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Abstract

This work presents a derivative-free trust-region method, based on finite-difference

gradient approximations, for smooth convexly constrained optimization problems.

Under reasonable assumptions, it is shown that the method needs at most O(ne~?)
function evaluations to obtain an e-approximate stationary point, where n is the
problem dimension. Therefore, the worst-case complexity bound depends only lin-
early on n. This result represents a significant improvement with respect to some
other state-of-the-art methods, and is confirmed by numerical experiments that show

the relative efficiency of the new method.
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Chapter 1

Introduction

1.1 Motivation

Many practical applications require the solution of nonlinear optimization problems

of the form
minimize  f(x)

(1.1)

subject to x € (),

where f : R” — R is a differentiable function and 2 C R" is a nonempty closed
convex set. In order to address (1.1), iterative methods are the only choice to solve
the problem efficiently, one example of which is illustrated in Figure 1.1. Those
methods start with one initial guess of the minimizer and generate a sequence of
better approximated solutions, each obtained on the basis of the previous one. To
do so, those methods need to rely on the slope of the function at those points, i.e.,
the gradient of the objective function f.

Figure 1.1: An iterative optimization method
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However, in many applications, no information is accessible about the gradient. It
is common, e.g., when function values come from computer simulations realized
through a black-box software. In such case, although the objective function is dif-
ferentiable, the only information we obtain are pairs {z, f(z)}. Typical examples
are present in aerodynamic shape optimization [1], optimization of cardiovascular
geometries [2, 3] or tuning of algorithmic parameters [4]. Therefore, in order to
minimize f in such scenarios, we need methods that rely only on the function val-
ues f(x). The field of optimization using such methods is called Derivative-Free
Optimization (DFO).

1.2 Historical Overview

As mentioned in [5], the application of DFO methods to deterministic problems can
be separated in several classes. For each of these, we can use local DFO methods
which, in the best case, can guarantee the convergence to a local stationary point of
f. Regarding global stationary points, deterministic DFO methods able to generate

a global minimizer for general nonconvex functions do not exist.

Nowadays, the set of local DFO methods can be divided in three main classes: direct-
search methods, model-based trust-region methods, and finite-difference based meth-
ods. The first two, i.e., direct-search and model-based trust-region, do not rely on
approximated gradients of f, while the class of finite-difference based methods does.
All three of them are derivative-free methods that can be used to solve (1.1). In
Section 1.2.1, we review the class of direct-search methods, while in Section 1.2.2 we
mention the class of model-based trust-region methods. Then, Section 1.2.3 deals
with finite-difference based methods. Finally, in Section 1.2.4, we briefly cite some

randomized methods used in DFO.

1.2.1 Direct-Search Methods

Direct-search methods are often used in practice. They try several points located
along specific directions around the current iterate, looking for one where the func-
tion value is lower than that at the current point. As mentioned by Nocedal and J.
Wright [6], if such point is obtained, we take it as the new iterate and repeat the
process, possibly with a new set of directions to explore. If no satisfying point is

discovered, then we reduce the step length and possibly adjust the directions.

In this class, one efficient strategy is proposed by pattern-search methods. At the
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current iteration, those methods create a set of orthogonal directions of a given
size. Therefore, the current iterate xzy is framed by candidate points, with potential
lower function values, that will be evaluated. If one of them has a function value
significantly lower than that of the current point, we set it as the new iterate and
the frame will be centered at this new point. At each iteration, the set of directions
and the size of those directions can be adapted. If no point produces a sufficient
decrease, then we set x;.1 = x, and the size of the frame is reduced. Figure 1.2
illustrates this method. The current point is assigned to the red dot, while the next

iterate is in blue.

Figure 1.2: A direct-search method
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Although direct-search methods can produce relatively good results by using func-
tion evaluations, it could be more relevant to make a different use of those values,

with the aim of obtaining more ambitious results.

1.2.2 Model-Based Trust-Region Methods

Instead of using only function evaluations, another approach in DFO is to build a
model my, around the current iterate. This approach allows to have a good approx-
imation of the shape of f around f(x). Currently, to approximate the objective
function properly at a current point and get a good new iterate, quadratic models
are presented as one of the most efficient ways to choose. They have been used for
several decades and are still of interest. However, those models are based on Taylor
developments and therefore rely on the gradient of f. Thus, one could decide to
build the derivative-free quadratic model m, as an interpolation model, based on
several well chosen points. Such methods are called Model-Based and have also been
used for a long time. Very recently [7], Hough and Roberts implemented a model-
based trust-region method for convexly constrained problems. They prove the global
convergence and provide a worst-case complexity of O(n3¢72) and O(n’e~?) func-
tion evaluations, for linear and composite linear interpolation models, respectively,
in order to reach some e-approximate stationary point. In case of unconstrained
problems, Garmanjani, Judice and Vicente [8] derived a bound of O(n%c~?) function
evaluations for model-based trust-region methods, in 2016. In practice, model-based
methods are applied with a trust-region method, as the objective function can po-
tentially be nonconvex. A nonconvex function could locally lead to a nonconvex
quadratic model, which has no minimizer if there is no constraint on the minimiza-
tion of my. Therefore, working through a trust-region method would allow to add

restrictions to this minimization and give rise to a solution.

The first person to propose a derivative-free trust-region method was D. Winfield [9,
10]. In [10], he presents a quadratic model-based method obtained by interpolation
of points, for which the model is minimized over a "constraining region of validity
to locate the next trial point", as he says. This DFO method was the first in which
the concept of a trust-region was mentioned. For the general construction of the

model, let us consider the set of points

Y ={y,12,....y,} with y,€Q, i=1,..4q,
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for some ¢ > 1. Then, we can build the quadratic model

mald) = J(@) + g d) + 5{Bud. ),

where g, and By are approximations of V f(x;) and V?2f(zy), respectively. Both

have to be determined such that the interpolation conditions are satisfied, i.e.,

me(y:) = fyi), i=1,..q.

Moreover, the model m;, should also represent sufficiently well f in a fully-linear
sense [5]. A function m : R® — R is said to be a s-fully linear model of f on
Bl Ax) = {y = [lox —yll < Ax} i

|f (21 4+ d) — mp(d)] < kep AR,  Vd € B(0; Ay),
IVf(zr +d) — Vmi(d)|| < kegAr, Vd e B(0;Ay),

for some Kk = (Kef, keg). Those conditions being satisfied, we then need to solve the

sub-problem .

st ||l < Ay

To judge the quality of the approximate solution obtained dj, we use a condition
expressed as (1.2), where n € (0,1). The ratio py represents the decrease occurred in
the objective function, with respect to the decrease produced in the model. If (1.2)
holds, then we say that the iteration is successful and set xyy; = x; + di. In such
case, there is a good match between m; and f in the sense that, inside the trust-
region, my, is a good approximation of f. Therefore, it could be good to increase the
trust-region radius for the next iterate. Otherwise, if pr < 1, then we should shrink
the radius or update the set Y to find another approximate solution dj, which should
produce a higher ratio p,. Figure 1.3 illustrates a trust-region step. It shows that
the minimization of the model should be supported by a constraint, saying inside

which region we should trust my as a good approximation of the objective function

f.

. f(zy) = [ + di)

> 7. (1.2)
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Figure 1.3: A trust-region step

This second class we have just presented has been widely used for the last decades
in DFO, mostly because of his low usage of function evaluations required at each
iteration. It is the main reason why finite-difference based methods have been almost
neglected during this time, as it can be expensive to approximate the gradient at
each iteration, especially for large-scale problems. However, this last main class
of DFO methods, which is presented in the following section, has recently become
very active and recent papers show remarkable results. This lets know that DFO

methods based on finite-differences deserve further examinations.

1.2.3 Finite-Difference Based Methods

This last main class of DFO methods does rely on approximated gradients. The idea
is to estimate sufficiently well the gradient of f around the current point, in order
to replace it inside a derivative-based model my. Therefore, the method builds a
model based on approximated gradients by means of finite-differences. Very recently
[11], Shi et al. demonstrated encouraging empirical results, where they show that
derivative-free methods based on finite-differences are able to be competitive with
respect to other state-of-the-art DFO methods, and here we review the foundations

of finite-difference based methods.

There exist three main ways to compute the j”* component of V f(z;) by means of

a finite-difference:
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Forward Finite-Difference (FFD)

f(xr + hej) — f(wg)
h )

[V f(xn)l; =~ (9] =

Backward Finite-Difference (BFD)

[V f(z)l; =~ [g]; =

and Central Finite-Difference (CFD)

f(xr + hej) — f(xg — hey)

[V f(xx)l; =~ (9] = o

(b) BED

(c) CFD

Figure 1.4: Different Finite-Differences

Although it is common to build the vector g € R™ using a same type of finite-
difference for all its components, there exist situations where we should use a combi-
nation of them. Indeed, if function evaluations are not available in forward direction

for some components, it could be relevant to choose a BFD for these, while a FFD

7
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could be used for the other components of gp. However, although the three ways
were available at the current iterate, one could find more accurate to use one of the
three, rather than others. Indeed, Figure 1.4 gives the geometric interpretation of
the three approximations, showing all approximations can not be of same accuracy

around a same point of f.

Moreover, whatever the approximation chosen, the size of h will be of real matter. It
should not be too large, otherwise the approximation will be poor, but it should also
not be too small, as it could lead to poor approximations as well, due to important
numerical errors. Those two problems are common in numerical methods when
approximating a derivative and lead us to the two types of errors that can occur,
namely, the truncation error, F;, and the round-off error, F,. Here, we illustrate

both of them using a FFD approximation for the j* component of V f(z).

Assuming exact function evaluations, the truncation error Ej; is the difference be-
tween the derivative and its finite-difference approximation. By the mean value
theorem, there exists some 6 € (0, 1) such that

Vi)l = flo+ he}i) —flz) ;La f(lfa;éhej)

Defining C' as a bound on the second-order derivative, we get

h
|E| < 50-

Therefore, the truncation error depends linearly to A and the approximation will be
poor if h is too large. However, we should also consider inexact function evaluations,
which can occur due to a limited number of digits available when evaluating f.
Assuming the error generated is bounded by some ¢, the absolute value of the
round-off error is expressed as

2¢
Er<77
<

because of the term
f(x + hej) — f(x)
h )

which now contains inexact function values. This time, the resulting error depends

inversely on h. Indeed, for too small values of h, subtraction of similar numbers can
appear. This operation can be badly evaluated because of the limited number of

digits available in each term, and imply a huge error. Finally, the total error can be

8
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bounded by
2¢ h

El < —+ =C.

Bl < 5+ 5

Those two different dependencies on h imply there exists some trade-off between
both sources of errors, as shown in Figure 1.5. This optimal value can be obtained

by equalizing the derivative of |E| with respect to h to 0.

Errors

Figure 1.5: Truncation and round-off errors

Managing these errors, added to the cost of evaluations required to produce finite-
differences, were the principal reasons why this last main class of DFO methods
was neglected. However, the recent empirical experiments of Shi et al. [11] and
the quadratic regularization method proposed by Grapiglia [12] prove there exist
ways to tackle the common problems occurring in finite-difference based methods,
especially concerning the number of function evaluations, which is one of the main

subjects of this thesis.

1.2.4 Randomized Methods

Randomized methods usually have interesting theoretical properties and are used in
practice for large-scale problems. They have the particularity to potentially reach
the global minimum of an objective function containing several local minima. Two
classical random search methods can be cited, as pure random search, whose global
convergence is discussed by Zhigljavsky [13], and Nesterov random search [14]. How-

ever, randomized versions of the precedent classes of DFO methods also exist and
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can be used for solving deterministic problems, as randomized direct-search methods
[15] or randomized trust-region methods [16]. However, we focus on deterministic
methods for solving deterministic problems, therefore we will not go further on ran-
domized methods in this work. Nevertheless, the class of meta-heuristics methods is
also of interest. Genetic algorithms and simulated annealing are popular heuristics

methods in DFO, and are generally used in practice for stochastic versions of (1.1).

1.3 Contribution of this Work

In this thesis, we developed a derivative-free trust-region method, based on finite-
difference gradient approximations, for smooth convexly constrained optimization
problems. Our algorithm generates a sequence of sub-problems for which a quadratic
model of the objective function is obtained around the current point. Here, this
model relies on approximated gradients of the objective function, which is obtained
using forward or backward finite-differences, while the Hessian is approximated
and updated by the Broyden-Fletcher-Goldfarb-Shanno (BFGS) formula. Once the
model is built, the solution of each sub-problem is approximately computed inside
a region where we trust the model, in other words the trust-region, by means of an

inner solver.

In Chapter 2, we present the classes of DFO algorithms that built our new method
and mention the two main papers on which this work is based. By combining
the hypotheses used in [17] by Karas et al. and the technique chosen in [12] by
Grapiglia, we obtain the theoretical foundations required to prove the efficiency
of the new method. Chapter 3 presents TRFD, the new method we have devel-
oped. First, it is presented for general nonempty closed convex sets, where function
evaluations can be computed outside the domain, before presenting the particular
bound constraints case, for which no function evaluation is allowed outside the fea-
sible set. The latter case imposes to compute the gradient approximation using
either a forward or backward finite-difference for each component of the vector. The
choice depends on whether function evaluations are available in forward or back-
ward directions. Moreover, for both variants of TRFD, a theoretical analysis is
provided and demonstrates the efficiency of both versions to find an e-approximate
stationary point, using O(ne~?) function evaluations. To our knowledge, TRFD
is the first derivative-free trust-region method producing a linear dependence to n

for smooth convexly constrained problems. Finally, Chapter 4 gives some numeri-

10
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cal results for the application of the new method. Two implementations of TRFD
are provided. One is applied to benchmark problems, while the other is used for a
box-constrained problem. Results for the benchmark problems are based on 102 dif-
ferent unconstrained problems provided by Andrei [18]. The figures shown are data
profiles, which are a specific way to show the efficiency of a method as a cumulative
function of two characteristics: the percentage of problems solved, with respect to
the number of function evaluations needed to solve them. Therefore, data profiles
are provided and show the competitiveness of TRFD. The comparison is done with
respect to DFQRM, which is the method proposed by Grapiglia in [12]. Regarding
the results from the box-constrained case, they illustrate the application of the new
method to a SIR model problem. Given a synthetic data set, the purpose of the
application is to recover the optimal parameters § and + producing the best approx-
imation curves of the dynamical system. In this application, we show the relative
competition between TRFD and the FMINCON Matlab function.

11






Chapter 2
Background

In this chapter, we describe in details the DFO methods related to our work. Section
2.1 deals with derivative-based trust-region methods. Section 2.2 presents a general
derivative-free trust-region method for convexly constrained problems, while Sec-
tion 2.3 describes a derivative-free quadratic regularization method based on finite-
difference gradient approximations. Finally, 2.4 introduces the novelty presented in

this work.

2.1 Derivative-Based Trust-Region Methods

2.1.1 Unconstrained Problems

If the gradient of f is available, then derivative-based models such as those built on
Taylor developments should be used. In the k™ iteration, an efficient way to compute
the step dp = w1 — xk is to have a quadratic model my around the current iterate
x,. Moreover, as mentioned before, a good practice would be to work through a
trust-region method. In case of derivative-based trust-region methods, the model

my, 1s defined as
mi(d) = Flax) + (Y (ee).d) + 3 (T ee)d, d),

where V f(zy) is the gradient of the objective function, and V2 f(x},) is its Hessian,

both evaluated at the current point x;. Once the method is built, we must solve

13
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the derivative-based trust-region sub-problem expressed as

win mn(d) = f (o) + (T (we),d) + 5V @),
st ||d|l < A,

(2.1)

in order to obtain the solution di. Such direction dy may be any approximate
solution of (2.1), as long as it produces a sufficient decrease in the model, in the

sense of

: [V (0)]
my(0) — my(di) > c1||Vmy(0)|| min { 1+ [V2ma (0] Ak} ,
for some constant ¢;. Moreover, dj should also satisfy condition (1.2), stated in
Section 1.2.2 for model-based trust-region methods. If the decrease occurred by
d implies pr > 7, it means there is a good match between the model and the
objective function inside the trust-region. Therefore, it should be safe and a good
idea to extend the size of the trust-region for the next iteration [6]. In case that
the decrease is not sufficient, we reduce the size of the trust-region and reiterate the

sub-problem.

In order to solve sub-problem (2.1), several approaches exist. One classical way to
solve it approximately is by means of the Cauchy point, i.e., the minimizer of my
lying on the steepest descent —gy, constrained to the trust-region radius. However,
we can be more ambitious and obtain a better approximation. Here, we mention the
Newton method, which is an iterative process trying to approach the exact solution
of (2.1). Tt is based on the idea that the solution can be obtained by adding a
multiple of the identity to the Hessian of the model. Indeed, in Theorem 2.1.1, it is
claimed that the solution dj of (2.1) satisfies the equality

(V2 f (k) + M)dy = =V f(21),

for some A > 0 and positive semi-definite matrix (V2 f(z;) + AI). A formal proof is
given by Nocedal and Wright [6].

Theorem 2.1.1. The vector dy, is a global solution of the trust-region sub-problem

in m(d) = S (o) + (T (we).d) + 5V ). 0
st |||l < A,

14



2.1. Derivative-Based Trust-Region Methods

if and only if dy is feasible and there is a scalar X > 0 such that the following

conditions are satisfied:

(V2 f(zp) + N dy, = =V f (x1), (2.2)
AAy = [ldxl) =0, (2.3)
(V2f(zx) + M) s positive semi-definite. (2.4)

Equation (2.3) is an additional condition. It states that the solution dj lies either
inside, or strictly on the radius Ag. On one hand, if the solution lies inside the

trust-region, then

dy = =V f () V f (), (2.5)

and A\ = 0, since ||dg|| < Ag. On the other hand, if the solution is strictly localized
on the radius, then the point d = —V2f(z;,) 'V f(x;) lies outside the trust-region.
In such case, ||dx|| = Ar and A must take some positive value to satisfy (2.2).
Therefore, the idea is to use an iterative method to find such A > 0 for a solution dj,
whose norm is equal to the trust-region radius. Actually, the method is only used
for A > 0, as the case A = 0 corresponds to the first scenario (2.5), for which the
solution dy, is already known. Therefore, for A > 0, as explained in [6], we define the

function

d(N) = —(V?f(xx) + M) 7'V f(2),

for A sufficiently large so that V2f(zx) + Al = 0, and seek a value A\, > 0 such that

JdOI| = A (2.6)

(Il

A, AL A
Figure 2.1: ||d()\)|| (inspired from [6])

15



Chapter 2. Background

For this purpose, let A\; < Ay < ... < ), be the eigenvalues of the matrix V2 f(z)
and @ be the orthogonal matrix composed of the eigenvectors of V2f(z;). Thanks
to the eigendecomposition of the matrix, the following expression can be obtained,
n T
2 (47 9)
ldIF ="~ (2.7)
where g; is the j eigenvector of V2 f (). Equation (2.7) tells us that, for A > —\;,
||d(N\)]| is a positive non-increasing function. Therefore, as shown on Figure 2.1, we

can reach some value A, such that ||d(\.)|| = Ay on the interval A € (—\;, 00).

Solving equation (2.6) is equivalent to finding the root of the function
¢1(A) = [dN)]| = Ax = 0. (2.8)

However, we see that some troubles can appear when A is greater but close to
—A1. Therefore, another expression for solving (2.8) is preferred, e.g., as dividing

by ||d(N)|| Ak, which gives the following expression

1 1

2N =R Jaor =

which makes ¢(A) almost linear near of —\;. Then, in order to find the root of the

latter function, Newton-Raphson’s method can be applied to ¢9()\), which gives

AD
AFD — \O ZZEW;' (2.9)

By some manipulations based on (2.9), an iterative algorithm can be implemented
as proposed in Algorithm 2.1. However, we should be careful with this method.
During the iterations, we can reach values of A for which the matrix V2 f(xy)+ A is
not positive semi-definite. This implies that it can not be factorized as the product
RRT | which is required in the following algorithm. That is why safeties are taken in
Step 0 and Step 1, as proposed by Conn et al. [19], with lower and higher bounds on
A, denoted as AL and AV respectively, in which we denote V f(z) by v and V2f(zy)

by H for clarity in the expressions.

/\L — max {0, —IIliIl {HM} y ”AUH — min {max {Hl,l + Z ‘Hl,]’} 5 ||HHF7 ||HHOO}} s
(] k (]

J#i

16



2.1. Derivative-Based Trust-Region Methods

A\ = max {0, ”AU“ + min {max {_HM + Z |H”\} H || F, HHHOO}} )
k’ 3

JF

Algorithm 2.1 Inner-Solver (Newton Method)

Step 0 Set Ag > 0, A@ € (A, \V) and i := 0.

Step 1 If A®) > max{0, —\,}, factorize
V2 f(x) + AT = R"R,

and solve

R"Rp; = =V f (), R"q; = p;.

Step 2 Set

2
, , , 11— A
[eal Ay,

Step 3 Set ¢ :=1+ 1 and go to Step 1.

Typically, only four or five iterations are needed in practice to get A(T1 = X\
and to stop the solver. This algorithm is an inner-solver that enables to solve the
sub-problem (2.1), and is the one we chose in our new method, when applied to

unconstrained problems.

2.1.2 Convexly Constrained Problems

In the specific case of derivative-based trust-region methods constrained to convex
domains, a new constraint is added to the derivative-based trust-region sub-problem

(2.1), which now takes the following form

i m(d) = Fa) + (V). d) + 3 (9 F(w)d, d)
st ||d|l < A,
T+ d € €.

17



Chapter 2. Background

Consequently, a new inner-solver is required, but above all a new criticality measure
is needed to minimize f inside the convex domain 2. As shown in [19], we can define
the measure

x(z) = | min (Vf(z),d)|, (2.10)

x+deQ
lldll<1

which represents the norm of the negative gradient when d can be in the opposite
direction of the gradient. Of course, in the unconstrained case, definition (2.10)

corresponds to the intuitive criticality measure

x(@) = [V ()] (2.11)

However, (2.10) is not the only way to define the stationarity of x. Indeed, still in

the case of convexly constrained problems, it can be good to reformulate (2.10) as
x(@) = |lz = Pa(z = Vf(2))|. (2.12)

This new definition has the advantage to conserve the continuity of y and to still
preserve a geometric interpretation. Indeed, if the point x — V f(x) had to belong
to Q, then we would find (2.11). If not, then (2.12) would represent the distance
between x and Po(z — V f(z)), the latter lying on the boundary of €.

This last section about derivative-based optimization introduces now to derivative-
free optimization, for which we highlight the two main papers that inspired this

work.

2.2 Derivative-Free Trust-Region Methods

In [17], Karas et al. propose a general derivative-free trust-region algorithm for

minimizing a smooth function within a closed convex set €2

min  f(z)
g (2.13)
st. z e

The method generates a sequence of approximated solutions of quadratic constrained

18



2.2. Derivative-Free Trust-Region Methods

sub-problems
min () = (eg) + {grod) + 5 (Bud, d)
st. |l < A (2.14)
rE+d e,

where gy is an approximation to V f(z;,) and By is an approximation to V2f(x). In
order to prove the global convergence of the general method, they make the following

assumptions.

A1 The gradient of f is L-Lipschitz continuous, i.e.,
IVfy) = V@) <Llly—=| Vzye.

A2 There exists fiow € R such that f(x) > fiow VYa €.
A3 There exists a constant co > 0 such that

A4 The matrices By, are uniformly bounded, that is, there exists a constant M such

that | Bel| < M Vk > 1.

Moreover, they assume that the approximate solution dj, of (2.14) satisfies the fol-

lowing sufficient decrease condition

. Tk
Cm(d) > Tk A 2.1
mg(0) — my(dy) > c1mg mln{1 0 k} : (2.16)

where ¢; is a constant independent of k, and 7, is a stationarity measure defined as
T = ||z — Pa(xr — g) |-

The approximate solution d; can be computed by means of any inner-solver, as Al-
gorithm 2.2 which is a revisited version of the FISTA algorithm, see Section 5 in [7].
It allows to minimize approximately the model my, constrained to the intersection
of convex domains, using Dijkstra’s algorithm for the projections. Therefore, this
inner-solver allows to solve a sequence of sub-problems such as (2.14), and is the
one we use in the application of our new method to a box-constrained problem in

Section 4.2, in which the stopping conditions are also mentioned.
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Algorithm 2.2 Inner-Solver (Revisited FISTA)

Step 0 Given convex set 2 C R”, starting point zy € 2, model gradient gy,
approximated Hessian By, and trust-region radius Ag. Set yo = x¢, L = || Byl
if B, # 0 (or L = 1 otherwise), and ¢, = 1.

Step 1.1 Set j := 0.

Step 1.2 Project the gradient step onto D = C' N B(xg, Ag), set
zj41 = Pp(y; — 19;) and go to Step 1.3.

Step 1.3 If the stopping conditions are satisfied, then return the step (x;11—x;).

Otherwise, set tj1 = (14 /1 +4t3)/2, yj11 = zj41 + (Z—:)(xjﬂ —xj),
gj+1 = 9; + Be(yj+1 — y;) and go to Step 2.

Step 2 Set 7 :=j + 1 and go to Step 1.2.

Then, the general algorithm proposed by Karas et al. to solve problem (2.13), by

means of any inner-solver satisfying (2.16), is the following.

Algorithm 2.3 General Derivative-Free Trust-Region

Step 0 Given 27 € Q, a >0, A; >0, n € (0,1), set k= 1.

Step 1.1 Construct the model my(d).

Step 1.2 If Ay < amg, go to Step 2. Otherwise, set Ay = %, d; = 0 and go
to Step 3.

Step 2 Find an approximate solution dj of (2.14). If py = %m >,

set Apr1 = Ay and go to Step 3. Otherwise, set Ay = 5, dp = 0 and go to
Step 3.

Step 3 Set 11 = +di, k =k + 1 and go to Step 1.1.

Remarks: The parameter « is arbitrary and allows to balance the magnitude of m,

depending on the problem. Moreover, if A is large, then the model may possibly
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2.3. A Derivative-Free Quadratic Regularization Method

not be a good approximation of the objective function, that is why they shrink the
trust-region radius in Step 1.2 if the condition is not satisfied. Based on hypotheses
A1, A2, A3 and A4, the global convergence of this general algorithm is stated in
Theorem 2.2.1 and proved in detail by Karas et al. in [17].

Theorem 2.2.1. Suppose that Hypotheses A1 to A4 hold. Then,

kh_}rgo |zx — Palzr — Vf(xr))| = 0.

In their paper, the equation we are most interested is (2.15) in hypothesis A3.
Satisfying such condition means that the approximated gradient g, must represent
sufficiently well the gradient of the objective function V f(zy), which will be a key
property of the new method.

2.3 A Derivative-Free Quadratic Regularization
Method

In [12], Grapiglia proposes a derivative-free quadratic regularization method with
finite-difference gradient approximations for smooth unconstrained problems

min  f(x).

TER™

The method generates a sequence of approximated solutions for quadratic uncon-

strained sub-problems

1

. g
min - m,,(y) = f(z) + {9,y — ) + (Bly — 2),y — x) + Slly — 2|,
yeR 2 2

subject to some acceptance conditions. g € R" is an approximation to the gradient,
B € R™" is a symmetric positive semidefinite and ¢ > 0 is the regularization
parameter. To demonstrate the efficiency of the method, assumptions A1, A2 and

A4 were stated, with 2 = R". The following algorithm is proposed in the paper.
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Algorithm 2.3 DFQRM

Step 0 Given z; € R", a symmetric positive semi-definite matrix B; € R™"*",
01> Omin > 0,6 >0, and 0 € [0,1), set k= 1.

Step 1. Set i := 0.

Step 1.1 For
2
hii = rre

—_— 2.17
’ 5(2iay)\/n’ ( )
compute gi,; € R" by

Tp+h i€i) — J& .
9kl = f@ khk]) / k), j=1,..,n.

)

Step 1.2 If

go to Step 1.3. Otherwise, set ¢ :== ¢+ 1 and go to Step 1.1.

Step 1.3 Consider the quadratic model
1 2i0k 2
My, 260, (Y) = f(21) + (Grir Y — 1) + §<Bk(y —Tg),y — xp) + TH?J — x5,
and compute an approximate solution x,jz of the sub-problem

;IGIIIRI}L ml'k,QiO'k (y)7

such that
Mooy (55) < Flan) and [V, s, (0] < 0200 i, — 2l

Step 1.4 If

1-0)(2
o) — flagy) = L2 0EN
holds, set iy, = 7, gx = gx,;, and go to Step 2. Otherwise, set ¢ := ¢+ 1 and go to
Step 1.1.

szz _l"k“2

Step 2 Set 711 = x,';ik, opr1 = max {2% 1oy, opmin}, choose a symmetric posi-
tive semi-definite matrix By, € R™™ ", set k =k + 1, and go to Step 1.
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Under the hypotheses mentioned, it is shown by Theorem 2.3.1 that the proposed
method needs at most O(ne™?) function evaluations to reach an e-approximate

solution for nonconvex problems. The formal proof is provided in [12].

Theorem 2.3.1. Suppose that A1, A2 and A4 hold. Let T(e) be the first iteration
index such that ||V f(xre)+1)|| < € and let FE(e) be the total number of function
evaluations performed by Algorithm 2.3 up to the T(e)™ iteration. Then,

FE(e) < O(ne™?). (2.18)

The main technique comes from the use of y/n in (2.17), which at the end avoids
the number of function evaluations F'E(e) to depend quadratically on the problem
dimension n. The worst-case complexity (2.18) is the best bound obtained up to
now in the literature for deterministic DFO methods applied to smooth nonconvex

unconstrained optimization problems with exact function values.

2.4 A New Derivative-Free Trust-Region Method

In this work, we bring a contribution to ideas from both articles [17] and [12]. In
[17], the construction of the gradient approximation was not discussed by Karas et
al., while here we will explicitly impose all components to follow a finite-difference
approximation. Furthermore, in [17], the asymptotic global convergence to a sta-
tionary point is obtained, but nothing has been said on the maximum number of
iterations and function evaluations needed to reach an e-approximate stationary
point. The theoretical analyses needed to obtain those bounds are presented in this
master thesis, based on the theoretical developments proposed in both papers [17]
and [12].

For the new method, we use finite-differences based on the idea (2.17) proposed by
Grapiglia, combined with A1l in order to recover A3 used in [17]. As the other
hypotheses of the latter paper will be also satisfied, the new method is globally
convergent too. Therefore, by imposing a wise condition on h, we recover condition
(2.15) that was needed for Karas et al. to prove the global convergence of trust-
region methods for convexly constrained problems. As a result, this combination
generates a new derivative-free trust-region method, globally convergent, based on
finite-difference gradient approximations, subject to a closed nonempty convex set.

The use of inequality (2.15) is the foundation allowing to exploit the theoretical
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analysis of the new method. For the first time, a derivative-free trust-region method

is built based on finite-difference gradient approximations.
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Chapter 3

The New Method

This chapter presents the new method. Section 3.1 starts with the assumptions of
our work, while Section 3.2 gives some definitions and includes the auxiliary results.
Then, we present a theoretical analysis of the new method, for which two cases are
considered. The first one is mentioned in Section 3.3, in which we deal with general
convex domains where function values can be computed outside the feasible set. Its
worst-case complexity is presented in Section 3.4. Then, the second case is shown
in Section 3.5. It is a particular problem for which variables are bounded, as in a

box, and where no function evaluation is allowed out of it.

3.1 Assumptions

Now, we consider assumptions Al, A2 and (2.16).

3.2 Notations and Auxiliary Results

The aim is to solve smooth convexly constrained problems of the form

i f(@) (3.1)
s.t. x e,

by means of a derivative-free trust-region method, based on finite-difference gradient
approximations. Given z € (), we define respectively the quadratic model around =,

the stationarity measure at x, the ratio of decrease in f with respect to the model
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Chapter 3. The New Method

decrease, the trust-region radius around x and some number 7 as:

m(d) = f(2) + (g.d) + (B, d)

mi= |z = Pa(z = g)l;

@) - fe+d)
m(0) —m(d) ’

A >0,
n € (0,1),

where g € R" is the finite-difference gradient approximation to Vf(x) and B €
R™™ is a symmetric matrix. In the first place, general convex sets are considered
with function evaluations allowed outside of the feasible set. Therefore, there is no
specific restriction on g and one could decide to use a FFD to build it. However, it
should still satisfy (2.15), which is not an assumption here, but an implication of the

construction of the new method. The first Lemma recovers this latter inequality.

Lemma 3.2.1. Suppose that A1 holds. Given x € Q and h > 0, let ¢ € R™ be

d db
chimed by f(z+ hej) — f(x)

g = : =1, .0 (3.2)
with A
£
h=min{—,— . :
0< mln{\/ﬁ,\/ﬁ} (3.3)
Then,
L
V(@) — gl < 2o (3.4
Proof. By A1, (3.2) and (3.3),
L L
IVf) - gl < YoEn < a

]

The next Lemma proves that if the trust-region radius is sufficiently small, then the

iteration is successful and the stationarity measure can be bounded from below.
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Lemma 3.2.2. Assume that
|z — Po(z — Vf(2))|| > ¢,

for some € € (0, 1), and

. [2 1 a(l—mn) e
A< -l : -, 3.5
—mm{L 1+ B[’ L+ [B]/2] 2 (3:5)

Then,

p=n and m=>

DO ™

Proof. By triangle inequality, the contraction property of projections and Lemma

3.2.1,

|z — Po(z — Vf(2)| < llz — Pa(z — g)|| + [|[Pa(z — g) — Pa(z — Vf(2))||
<m+[|Vf(z) =gl

L
< —A.
ST+ 5
Since € < [z — Po(z — Vf(z))| and A < 7, we have

T2

DO ™

Using (2.16), A1 and Lemma 3.2.1,

1—p=

fz+d) = f(2) = (Vf(@),d) + (Vf(2),d) = (g,d) — $(Bd,d)
cmmin{ﬁ,A}
F(a+d) = f(x) = (VF(),d)| + [(Vf(x),d) — (g,d)| +|5(Bd. d)
clwmin{ﬁ,A}
Ll|dI? + 1V £ (=) = glllldll + 311 BIllId]I*
clﬂmin{m,A}
LA? 4+ LA? 4+ IBIA?
clﬂmin{ A}

_m
L+ B

27



Chapter 3. The New Method

(L + 1ZhA

ey min {5 Af

By (3.5), we get

€
A< .
2(1+1Bl)
Therefore,
L+ 1Bha
Lo 1)
615
Moreover by (3.5), we also have
ci(l—mn) €
— (L+Bll/2)2
Then,
l—p<1-n
p =1

]

Let us consider now the following algorithm, which is the new method, TRFD,

applied for general convex sets.
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3.3 Algorithm

Algorithm 3.1 TRFD for general convex sets

Step 0 Given 27 € Q, ¢ € (0,1), Ay > 0, Apae > A1, n € (0,1), By € R™™

symmetric, set k = 1.

Step 1.1 Set i := 0.

Step 1.2 For h; == min {%, (O'f}%Ak }, compute g,(f) such that

IV (@) — o) < 5 v 3.6

Step 1.3 If 77,(;) = ||zx — Polzr — g,(f))H > ¢/2, then go to Step 2.1. Otherwise,
set © =1+ 1 and go to Step 1.2.

Step 2.1 Compute d,(f) solving approximately the trust-region sub-problem

. i 1
min  mi(d) = f(wr) + {9, d) + 5(Bed, d)
st. |d|| < (0.5)°Ay

; —f(xp+d? . : i i
Step 2.2 If pg) = S entd, ) Hilf) ) > n, then set iy, = 7, pp = p,(c’“), T = 7r,(€’“),
my(0)—my(d,”)

gL = g,(:’“), d, = d,(f") and go to Step 3. Otherwise, set i := ¢ + 1 and go to Step
1.2.

Step 3 Set L1 = Tk + dk, Ak+1 = min{(O.S)ik_lAk,Amax}, Bk+1 e R™n"
symmetric, k:=k + 1 and go to Step 1.1.

Remark: one way to compute the approximated gradient gy is to produce a forward

finite-difference at each component, i.e.,

oy = LR @) 5y

but other computations are possible, as long as g, satisfies inequality (3.6) in Step
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1.2. Now, let us consider the additional assumption A4. With this assumption, the

next Lemma gives upper and lower bounds on Ay.

Lemma 3.3.1. Suppose that A1 and A4 hold. Given e € (0, 1), let {Ax} be gener-
ated by TRFD. Then,

7e <A < Apaw V> 1, (3.7)

where T is a constant defined as

. 2 1 a(l-ml1
min {4A1> Lo T4M° LiM/2 f 2

2

T =

Proof. Let us work through an induction argument. Clearly, (3.7) is true for k = 1.
Now let us suppose it is true for some k£ > 1. By Step 3 of the new algorithm, we

have

Appr = min {(0.5)" 7 Ap, Ay b < Ao

Now it remains to show that
A1 = min {(0.5)1"“*1 Ay, Amax} > TE.

In the case where

Ak+1 = Amaza

then
Ak+1 > Ay > Te.

For the other case, we need to consider two cases when
A1 = (0.5)% 1A,

If i = 0, then
Ak+1 =2A, > A > TE.

For 7, > 1, let us suppose by contradiction that
Aps1 = (0.5)% 1A, < 7¢,

is true. By Lemma 3.2.2, this would mean that at iteration k, the first index allowing

p,(f) > n was ¢ = i, — 1, which contradicts the optimality of 7;, as it would lead to
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i, = 1 — 1. Therefore,

Ak+1 2 TE.

So (3.7) holds for k + 1, which completes the induction argument. O

3.4 Worst-Case Complexity Analysis

The next Theorem gives a worst-case complexity on the number of iterations needed

by TRFD before reaching an e-approximate stationary point.

Theorem 3.4.1. Suppose that A1, A2, (2.16) and A4 hold. Given ¢ € (0,1), let
{x}]_, be generated by TRFD such that

|zx — Pa(zy — Vf(zp))| > k=1,..T.

Then,
T <0(7?).

Proof. Using (2.16), Step 1.3 of Algorithm 3.1, Lemma 3.3.1 and A2, we get

f(xl) - flow Z f

—~

I1) - f(xTH)
fzr) = f(Thg)

Il
M=

i
I

IV
M=

n(my(0) — my.(dy,))

b
Il
—

AV
M=

7C1 7T Min { | :kM’ (0.5)i’“Ak}

g . €

7761§ min {M, (05)Ak+1}
g . 15

77015 1m1n {2(]_—|—]\4)7 (05)7—5}

T g2 { 1 }
= — Imin .
ncy 4 1 + M’ T

b
Il
—

vV
M=

e
Il

1

V4
M=

i
I

We conclude that
T < 4<f(l‘1) - flow)

= X 1
7c1 min {m7 7—}

e 2 =0(?).
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The next Corollary establishes a bound on the number of function evaluations needed

by TRFD to get an e-approximate stationary point.

Corollary 3.4.2. Let {xy}r>1 be generated by TRFD. Given ¢ € (0,1), assume that
T(e) is the first iteration index such that

||$T(s)+1 - PQ(JIT(a)H - Vf(xT(s)H))H S e,

th

and let FE(e) be the total number of function evaluations up to the T ()™ iteration

of TRFD. Then,
FE(e) < O(ne™?).
Proof. At iteration k, the maximum number of function evaluations is bounded by
(n+1)(ix + 1). On the other hand, Ay, ; = min {(0.5)* 1Ay, Ajaz ), SO
A1 < (0.5)% 1A,
k41

A
= i+ 1< logos(— ) +2.
k

Thus, considering the evaluation of f(x;) and (3.5) in Lemma 3.2.2, we get

FE(e) <1+ XTj(n +1)(ix + 1)

—

n+ 1)(2T + logy 5(Ar+1) — logy5(A1))

(n+1)(2T + logy 5(7e) — logg5(A1))
O(n(e™* + logy 5(¢)))

= O(n(e™* +logy(e™)))
O(
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3.5 Bound Constraints

This section is a specific case of the previous method, for which general convex sets
were of interest. Here, we assume the convex domain {2 to be expressed through
bound constraints. Moreover, we suppose that no function evaluation is available
outside the set, so we forbid the computation of function values outside the domain.
Bound constraints problems are relevant in many applications, as in physical or
dynamical problems, where parameters must belong to some range of values. As a
result, those constraints imply to adjust the way we build the gradient approxima-
tion. Indeed, if no forward function evaluation is allowed for the j** component of
x, then we should evaluate the function backwards, leading to a backward finite-

difference for the j* component of g.

We state one Lemma to demonstrate the fundamental inequality (2.15) needed on
the accuracy of the approximated gradient, recovered as (3.4) in Lemma 3.2.1 for
general convex sets. Figure 3.1 illustrates the definitions involved for the next state-

ment, in the specific case where n = 2.

Uz

X =l U —x1

€z
by X1 5%

Figure 3.1: Hlustration of Lemma 3.5.1
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Lemma 3.5.1. Suppose that Al holds. Given x € Q and A > 0, let h < %.
Moreover, let us define hf = min {uj — xj, B}, hf = min {xj — 1, iz} with 1; < u;
and g € R™ by
z+hfe)—f(z
’ % if hE > h?,
915 =\ @) fla—hBe
’ @) f}(LB hies) otherwise,
for 5 =1,....,n. Then,
L
IV5() gl < 5.
Proof. Tf hf > h%,
F F Lo r 2
’f(x +hie;) — f(x) = (Vf(x),hje;)| < §||hj &l
[+ hFe;) = f(x) L
]h; — (Vf(:c),ej) < Ehf
J
L.y
— |lgl; = [Vf(@)]| < ok
L A
= lgli = VS @] < 3=
Otherwise, if hf" < hP,
B L o5 2
‘f flx—h; e;) — (Vf(z) ) SEthejH
f(z — hPe;) L
| ) (9 h).en)| < Tn
hj
L. g
= |lgl; ~ VI @)| < 5h]
L A
— |lgl; = [VS(@)}] < 2 Jn
Consequently,
n 2 " /LA N? L AN L
- sl = 3 (EA) < u(EA) - L
=56l = Sl - 9 | 3 (5) = \o(55) -5
]

This result recovers the same inequality (3.4) obtained in Lemma 3.2.1. Since other

statements, i.e., Lemma 3.2.2, Lemma 3.3.1, Theorem 3.4.1 and Corollary 3.4.2 were
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proved for general convex sets, and as by Lemma 3.5.1 the inequality (2.15) is still
valid for bound constraints with ¢, = é, the complexity analysis done in Section 3.4

for general convex domains remains true in this specific case.

The following algorithm is the new method, TRFD, applied in the bound constraints
case, where [ and u are vectors composed of the lower and upped bounds in each
direction j, respectively. Step 0 and Step 1 are presented on page 35, while Step 2
and Step 3 are on the following page. The presentation of the algorithm is followed
by practical remarks about the initial parameters n and A;. Those remarks are
available for both Algorithms 3.1 and 3.2.

Algorithm 3.2 TRFD for bound constraints sets

Step 0 Given x; € Q == [l,u], e € (0,1), Ay > 0, Apae > Ay, n € (0,1), By €

R™™ symmetric, set k == 1.

Step 1.1 Set i := 0.

Step 1.2 For h; = min {ﬁ <0.5¢);Ak } ot

hf = min{u; —x;,h;} and hf =min{z; —;,h} j=1,..,n

Step 1.3 If hf > hf , compute the j** component of g,(f) € R" such that

0], = f(xy+ hie;) — f(xp)

Otherwise,
f(xy) — f(xe — hFe;)
h? ’

), =

Step 1.4 If W,Ef) = ||z — Po(zy — g,(;))H > ¢/2, then go to Step 2.1. Otherwise,
set 7 :=1+ 1 and go to Step 1.2.
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Step 2.1 Compute d,(f) solving approximately the trust-region sub-problem

: i 1
min  my(d) = f(zx) + (g, d) + 5 (Bed, d)
st |ld|| < (0.5)°A
x4+ d € €.

; — flap+d? . ) i i
Step 2.2 If pg) = M’W > 7, then set iy, = i, pr. = pé’“), T = n,ﬁk),
my(0)—my(dy,”)

gk = g,gf’“), d = d,(;’“) and go to Step 3. Otherwise, set 7 := ¢ + 1 and go to Step
1.2.

Step 3 Set 241 = o + dy, Appr = min {(0.5)* Ay, Apge}, Bryr € R
symmetric, k:=k + 1 and go to Step 1.1.

Remarks: the choice of n to class an iteration as successful or not is critical. On
one hand, we should not take high values for 7, as it could lead to loop several times
in Step 2.1 to get pr > 7, which implies to decrease a lot the trust-region radius,
especially at the first iteration £ = 1, and would lead to an excessive number of
function evaluations. Moreover, in such scenarios, iteration k£ leaves a small radius
to the next iterates, which means a less efficient decrease for these. On the other
hand, n should not be too small, as it would imply to allow less good ratios, which
are often linked to poor approximations of the model. As a consequence, a trade-off

should be chosen regarding 7.

Moreover, added to a wise choice for 7, the value of A; also matters. It should be
sufficiently large in order to allow an efficient big first step xy = x; + d;, but this
could potentially lead to a bad solution x5 if A is too large. Therefore, the radius
should not be too big, but it should also not be too small, which could possibly lead
to miss an efficient first decrease and thus impact the next iterations. Therefore, a
trade-off should be also taken for A;.
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Chapter 4
Illustrative Numerical Results

In Section 4.1, numerical results are presented considering a set of unconstrained
benchmark problems. In Section 4.2, we illustrate the applicability of the proposed
method in the calibration of a SIR model.

The numerical experiments were performed with MATLAB (R2023a) on a PC with
microprocessor Intel(R) Core(TM) i5-7200U CPU, and 8 GB of RAM memory.

4.1 Comparison on Benchmark Problems

In our first experiment, we compared the following MATLAB implementations on
the set of 102 test problems from the Andrei’s collection [18]:

- TRFD: Algorithm 3.1, with the following parameters: A; = 20, A, = 1500,
e = 107° and By, updated by the BFGS formula, i.e.,

BksksgBk

T
By + %% if sTy, >0,

s{yk s{Bksk

By =
B, otherwise,

with By = I, sp = 11 — o and yx = g1 — G-

- DFQRM: Algorithm 1 proposed by Grapiglia in [12], with 6,,;, = 1072 ¢ =
107°,0 = 0 and By, updated by the BFGS formula, with B; = I, s = xp41 — Ty

and yr = gr+1 — Gk

In TRFD, the trust-region sub-problems are solved using the Newton’s method

with the safe-guards described in Section 2.1.1. Moreover, the stationarity measure
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Chapter 4. Ilustrative Numerical Results

is simplified to 7 = ||gx]|, as

Po(xr — gr) = 21 — gi-

For all functions in [18], the dimension was fixed as n = 48. Moreover, two choices

of starting points were used, namely, xy =

10% 2o, where s € {0,1} and =z is the

starting point provided in [18]. For each problem, a budget of 100(n + 1) = 4900

function evaluations was allowed to each method, which corresponds to 100 simplex

gradients. Figure 4.1 shows the corresponding data profiles' for different values of

n. Parameter n is the minimum value that p; should satisfy at each iteration, as

stated in condition (1.2).

1 T 1 T
Bosk e TRFD D oot ===« TRFD
> —_— > —_
2 s DFQRM|| 3 .| DFQRM
%] (%]
[2] [}
c 07 = z
% 0.6 - :‘ : % 0.6 _,..;o:f.‘-'rbf
805 '_‘.-0--‘_.‘-.-" g_ o r‘r’;‘.-«-’
5 pod” 5 2
0304 ’d.'.,l 0)04 "‘d“o
gos ,!_".';' gos ‘f-
% o ""‘w QC) .o"':ﬁ'
o2 __.,-":3"" g ozr :’_,.o",-
& oat _..“"-.:: - L o1t ':,:,a -~
. Nl ‘ | ‘ | . e | | ‘ ‘
0 20 40 60 80 100 0 20 40 60 80 100
Number of simplex gradients Number of simplex gradients
(a) n=0.02 (b) n =0.10
1 T
ool ===+ TRFD
0sl ===DFQRM| |
0.7 é
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o

Percentage of problems solved
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o
-
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o
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g

I
20

o
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Number of simplex gradients

(¢) p=0.15

Figure 4.1: Evolution of data profiles as a function of 7

!Those were performed using the code data_profile.m from Moré and Wild, freely available at

https://www.mcs.anl.gov/~more/dfo/.
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4.2. A Box-Constrained Problem

Two cumulative information are represented on data profiles. On one hand, the
horizontal axis is the number of simplex gradients needed by a method to solve a
problem, one simplex gradient corresponding to n function evaluations. While on
the other hand, the vertical axis gives the cumulative percentage of problems solved
by a method. A method is said to solve a problem with tolerance 7 € (0, 1) if it

generates a point x, satisfying the convergence test

f(xo) — f(z.)
f(xo) — fr

21_7_7

where x( is the starting point of the problem, and f; is the lowest function value
obtained by any of the compared methods within the 100 simplex gradients budget.
Therefore, by means of data profiles, the graphs presented on Figure 4.1 can show the
competitiveness between TRFD and DFQRM, with 7 successively set to 0.02,0.10
and 0.15, for 7 = 10~". When 7 grows, TRFD’s curve climbs, especially between
50 and 90 simplex gradients. In addition, if the maximum budget was halved, we
observe TRFD would be the method that solves the most problems, especially for
small numbers of simplex gradients. For higher budgets, both methods compete

until reaching the highest number of function evaluations allowed.

As a remark, other methods such as DS or FDBFGS would also have been of interest
to be tested. However, as seen in the numerical experiments provided by Grapiglia
[12], those two methods were dominated by DFQRM. Therefore, we made the choice
to test TRFD only with respect to DFQRM.

4.2 A Box-Constrained Problem

In all fields of science, data is observed to understand the behavior of specific sys-
tems. One aim is to fit the given data by a model to estimate the data we were not
able to measure, and thus obtain quantitative approximations about them. Usually,
the model is determined so that it minimizes the error it produces on the given
data. Those models, in fact, are often solutions of dynamical systems which are
governed by Ordinary Differential Equations (ODE). A pandemic is an example of
a dynamical system, which can be approached by a SIR model system (4.1). It is
expressed through 3 differential equations, depending on two parameters 3 and ~.
B denotes the transmission rate of the disease, while « is the rate of recovery, both

assumed to be constant during the pandemic. According to their definitions, both
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Chapter 4. Ilustrative Numerical Results

parameters § and v have a value lying between 0 and 1.

as

2 = _BSI
dt /8 )
dl

dR

— =rl.

it

The first ODE gives the dynamical behavior of the Susceptible population, the
second leads the Infected population behavior, while the last one governs the Re-
covered population. Consequently, given (3,7), the solutions of this system are
S(t; 8,7), I(t; B,~) and R(t; 3,7), which denote respectively S, I and R in (4.1) and
are three time-dependent curves. Those are the models giving the behavior of the
three populations over time, for such rates 5 and . Therefore, considering some
Tirue = (Birues Virue), the aim of this application is to recover xy.,. given a noisy data
set b = F(@yrye) + € where F : [0,1] x [0,1] — R3>1% and ¢ ~ N(0,02), as done

similarly in [20]. We chose normalized initial conditions

S(O) xtrue) =1- 10_67
](O, Itrue) = ]-0_6a
R(Oa xtrue) = 07

and discretized the time interval [0, 100] by increments of size 1. Given some z, the
continuous solutions generated by (4.1) are denoted as S(¢;x), I(t;x) and R(t;z).
Then, we define s;(x) = S(t;;x), ij(x) = I(t;;2) and rj(x) = R(tj;z) for j =
0,...,100. Moreover, we set F(z) = [s(z),i(x), r(z)], with s(x) = [so(x), ..., S100(2)],
i(x) = [ig(x), ..., 1100(x)] and r(x) = [ro(z),...,m100(2)]. Finally, the noisy data is
synthetically generated as b = F(Zywe) + €, using zye. = (0.5,0.3). In order to

TeCOVer Typye, We solve

min [[F(z) - b

(4.2)
st. x€][0,1] x [0,1].
The objective function f(x) = |F(z) — b||* can be written as
100 100 100
F(B,7) = 1F(B,7) = blI* = > (55(8,7) = b;)* + D _(1;(8,7) = b;)* +>_(r5(8,7) —b;)*.
=0 j=0 j=0
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4.2. A Box-Constrained Problem

Therefore, given a noisy data set governed by (4.1), as in Figure 4.2, the goal is
to recover the solution xyme = (Brues Yerue) = (0.5,0.3) producing the three curves
S(t; Tirue)s I(t; Tprye) and R(t; Tyye) that minimize the error on the noisy data, in

the sense of the Least Square Error (LSE) approximation, as done in Figure 4.3.

I(t)
08Ff © R(t)]4

06} . .... ‘e e i

Population

.....

02t - |

0 20 40 60 80 100
Time
Figure 4.2: SIR data

0.6

Population

0 20 40 60 80 100
Time
Figure 4.3: SIR curves
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Chapter 4. Ilustrative Numerical Results

Remarks: In reality, a data set is never ezactly governed by a system of ODE, since
equations always have limitations to describe dynamical behaviors of real complex
systems. That is why we took perturbed values for the data set, and not exact

values.

¥ . : 0 0 ) ﬂ

Figure 4.4: Objective function f(/3,7)

Figure 4.4 shows f(3,v) for (8,v) € [0,1] x [0,1], where a global minimum is
present around the point (0.5,0.3). We observe that choosing a starting point xg
such that v > 8 could lead to bad results, as the function values are almost constant
around xy and thus induce local minima. Indeed, for such points (3, ), the recovery
rate v is bigger than the transmission rate 3, which gives no chance to produce
a pandemic. Therefore, system (4.1) produces an abnormal pandemic behavior,
leading to trivial, almost horizontal, solutions for S(t; zy), I(t; x¢) and R(t;zq). All
points which belong to this region, i.e., approximately all points such that v > g,
produce almost the same behavior in system (4.1). Therefore, these points generate
more or less the same error on the data. It is the reason why f(5,7) is nearly

constant in this whole region.

In this application, Algorithm 3.2 was applied and the sub-problems were solved
using FISTA’s inner solver [7], with a stopping criteria ||z;;; — z;|| < 107'* and
tolerance 10710 for the Dijkstra’s projection. In order to judge the performance
of TRFD in this specific box-constrained problem, we created a set of 168 equally
spaced starting points z in the lower right triangle of the domain [0, 1] x [0, 1]. Then,
for each xg, we compared which of TRFD or the FMINCON Matlab function obtains

the lowest value f(/3,v). During the experimentation, the following parameters were
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4.2. A Box-Constrained Problem

chosen for TRFD: A; = 0.008, A,ee = 1500, ¢ = 1078 and By, is updated by the
BFGS formula, with By = I, s = 2311 — 2% and yx = grr1 — gk- Lhe results are
presented by a bar graph in Figure 4.5.
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Number of function evaluations

Figure 4.5: TRFD and FMINCON
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Chapter 5

Conclusion

5.1 Summary

In this work, we presented a derivative-free trust region method, based on finite-
difference gradient approximations, for smooth convexly constrained optimization
problems. Under common assumptions, we obtained a bound on the number of
function evaluations for the method to reach an e-approximate stationary point.
The use of the problem dimension inside the gradient approximations allowed this
bound to depend linearly on n. Numerical experiments were also provided and
showed the relative efficiency of TRFD.

5.2 Directions for Future Research

In a future research, it would be relevant to explore derivative-free trust-region
methods, based on finite-differences, for composite non-smooth functions with pos-
sibly inexact function values. Although we used the ly-norm in our application, it
would be sometimes suitable to make use of the [;-norm. This choice would give
rise to situations where f(z) can be written as h(F'(z) —b), with h = || - ||, being
a non-smooth function. The application of new and more efficient DFO methods,
such as derivative-free trust-region methods based on finite-differences, would be

appropriate to those problems.
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