [22] x €0, 11° g(x*) = —3.32237

(9) *Levy [51] x € [—10, 1014 g(x*) =0

(10) Perm 4, 0.5 [51] x € [—4, 41 g(x*) =0

(11) Rosenbrock [51] x €[5, 10]3 g(x*) =0

(12) Shekel 5 [51] x €0, 101 g(x*) = —10.1532

(13) Shekel 7 [51] x €0, 101 g(x*) = —10.4029

(14) Shekel 10 [51] x €0, 101 g(x*) = —10.5364

(15) *Shubert [51] x € [—10, 1012 g(x*) = —186.7309

(16) Six-hump camel [51] x1 € [-3,3] g(x™) = —1.0316
xy €[-2,2]

(17) Styblinski-Tang [51] x €[5, 5]4 g(x*) = —156.664

(18) Trid [51] x € [=25,2515 g(x*) = =30

(19) Zettl [22] x €[-5,5)? g(x*) = —0.00379

E Additional numerical results

In this section we provide additional numerical results for X-REGO.

Firstly, we compare the X-REGO framework with no-embedding when setting
d = d, + 2 for the size of the random embeddings. We also consider five different
realizations of the test set (namely, a different random rotation of the effective subspace
was performed) to check the robustness of our approaches (see Figs. 5, 6, 7).

Next we compare X-REGO variants with Random Search (see Fig. 8); see our
associated comments in the penultimate paragraph of Sect. 5, just before/above Sect. 6.

Finally, Fig. 9 shows the performance profiles obtained when comparing X-REGO
variants A-REGO and N-REGO (with mKNITRO) with the case when each test
function is minimized directly in the exact embedding/effective subspace (using
mKNITRO); see our associated comments in the last paragraph of Sect. 5, just above
Sect. 6.
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G
[
no-embedding
08| _o— A-REGO 7
o6l |——N-REGO %
S I
& 0.4
0.2
0¢ & °
10° 102 10°

Fig.5 Comparison between X-REGO variants with the parameter d = de + 2 and ‘no-embedding’, using

DIRECT to solve the subproblem (RPX" ky
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D=10
T T T
J
5 i
& B .
no-embedding
—oe— A-REGO
—»— N-REGO
1 I I
104 10° 108
T T T
3 i
[ 4
1 1 |
104 10° 108
T T T
5 i
& 04 i
0.2 -
0 * 1 1 1 1 1 L
10° 10" 102 10° 104 10° 108

«

Fig.6 Comparison between X-REGO variants with the parameter d = de + 2 and ‘no-embedding’, using
BARON to solve the subproblem (RPX Ky
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D=10

%y
PO

0.8 3 n
—~ 0.6 no-embedding |
Tﬁz’ —oe— A-REGO
0.4 —%— N-REGO b
0.2 —4&— LA-REGO
’ —+#— LN-REGO
0 1 T T
100 10’ 102 108 104
D =100
1 r S S0 S P- % T O
0.8 3 .
— 06 i
S
& 04 |
0.2 g

10°

104

Fig.7 Comparison between X-REGO variants with the parameter d = de + 2 and ‘no-embedding’, using

KNITRO to solve the subproblem (RPX¥)
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b 4] L

no-embedding
—oe— A-REGO 4
—»— N-REGO
—&— LA-REGO 7
—#— LN-REGO ke

58— Random Search
P | Fi n %

108

o
). 4

08
10° 10’ 102 10°
Fig. 8 Comparison between X-REGO variants and Random Search with the parameter d = d, and ‘no-

embedding’, using KNITRO to solve the subproblem (Rlsjl’k ). Average number (averaged over the test set
of KNITRO) of function evaluations (samples) for Random Search are given as follows: 79,172 (D = 10),
83,947 (D=100) and 86,708 (D = 1000)

@ Springer



Global optimization, low effective dimension and random embeddings 1055

— — — True embedding

;; n n o1l n n o1l n n o1l PR
10° 10" 102 103 10%

0 1 1 1
10° 10" 102 103 10%
«

Fig. 9 Performance profile comparing the proposed algorithms (A-REGO and N-REGO, equipped with
mKNITRO) with the optimization of the objective directly in the effective subspace
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