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Abstract: In global optimization problems, diversification approaches are often necessary to overcome
the convergence toward local optima. One approach is the multi-start method, where a set of different
starting configurations are taken into account to designate the best local minimum returned by
the multiple optimization procedures as the (possible) global optimum. Therefore, parallelization
is crucial for multi-start. In this work, we present a new multi-start approach for gradient-based
optimization methods that exploits the reverse Automatic Differentiation to perform efficiently. In
particular, for each step, this Automatic Differentiation-based method is able to compute the N
gradients of N optimization procedures extremely quickly, exploiting the implicit parallelization
guaranteed by the computational graph representation of the multi-start problem. The practical
advantages of the proposed method are illustrated by analyzing the time complexity from a theoretical
point of view and showing numerical examples where the speed-up is between x40 and x100, with
respect to classic parallelization methods. Moreover, we show that our AD-based multi-start approach
can be implemented by using tailored shallow Neural Networks, taking advantage of the built-in
optimization procedures of the Deep Learning frameworks.

Keywords: global optimization; multi-start methods; Automatic Differentiation; Neural Networks

MSC: 90C26; 90C30; 90C35; 65Y20

1. Introduction

Multi-start methods [1-5] are approaches used to increase the possibility of finding a
global optimum instead of a local optimum in global optimization problems. This family of
methods consists of making comparisons between many local optima obtained by running
a chosen optimization procedure with respect to different starting configurations. Alter-
natively, multi-start is adopted when a set of local optima is desired by the optimization
task. For these reasons, multi-start methods can be applied both to unconstrained and
constrained optimization, both to derivative-free and derivative-based procedures, and
both to meta-heuristic and theoretical-based optimization methods.

In global optimization problems, other approaches include population-based methods,
like Genetic Algorithms (see, [6-9]) and Swarm Intelligence-based methods (e.g., Particle
Swarm Optimization methods, see [10-12]). These nature-inspired methods are somehow
similar to multi-start methods since they are based on a set of starting guesses; however,
this set is used as a swarm of interacting agents that move in the domain of the loss
function, looking for a global minimizer. Even if these latter methods are very efficient,
they suffer a lack of understanding of the convergence properties, and it is not clear how
much their efficiency is preserved if applied to large-scale problems [13]. Therefore, in
high-dimensional domains, multi-start methods based on optimization procedures with
well-known convergence properties can be preferred.
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In the literature, sometimes the term multi-start is used to denote general global search
methods, e.g., a random search or a re-start method can be defined as multi-start (see [14]),
or vice-versa (see [15]). Nonetheless, in this work and according to [5], we denote as
multi-start methods only those methods that consist in running the same optimization

procedure with respect to a set of N € N distinct starting points xgo), .. .,xg\?) e R"
Obviously, this approach can be modified into more specialized and sophisticated methods
(e.g., [15-18]), but it is also useful in its basic form; indeed, it is implemented even in the
most valuable computational frameworks (e.g., see [19]). However, the main difficulty
of using a multi-start approach is that the number N of starting points typically must
be quite large, due to the unknown number of local minima. For this reason, parallel
computing is very important in this context, and the real exploitation of multi-start seems
to be restricted to specific algorithms that are able to take advantage of the computer
hardware for parallelization [16,17,20,21]. According to [21,22], three main parallelization
approaches can be determined: (i) parallelization of the loss function computation and/or
the derivative evaluations; (i7) parallelization of the numerical methods performing the
linear algebra operations; and (iif) modifications of the optimization algorithms in a manner
that improves the intrinsic parallelism (e.g., the number of parallelizable operations). In
this work, we focus on the parallelization schemes of the first case (i), specifically on the
parallelization of the derivative evaluations, because they are typically used for generating
general purpose parallel software [21].

The main drawback of parallelization for multi-start methods is the difficulty of
finding a trade-off between efficiency and easy implementation, especially for solving
optimization problems of moderate dimensions on non-High Performance Computing (non-
HPC) hardware. Typically, the simplest parallelization approach consists in distributing
the computations among the available machine workers (e.g., via routines as [23,24]);
however, very rarely is this also the most efficient method. Alternatively, a parallel program
specifically designed for the optimization problem and for the hardware can be developed,
but the time spent in writing this code may not be worth it. Of course, the cost of the
parallelization of the derivative evaluations also depends on the computation methods
used; when the gradient of the loss function is not available, Finite Differences are typically
adopted in literature but, as observed in [22], the advent of Automatic Differentiation in
recent decades has presented new interesting possibilities, allowing for the adoption of this
technique for gradient computation in optimization procedures (e.g., see [25-29]).

The reverse Automatic Differentiation (AD), see [30] (Ch. 3.2)), was originally devel-
oped by Linnainmaa [31] in the 1970s, to be re-discovered by Neural Network researchers
(who were not aware of the existence of AD [32]) in the 1980s under the name of backprop-
agation [33]. Nowadays, reverse AD characterizes almost all the training algorithms for
Deep Learning models [32]. AD is a numerical method useful for computing the derivatives
of a function, through its representation as an augmented computer program made of a
composition of elementary operations (arithmetic operations, basic analytic fuctions, etc.)
for which the derivatives are known. Then, using the chain rule of calculus, the method
combines these derivatives to compute the overall derivative [32,34]. In particular, AD
is divided into two sub-types: forward and reverse AD. The forward AD, developed in
the 1960s [35,36], conceptually is the simplest one; it computes the partial derivative of
a function df /9x; by recursively applying the chain rule of calculus with respect to the
elementary operations of f. On the other hand, reverse AD [31,33] “backwardly” reads the
composition of elementary operations constituting the function f; then, still exploiting the
chain rule of calculus, it computes the gradient V f. Both the AD methods can be extended
to vectorial functions F : R” — R" and used for computing the Jacobian. Due to the nature
of the two AD methods, usually the reverse AD is more efficient if n > m because it can
compute the gradient of the j-th output of F at once; otherwise, if n < m, the forward AD
is the more efficient method because it computes the partial derivatives with respect to x;
for all the outputs of F at once (see [30] (Ch. 3)). The characteristic described above for the
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reverse AD is the base for the new multi-start method proposed in this work, where we
focus on the unconstrained optimization problem of a scalar function f : R* — R.

To improve the efficiency in exploiting the chain rule, the computational frameworks
focused on AD (e.g., [37]) are based on computational graphs, i.e., they compile the pro-
gram as a graph where operations are nodes and data “flow” through the network [38-40].
This particular configuration guarantees high parallelization and high efficiency (both for
function evaluations and for AD-based derivative computations). Moreover, the computa-
tional graph construction is typically automatic and optimized for the hardware available,
keeping the implementation relatively simple.

In this paper, we describe a new efficient multi-start method where the parallelization
is not explicitly defined, thanks to the reverse Automatic Differentiation (see [30] (Ch. 3.2))
and the compilation of a computational graph representing the problem [39,40]. The
main idea behind the proposed method is to define a function G : R™ — R such that
G(xy,...,xN) == f(x1)+-- -+ f(xn), forany setof N € Nvectorsin R”, where f : R” — R
is the loss function of the optimization problem and N is fixed. Since the gradient of G
with respect to (x1,...,xy) € R™N is equivalent to the concatenation of the N gradients
Vf(x1),...,Vf(xn), by applying the reverse AD on G we can compute the N gradients
of the loss function very efficiently; therefore, we can implicitly and efficiently parallelize
a multi-start method of N procedures running one AD-based optimization procedure
for the function G. The main advantage of this approach is the good trade-off between
efficiency and easy implementation. Indeed, nowadays the AD frameworks (e.g., [37])
compile functions and programs as computational graphs that automatically but very
efficiently exploit the available hardware; then, with the proposed method, the user just
needs to define the function G and the differentiation through the reverse AD, obtaining
a multi-start optimization procedure that (in general) is more time-efficient than a direct
parallelization of the processes, especially excluding an HPC context. Moreover, the method
can be extended, implementing it by using tailored shallow Neural Networks and taking
advantage of the built-in optimization procedures of the Deep Learning frameworks.

The work is organized as follows. In Section 2, we briefly recall and describe the AD
method. In Section 3, we start introducing a new formulation of the multi-start problem
that is useful for the exploitation of the reverse AD, and the time complexity estimations
are illustrated. Then, we show numerical results illustrating a context where the proposed
method is advantageous with respect to a classic parallelization. In Section 4, we show how
to implement the AD-based multi-start approach using a tailored shallow Neural Network
(NN) in those cases where the user wants to take advantage of the optimization procedures
available in most of the Deep Learning frameworks. In particular, we illustrate an example
where the new multi-start method is implemented as a shallow NN and used to find three
level set curves of a given function. Finally, some conclusions are drawn in Section 5.

2. Automatic Differentiation

Automatic Differentiation (AD) is a numerical method to compute the exact derivatives
of a function, representing it as an augmented computer program made of a composition
of elementary operations for which the derivatives are known [30] (Ch. 3.2); typically, this
program is represented as a graph connecting the elementary operations (e.g., see Figure 1).

The first idea about AD dates back to the 1950s [35], and the forward mode AD was
developed in the 1960s [36]. In the 1970s, Linnainmaa developed the reverse mode AD [31].
This latter method is equivalent to the one independently developed by NN researchers
in the late 1980s, with the name of backpropagation [33]. Nowadays, backpropagation is
recognized as the application of the reverse mode AD for derivatives computation in NNs.
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Figure 1. Example of computational graph representing f(x1,x7) as a composition of elementary
functions g3, ..., gs.

2.1. Forward Mode AD

The forward AD is conceptually the simplest of the two methods. Given a scalar
function f : R" — R, this method consists of a recursive application of the chain rule
of calculus for computing the partial derivative df /dx;, for a fixed i € {1,...,n}. More
specifically, let us us assume that f is the result of a composition of M elementary operations
with known derivatives. Let us denote with y; the intermediate variables such that y; = x;,
for each 1 < j <1, and y; is the result of the elementary operation g; applied to a subset of
“previous” intermediate variables, for each j = n +1,...,n 4 M; for the ease of notation,
we use the same index j both for the elementary operation g; and the intermediate variable
yj returned by it (see Figure 1).

Now, let x; € {x1,...,x,} be a fixed input variable and yj := dy;/0x;. Then, it holds

that
5ij/ vjzl,...,n
y“: oV i . , (1)
! {Zykparentofyja;]{]/k, V]>7’l

where the term “parent of” refers to the computational graph of f (see Figure 1). Then, we

can build another “composition graph” with the same connectivity of the one of f but with

elementary operations given by (1). Therefore, given a vector x* € R", we can compute the

value of the derivative df(x*)/dx; with the following steps:

1. We compute f(x*), and we store all the intermediate variable values involved in the
computations of the second “forward AD graph”;

2. We compute the output value of the forward AD graph, giving as input (a.k.a. seed) the
canonical basis vector e; (i.e., selecting x; as input variable for the partial derivatives).

2.2. Reverse Mode AD

The reverse mode of AD “backwardly” reads the connections of the composition graph
of the function to exploit the differentiation dependencies. This procedure is somehow
equivalent to “exploding” the partial derivatives dz/dx; and identifying their elementary
functions. Let us introduce the following quantities:

~ AY; ~ ~
vi= ) i yj and Z:=1. )
yj child of y; Yj
Then, foreachi =1, ..., n, the following holds:

=
yl_axi‘
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It is easy to observe that the differentiation dependencies written in (2) are evident
when reading the computational graph of f (see Figure 1) from right to left. Then, the
reverse mode AD consists of building another composition graph that has the same con-
nectivity but is executed in the opposite way and where the elementary operations are
given by (2). If we consider the example function of Figure 1, we can build the “reverse AD
graph” illustrated in Figure 2.

)
%(xerZ) @

d
aT{Z(xLXZ)

Figure 2. Example of reverse AD computational graph for f as in Figure 1.

Then, given a vector x* € R", we can compute the value of the entire gradient V f (x*)
with the following steps:

1. We compute f(x*), and we store all the intermediate variable values involved in the
computations of the reverse AD graph;

2. We compute the output values of the function represented by the reverse AD graph,
giving as the seed the scalar value equal to 1 (i.e., z = 1).

2.3. Automatic Differentiation for Jacobians

AD can be easily extended to vectorial functions F : R” — R [30] (Ch. 3.2). In
particular, given a vector x* € R", the Jacobian matrix Jp(x*) € R"*" at x* can be com-
puted running m times the reverse AD, using the m canonical basis vectors ey, ..., e, € R™
as seeds to the reverse AD graph; alternatively, it can be computed n times running the
forward AD, using the n canonical basis vectors ey, . . ., e, € R" as seeds to the forward AD
graph. In other words, the reverse AD graph with input vector e; returns the j-th row of the
Jacobian matrix, while the forward AD graph with input vector e; returns the i-th column
of the Jacobian matrix. For these reasons, in general the reverse AD is more efficient if
n > m; otherwise, if n < m, the forward AD is the more efficient method.

Focusing on scalar functions, it is trivial to observe that we can compute the gradient
running once the reverse AD instead of running the forward one 7 times.

3. Reverse Automatic Differentiation for Multi-Start

Let us consider the unconstrained optimization problem

min f(x), )

xeR"

where f : R" — R is a given function, and let us approach the problem with a gradient-
based optimization method (e.g., the steepest descent). Moreover, we assume f is the
composition of elementary operations so that it is possible to use the reverse AD to compute
its gradient.

The main idea behind the reverse AD-based multi-start method is to define a function
G : R™ — R such that it is a linear combination of loss function evaluations at N
vectors, i.e.,

G([xlT,...,xIT\,]T) =Af(x1) + - FANSF(xN),
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foreach x; € R", A; € Rt fixed, i = 1,..., N. Then, for any set of points {%1,..., %y} C R"
where f is differentiable, the gradient of G até =[&],..., x5 is equal to the concatenation
of the vectors AV f(%x1),...,ANVf(XN). Therefore, using the reverse AD to compute
the gradient ng(E), we obtain a very fast method to evaluate the N exact gradients
Vf(%1),...,Vf(Zn), where & denotes the domain variable of G in R"N. Therefore, we can
apply the steepest descent method for G, which actually corresponds to applying N times

the steepest descent methods to f. In the following, we formalize this idea.

Definition 1 (N-concatenation). For each fixed N € N, for any function f : O C R* — R", a
function F : QN C R™ — R™N s gn N-concatenation of f if

F([xl,.,xn]") = [f ()T, fan)T]T, )
for each set of N vectors {x1,...,xn} € Q.

Notation 1. For the sake of simplicity, from now on vectors [xI, ..., x[]]T € R"™ will be denoted

by (x1,...,xN). Analogously, vectors returned by an N-concatenation of a function f will be

denoted by (f(x1),..., f(xn)).

Definition 2 (A-concatenation). For each fixed A € RN, for any function f : Q C R" — R™, a
function F : QN C R™N — R™N js g A-concatenation of f if

F((xl,...,xN)) = (Alf(xl),...,/\Nf(xN)), (5)
for each set of N vectors {x1,...,xn} € Q.

Remark 1. Obviously, an N-concatenation of f is a A-concatenation of f with A = e =
[1,...,1]T € RN.

Given these definitions, the idea for the new multi-start method is based on the
observation that the steepest descent method for G, starting from ¢ () and with step-length
factor « € RY, represented by

g(O) — (xg())/"‘/x](\?)) c RN ©
gt = ¢ 4 veG(EW), VkeN
is equivalent to
£+ o 2V f ()
A I )
xg\lfrl) x%) ochf(xg\I]())
if the gradient of G is an N-concatenation of the gradients of f, i.e,
VgG((xl,...,xN)) = (fo(xl),...,fo(xN)). (8)

Analogously, if the gradient of G is a A-concatenation of the gradients of f, with
A eRN A >0, then (6) is equivalent to

xgkﬂ) xgk) aAq fo(xgk) )
=|: |- : , )
x](\ll{ﬂ) xg\]]c) aANfo(xg\I]c))

i.e., is equivalent to applying N times the steepest descent methods to f, with step-length
factors aAq, ..., aAN.
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Remark 2 (Extension to other gradient-based methods). It is easy to see that we can generalize
these observations to other gradient-based optimization methods than the steepest descent (e.g.,
momentum methods [41,42]). Let M be the function characterizing the iterations of a given
gradient-based method, i.e, such that

M, g (x®)) ;)
D = M2, Vg (x W) a) = : ’ (10)
M(P, g, (20 ;)

for each n € N, each step-length « € R™ and each objective function g : R" — R. Then, the
iterative process for G, starting from ¢ ©), and with respect to a gradient-based method characterized

by M is

(0) — (0) . (0) c Rnl\]
e o u ) * ‘ (1)
g0 = M(59,V;G(g) a), VEkeN
that is equivalent to the multi-start approach with respect to f:
xEkH) M (xgk), fo(xgk)) ; «x)
L= : . (12)

x%‘ﬂ) M(x%),vxf(x%{));a)

Moreover, we can further extend the generalization if we assume that, for each A € R and each
a € RY, the following holds:

M(x0, AV g(x®);a) = M(x®0), Vg(x®);m(A)a), (13)
where m : RY — R is a fixed function. Indeed, if the gradient of G is a A-concatenation of the
gradients of f, Equation (12) changes into

xgkﬂ) M (xgk), fo(xgk)) ; ocl)
L= : , (14)
xz(\lfrl) M (xg\]](),vxf(xz(\lj());txl\;)
where w; := m(A;)a, foreachi=1,...,N.

3.1. Using the Reverse Automatic Differentiation

To actually exploit the reverse AD for a multi-start steepest descent (or another
gradient-based method), we need to define a function G with gradient a A-concatenation of
the gradients of f, the objective function of problem (3).

Proposition 1. Let us consider a function f : R" — R. Let F : R"™N — RN be an N-concatenation
of f, for a fixed N € N, and let Ly : RN — R be the linear function

N
La(y) = ATy =} A, (15)
i=1
forafixed A € RN, A > 0.
Then, for each set of N € N points where f is differentiable, the gradient of the function
G := L, o Fis a A-concatenation of the gradient of f.

Proof. The proof is straightforward since
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N MVxf(x1)
VeLlr(F((x1,...,xn))) = Ve (Z Aif("i)) = : ,
- ANV (o)
for each set of N € N points {x1,..., x5} C R" where f is differentiable. [

Assuming that the expression of V f is unknown, a formulation such as (14) obtained
from G = L) o F seems to give no advantages without AD and/or tailored parallelization.
Indeed, the computation of the gradient VG through classical gradient approximation
methods (e.g., Finite Differences) needs N different gradient evaluations for each point
xgk), s, x%{) , respectively, and each one of them needs O(n) function evaluations (assuming
no special structures for f); then, e.g., the time complexity of the gradient approximation

with Finite Differences for G (denoted by VIEDG) is

T(VIPG) = N-T(VIPf) = O(nN - T(f)), (16)

where T( - ) denotes the time complexity.

On the other hand, reverse AD permits the efficient operation of the gradient-based
method (11), equivalent to the N gradient-based methods, even for large values of 7 and N.
Indeed, from [30] (Ch. 3.3), for any function g : R" — R, it holds that the time complexity
of a gradient evaluation of ¢ with reverse AD (in a point where the operation is defined) is
such that

T(VAPg) <4-T(g), (17)

where VAP denotes the gradient computed with reverse AD. The following lemma char-
acterizes the relationship between the time complexity of V?DG and the time complexity

of f.

Lemma 1. Let f, F, and L, be as in Proposition 1. Let G : R"™ — R be such that G := Ly o F,
and let us assume that

T(Ly o F) = O(N-T(f)). (18)
Then, the time complexity of V?DG is

T(V2PG) = O(N - T(f)). (19)

Proof. The proof is straightforward, due to (17) and (18). O

Comparing (19) and the time complexity (16) of the Finite Differences gradient approx-
imation, we observe that reverse AD is much more convenient both because it computes
the exact gradient and because of the time complexity. In the following example, we illus-
trate the concrete efficiency of using V?DG to compute N gradients of the n-dimensional
Rosenbrock function, assuming its gradient is unknown.

Example 1 (Reverse AD and the n-dimensional Rosenbrock function). Let f : R" — R be
the n-dimensional Rosenbrock function [43-45]:

n—1

Flx) = Y 100(xi41 — )2+ (1— x;)2. (20)
i=1

Assuming a good implementation of f, we have that the time complexity of the function is T(f) =
O(logn). Then, it holds that T(V?DG) = O(Nlogn). In this particular case, we observe that
the coefficient C € R™, such that
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T(V?DG) < CNlogn

for sufficiently large N and n is very small; specifically, for the given example, we have C < 1074;
moreover, we observe that the reverse AD can compute N = 212 = 4096 gradients of f in a
space of dimension n = 212 = 4096 in less than one second (see Figure 3). All the computations
are performed using a Notebook PC with Intel Core i5 Processor dual-core (2.3 GHz) and 16 GB
DDR3 RAM.

AD Gradient Computation (space dim.: n = 1024) AD Gradient Computation (space dim.: n = 2048) AD Gradient Computation (space dim.: n = 4096)
-+ AD 8 -+ AD i )
4T(G) 30 4T(G) 4T(G)

251~ 1e-4 Nlog(n) == le-4 Nlog(n) 30 = 1le-4Nlog(n)

500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500 4000
N N N

Figure 3. Average computation time of the reverse AD method (blue curves) with respect to four
times the average computation time of G (orange curves) and the curve 10~%N log n, for each fixed
n =210 711 712 (from left to right).

3.2. An Insight into AD and Computational Graphs

Equation (19) of Lemma 1 tells us that the time complexity of computing N times
the gradient V2P f is O(N - T(f)); then, with a proper parallelization procedure of these
N gradient computations, the construction of G seems to be meaningless. However, the
special implementation of G as a computational graph, made by the frameworks used for
AD (see Section 1), guarantees an extremely efficient parallelization, both for the evalu-
ation of G and the computation of V?DG. For example, during the graph compilation,
the framework TensorFlow [37] identifies separate sub-parts of the computation that are
independent and splits them [40], optimizing the code execution “aggressively” [39]; in
particular, this parallelization does not consist only in sending sub-parts to different ma-
chine workers but also in optimizing the data reading procedure such that each worker can
perform more operations almost at the same time (similarly to implementations that exploit
vectorization [46]). Then, excluding a High-Performance Computing (HPC) context, the
computational graphs representing G and V?DG make the AD-based multi-start method
(almost always) more time-efficient than a multi-start method where the code explicitly
parallelizes the N gradient computations of VAP f or the N optimization procedures (see
Section 3.3 below); indeed, in the parallelized multi-start case, each worker can compute
only one gradient/procedure at a time, and the number of workers is typically less than N.
Moreover, the particular structure of the available frameworks makes the implementation
of the AD-based method very easy.

As written above, the time-efficiency properties of a computational graph are some-
how similar to the ones given by the vectorization of an operation; we recall that the
vectorization (e.g., see [46]) of a function f : R" — R is the code implementation of f as a
function F : UY_; RN*" — US_; RN such that, without the use of for/while-cycles, the
following holds:

F(X) = (f(x1),..., f(xn)),

for each matrix X € RN*" N e N, and where x; denotes the transposed i-th row of X. In
this case, especially when N > 1, using F is much more time-efficient than parallelizing N
computations of f, thanks to the particular data structure read by the machine workers,
which is optimized according to memory allocation, data access, and workload reduction.
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Therefore, we easily deduce that the maximum efficiency for the AD-based method is
obtained when G is built using F instead of F (if possible).

Summarizing the content of this subsection, the proposed AD-based multi-start
method exploits formulation (6) to build an easy and handy solution for an implicit and
highly efficient parallelization of the procedure, assuming access to AD frameworks.

3.3. Numerical Experiments

In this section, we illustrate the results of a series of numerical experiments that
compare the computational costs (in time) of three multi-start methods for problem (3):

(i) AD-based multi-start steepest descent, exploiting vectorization (see Section 3.2);

(i) AD-based multi-start steepest descent, without exploiting vectorization;

(i17) Parallel multi-start steepest descent, distributing the N optimization procedures
among all the available workers. In this case, the gradient of f is computed using the
reverse AD, for a fair comparison with case (i) and case (ii).

The experiments have been performed using a Notebook PC with Intel Core i5 Pro-
cessor dual-core (2.3 GHz) and 16 GB DDR3 RAM (see Example 1); in particular, each
multi-start method has been executed alone, as the unique running application on the PC
(excluded mandatory applications in the background). The methods are implemented in
Python, using the TensorFlow module for reverse AD; the parallelization of method (iif) is
based on the multiprocessing built-in module [24].

Since we want to analyze the time complexity behavior of the three methods varying
the domain dimension 7 and the number of starting points N, we perform the experiments
considering the Rosenbrock function (see (20), Example 1). This function is particularly
suitable for our analyses since its expression is defined for any dimension n > 2, and it has
always a local minimum in e := } ' ; e;.

According to the different natures of the three methods considered, the implementation
of the Rosenbrock function changes. In particular, for method (i), in the AD framework
we implement a function G that highly exploit vectorization, avoiding any for-cycle (see
Algorithm 1); for method (ii), we implement G cycling among the set of N vectors with
respect to which we must compute the function (see Algorithm 2); for method (iii), we do
not implement G, only the Rosenbrock function (see Algorithm 3).

Algorithm 1 G-Rosenbrock implementation—Method (7)

Input:
X, matrix of n € N columns, N € N of rows;

Output:

y, output scalar value of G built with respect to (20).
: X. oy < submatrix of X given by all the columns, except the first one;
: X.1:u—1 < submatrix of X given by all the columns, except the last one;
Y <100 x (X~,2:n - X-,l:nfl ) 2) "2+ (1 - X~,1:n71) "2
: i < sum-up all the values in Y
: return : y

ICLE N I S I

We test the three methods varying all the combinations of N and n, with N € {20 -7 :
i=1,...10}andn € {20-7i : i =1,...5}, for a total number of 50 experiments. The param-
eters of the steepest descent methods are fixed: & = 0.01, maximum number of iterations
kmax = 10%, stopping criterium’s tolerance T = 10~° for the gradient’s norm, and fixed
starting points x§0) Sy x%?) sampled from the uniform distribution ¢ ([—2, 3]"); computa-
tions are performed in single precision, the default precision of TensorFlow. The choice of a
small value for «, together with the sampled starting points, and the “flat” behavior of the
function near to the minimum e ensure that the steepest descent methods always converge

toward e using all the iterations allowed, i.e., xfkmaX) ~ebut| Vf (xl(km"“)) |>t=10"°,
foreachi=1,...,N.
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Algorithm 2 G-Rosenbrock implementation—Method (i7)

Input:
X, matrix of n € N columns, N € N of rows;
Output:
y, output scalar value of G built with respect to (20).
1 y<«0
2. fori=1,...,Ndo

3: X1:p—1 + sub-row X;1.,1

4 X2:p 4 sub-row X .,

5 y; <100 X (%2 — X1:0—1 " 2) "2+ (1 = x1:p—1) " 2
6: yi < sum up values in y;,

7 Yyt

8: end for

9: return: y

Algorithm 3 Rosenbrock implementation—Method (ii7)

Input:
x, vector in R";
Output:
y, output scalar value of (20).
1: X1y—1 < sub-row X;1.,_1
2: X3 < sub-row X; .,
3y < 100 x (xZ:n — X1m—1" 2) "2+ (1 - xl:nfl) "2
4: iy < sum-up valuesin y
5: return: y

Looking at the computation times of the methods, reported in Tables 1-3 and il-
lustrated in Figure 4, the advantage of using the AD-based methods is evident, in par-
ticular when combined with vectorization; indeed, we observe that in its slowest case,
(N, n) = (200,100), method (i) is still faster than the fastest case, (N, n) = (20,20), of both
method (ii) and method (iif).

Table 1. Method (7). AD-based multi-start plus vectorization. Computation times w.r.t. N starting
points in R”, k = kmax = 10% iterations. Time notation: minutes:seconds.decimals .

n\N 20 40 60 80 100 120 140 160 180 200
20 0:10.6 0:109 0:109 0:11.5 0:116 0:11.8 0:122 0:126 0:129 0:14.2
40 0:109 0:11.5 0:124 0:125 0:129 0:133 0140 0144 0152 0:17.3
60 0:11.2 0:12.1 0:13.0 0:13.5 0:144 0:151 0:16.6 0:172 0:17.7 0:18.7
80 0:11.4 0:126 0:133 0:145 0:159 0:171 0182 0:20.0 0:21.7 0:22.6

100 0:11.9 0:128 0:145 0:16.1 0:17.2 0:19.6 0:204 0:21.9 0:232 0:25.2

The linear behaviour of the methods’ time complexity with respect to N is confirmed
(see Figure 4); however, the parallel multi-start method’s behavior is afflicted by higher
noise, probably caused by the machine’s management of the jobs” queue. Nonetheless, the
linear behaviors of the methods are clearly different: the AD-based multi-start methods are
shown to be faster than the parallel multi-start method, with a speed-up factor between x3
and x6 (method (ii)) and between x40 and x 100 (method (7)).
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Table 2. Method (ii). AD-based multi-start, no vectorization. Computation times w.r.t. N starting
points in R”, k = kmax = 10* iterations. Time notation: minutes:seconds.decimals.

n\N 20 40 60 80 100 120 140 160 180 200
20 0:37.7 1:06.7 1:354 2:029 2:37.2 3:020 3:33.5 4162 4:29.7 5152
40 0:38.1 1:.073 1:36.1 2:104 2:37.3 3:028 3:38.0 4:158 4:37.8 5:16.1
60 0:39.3 1:08.0 1:39.4 2:109 2403 3:09.0 3:56.5 4:349 5141 5564
80 0:38.5 1:07.7 1:38.3 2:125 2:425 3:289 4:057 4314 5:08.1 5514
100 0:389 1:10.6 1:414 2:13.7 2:57.8 3:31.8 4:.074 4421 5:19.7 6:00.8

Table 3. Method (iii). Parallel multi-start (four workers). Computation times w.r.t. N starting points
in R", k = kmax = 10% iterations. Time notation: minutes:seconds.decimals.

—==- AD (vec.), m ~= 0.13 (x54.27)

=~ AD (non-vec.)
--- multi-proc. (4

. m ~= 1.72 (x4.21)
workers), m ~=7.23
-

2500

2000

1500

seconds

1000

500

=0.15 (x39.99)

n-vec), m ~= 1.77 (x3.3)

4 workers), m ~= 5.85

25 50 7

100 125
N

150 175 200

50 75 100 125
N

150 175 200

n\N 20 40 60 80 100 120 140 160 180 200
20 1461 3:359 5278 7:281 9:39.6 11:53.3 15:05.5 18:49.0 34:18.6 39:07.0
40 1:470 3:383 5298 7:285 9:50.1 11:52.8 14414 17:419 29214 43:094
60 1:478 3:39.7 5312 7:331 9416 11:55.7 14:36.4 18:14.4 33:425 38:36.3
80 1:470 3:399 5308 7:322 9419 11:58.2 14:35.8 17:46.1 35:09.3 19:08.5
100 1:46.5 3405 5256 7:324 9434 12:09.6 14:59.0 15111 17:142 19:15.3

Figure 4. Cases n = 20, ...,100, from left to right, from top to bottom. Computation times w.r.t. N
starting points in R” of method (i) (blue color), method (ii) (orange color), and method (iii) (green
color). Dots are the computation times (in seconds) of the methods w.r.t. (N, n). Lines describe the
linear time complexity behaviour of the methods. The value m in the legends denotes the angular
coefficient of the approximating lines.

3.4. Scalability and Real-World Applications

The experiments illustrated in the subsection above are a good representation of the
general behavior that we can expect to observe in a real-world scenario, even further
increasing the number n of dimensions and/or the number N of optimization procedures.

We recall that the we are assuming that the loss function f is the composition of known
elementary operations, so that it is possible to use AD frameworks for the implementation
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of G (built on f). Under these assumptions, the experiments with the Rosenbrock function
are a good representation of the general behavior of the proposed method with respect to a
“classically parallelized” multi-start approach. Indeed, the main difference is only in the
elementary operations necessary for implementing f and G, varying the time complexity
T(f). Therefore, even in the worst case of no vectorization of f and/or G, the experiments
show that the AD-based method is faster with respect to the parallelized multi-start (see
method (ii) and method (iii)). Moreover, the implementation of the AD-based method
is much simpler; indeed, the user needs only to run one optimization procedure on the
function G instead of writing a code for optimally parallelizing N procedures with respect
to f.

Our AD-based approach is intended to be an easy, efficient, and implicit parallelization
of a general purpose multi-start optimization procedure, applicable to problems with f
that are relatively simple to define/implement and typically solved by excluding an HPC
context. On the other hand, for highly complex and expensive optimization problems
and/or loss functions, a tailored parallelization of the multi-start procedure is probably the
most efficient approach, possibly designed for that specific optimization problem and run
on an HPC. Of course, the AD-based method cannot be applied to optimization problems
with a loss function that is not implementable in an AD framework.

3.5. Extensions of the Method and Integration in Optimization Frameworks

The proposed AD-based multi-start method has been developed for general gradient-
based optimization methods for unconstrained optimization (see Remark 2). Nonetheless,
it has the potential to be extended to second-order methods (e.g., via matrix-free implemen-
tations [47] (Ch. 8)) and/or to constrained optimization. Theoretically, the method is also
relatively easy to be integrated in many existing optimization frameworks or software tools,
especially if they already include AD for evaluating derivatives (e.g., see [29]); indeed, the
user just needs to apply these tools/frameworks with respect to the function G, instead of
f, by asking to compute the gradient with reverse AD. Moreover, as we will see in the next
section, the AD-based method can also take advantage of the efficient training routines of
the Deep Learning frameworks for solving optimization problems.

However, the extensions mentioned above need further analysis before being imple-
mented, and some concrete limitations for the method still exist. For example, line-search
methods (e.g., see [47-50]) for the step-lengths of the N multi-start procedures have not
been considered yet; indeed, the current formulation has only one shared step-length «
for all the N procedures. Similarly, distinct stopping criteria for the procedures are not
defined. In future work, we will extend the AD-based multi-start method to the cases listed
in this subsection.

4. Multi-Start with Shallow Neural Networks

In this section, we show how to exploit the available Neural Network (NN) frame-
works to build a shallow NN that, trained on fake input-output pairs, performs a gradient-
based optimization method with respect to N starting points and a given loss function
function f. Indeed, the usage of NN frameworks (typically, coincident with or part of AD
frameworks) let us exploit the already implemented gradient-based optimization methods
defined for NN training, also taking advantage of their highly optimized code implementa-
tion. Therefore, from a practical point of view, this approach is useful to easily implement a
reverse AD-based multi-start method with respect to the built-in optimizers of the many
available NN frameworks.

In the following definition, we introduce the archetype of such a NN. Then, we
characterize its use with two propositions, to explain how to use the NN for reverse
AD-based multi-start.

Definition 3 (Multi-Start Optimization Neural Network). Let f : R" — R be a loss function,
and let N be an NN with the following architecture:
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1. Omneinput layer of n units;
One layer of N units and fully connected with the input layer. In particular, for each
i=1,...,N, the unit u; of the layer returns a scalar output

Yi = f(wi) = f([w, ..., wu]"), (21)
where w; = [wyj, ..., wy,|T € R" is the vector of the weights of the connections between the
input layer units and u;.

Then, we define N as multi-start optimization NN (MSO-NN) of N units with respect to f.

Remark 3. We point the reader to the fact that (21) does not depend on the NN inputs but only on
the layer weights. Then, an MSO-NN does not change its output, varying the inputs. The reasons
behind this apparently inefficient property are explained in the next propositions.

Proposition 2. Let N be an MSO-NN of N units with respect to f. Let us endow N with a
training loss function £ such that,

N N
Ux,y;w) = L(w) iz)\gf(wi):/\;?i, (22)

for any input—output pair (x,y) € R" x RN, where A € R is fixed, and w = (wy, ..., wy) €
R™N denotes the vector collecting all the weights of N'. Moreover, for the training process, let us

endow N with a gradient-based method that exploits the backpropagation, defined as in Remark 2.

Given N vectors xgo),. . xg\(])) € R", let us initialize the weights of N such that the weight

vector w; = wl(O)

1. For any training set, the updating of the weights of N at each training epoch is equivalent to

the multi-start step (14), computed with reverse AD and such that Ay = --- = Axy = A;

2. Foreach k € N, the weights w*k+1) = (wgkﬂ),. ..,wl(\ljcﬂ)) of N, after k + 1 training

epochs, are such that

is equal to xfo),for eachj=1,...,nandi=1,...,N. Then,

w Y =Y vi=1, N,

where xka) are the vectors defined by (14) and Ay = --- = Ay = A

Proof. Since the second item is a direct consequence of the first item, we prove only item 1.
The optimization method for the training of V is characterized by a function M that

satisfies (10) and (13). Then, the training of A/ consists of the following iterative process

that updates the weights:

0 0 "
{w(o)—(xg ),...,xg\]))eRN 3)

wkt) = M(wlh, VAPe(w®) ;a), VEeN

independently of the data used for the training (see (22)). We recall that VAP denotes the
gradients computed with reverse AD and that it is used in (23) because the optimization
method exploits the backpropagation for hypothesis.
Now, by construction, we observe that / = L, o F, with L) and F defined as in
Proposition 1. Then, due to Proposition 1 and Remark 2, the thesis holds.
O

Proposition 3. Let N be as in the hypotheses of Proposition 2, with the exception of the loss
function £ that is now defined as

N
U(x, y;w) = Ly;w) =AY (f(wi) —yi)* =AY (T — i), (24)
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for any input—output pair (x,y) € R" x RN and where A € R is fixed. Let T be a training set

where the input—output pairs have fixed output y = [y*,...,y*]T € RN. Then,

1. Given the training set T, the updating of the weights of N at each training epoch is equivalent
to the multi-start step (14) applied to the merit function (f(x) — y*)?, computed with reverse
AD and suchthat Ay = --- = Ay = A;

2. Foreach k € N, the weights w**) = (k™Y (k+1) ini

. , ohts w = (wy ", .. wy ) of N, after k + 1 training

epochs, are such that

&) :x(k+1), Yi=1,...,N,

i i

(k+1)

where x; are the vectors defined by the multi-start process of item 1.

Proof. The proof is straightforward, from the proof of Proposition 2. O

With the last proposition, we introduced the minimization of a merit function. The
reason is that multi-start methods can be useful not only in looking for one global optimum
but also when a set of global/local optima is asked for. An example is the level curve
detection problem where, for a given function f : R" — R and a fixed y* € R, we look
for the level curve set Y* = {x € R"|f(x) = y*} minimizing a merit function, e.g.,
(f(x) — y*)2. In this case, a multi-start approach is very important since the detection of
more than one element of Y* is typically sought (When Y* is not empty or given by one
vector only). In the next section, we consider this case problem for the numerical tests.

We conclude this section with remarks concerning the practical implementation of
MSO-NNSs.

Remark 4 (GitHub Repository and MSO-NNs). The code for implementing an MSO-NN
is available on GitHub (https://github.com/Fra0013To/AD_MultiStartOpt, accessed on 11 April
2024). The code of the example illustrated in Section 4.1 is reported and can be modified for adapting
it to other optimization problems.

Remark 5 (Avoiding overflow). In some cases, if the objective function f is characterized
by large values, an overflow may occur while using an MSO-NN to minimize f with an AD-
based multi-start approach. In particular, the overflow may occur during the computation of
G(EW) = (L) o F)(&W) = YN, )Lif(xl(k)) if the parameters A; are not small enough. One of the
possible (and easiest) approaches is to select Ay = - - - = A = 1/ N then, in the case illustrated in
Proposition 3, it is equivalent to select £ as the Mean Square Error (MSE) loss function.

4.1. Numerical Example

In this section, we report the results about the use of an MSO-NN to find level curve
sets of the Himmelblau function

f(x) = (x% 1 —11)2 + (x1 + 23 — 7)%. (25)

The Himmelblau function [51] is characterized by non-negative values, with lower
bound M = 0. In particular, f has four local minima:

X =(3,2), x; = (—2.805118,3.131312),
*

! (26)
x} = (—3.779310, —3.283186), x| = (3.584428, —1.848126);

these local minima are also global minima since f (xl*) =0,foreachi=1,...,4.

For our experiments, we consider an MSO-NN N defined as in Proposition 3, with
A =1/N (see Remark 5). The NN is implemented using the TensorFlow (TF) framework [37],
and we endow N with the Adam optimization algorithm [52], the default algorithm for
training NNs in TF, with a small and fixed step-length & = 10~3. We use Adam to show
examples with a generic gradient-based method, and we set « = 1073 to emphasize the
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efficiency of the AD-based multi-start even when a large number of iterations are required
to obtain the solutions.

Remark 6 (Adam satisfies (13)). In these experiments, we can use the Adam optimization
algorithm because Equation (13) holds for Adam, with m(A) = 1. Actually, (13) holds from a
theoretical point of view, due to a small parameter € introduced in the algorithm to avoid zero
division errors during the computations. Nonetheless, in practice, Proposition 3 and Remark 2 still
hold for Adam if we set € such that €/ \ = €N is sufficiently small (e.g., eN = 1077).
Specifically, the Adam optimization algorithm updates the NN weights according to the rule

~(k+1)
whktl) — o M ° , 27)
Vot 4 e
where all the operations are intended to be element-wise; %) and 55 are the first and second

bias-corrected moment estimates, respectively; and € > 0 is a small constant value (typically
€ = 1077) to avoid divisions by zero [52]. Then, by construction (see [52]), we observe that the

k+1)

bias-corrected moment estimates i , o) itk respect to a loss function £ are such that

) =y () glerl) — )25 (1)) (28)

1(k+1) 2 (k+1)

where m ,0' are the bias-corrected moment estimates with respect to another loss function
0" such that £ = AU, A € RY. Therefore, assuming € = 0 and considering the effective step, the
following holds:

k+1) k+1)

il i (
« =u ;
\/ﬁ(kH) o (k+1)
on the other hand, assuming € > 0, the two methods are equivalent but characterized by different
parameters to avoid divisions by zero, i.e.,

(29)

ﬁ(k-i-l) . i (k+1)
0D e VoD Leyn

Finding Level Curve Sets of the Himmelblau Function

(30)

Given the MSO-NN A described above, we show three cases of level-curve search:
the case with y* = 100 (set denoted by Y7())), the case with y* = 10 (set denoted by Y};),
and the case with y* = 0 (set denoted by Y; = {x},...,x}}, see (26)); in particular, the
latter case is equivalent to the global minimization problem of the function. For all the
cases, for the multi-start method we select the N = 10* points xgo), ey xg\(,)) of the regular
grid as starting points

{=75+ih|i=0,...,99}*> C [-7.5,75]%, (31)

where h = 15/99 (see Figure 5). Then, for each y* = 100, 10,0, we train V for K = 25,000
epochs (i.e., K multi-start optimization steps), initializing the weights with xgo),. . xz(\?).
We recall that, for each k = 0,...,K — 1, the (k + 1)-th training epoch of \ is equivalent
to N = 10* Adam optimization steps with respect to the vectors xik),. .y xg\lf() € R2. The
training is executed on a Notebook PC with Intel Core i5 Processor dual-core (2.3 GHz) and

16 GB DDR3 RAM (same PC of Example 1 and Section 3.3).
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HIMMELBLAU; N = 10000; y* = 100.0 HIMMELBLAU; N = 10000; y* = 10.0 HIMMELBLAU; N = 10000; y* = 0.0
STARTING POINTS STARTING POINTS STARTING POINTS

7000 7000 7000
6000 6000 6000
5000 5000 5000
4000 4000 4000
3000 3000 3000
2000 2000 2000
1000 1000 1000

-8 -6 -4 -2 0 -8 6 -4 -2 0 -8 -6 -4 -2 0

Figure 5. Top view of the Himmelblau function in [—8, 8]2. The magenta crosses are the N = 10* grid
points of (31). In green, the level curve sets Y{j,, Y7, and Y (from left to right).

Now, for each k = 5000, 15,000, 25,000, in Table 4 we report the computation time and
the Mean Absolute Error (MAE) of the points xgk) with respect to the target value y*, i.e.,

MAE(k, y*) 2 £~y (32)

Table 4. MAE of the points xgk) with respect to the target value y* and total computation time of
k = 5000, 15,000, 25,000 iterations for the AD-based multi-start method using the MSO-NN V.

k = 5000 k =15,000 k = K = 25,000
y* MAE Tot. Time (s) MAE Tot. Time (s) MAE Tot. Time (s)
100 447998 8.104 538 x 107*  24.164 268 x107*  41.116
10 70.2202 8.168 0.4612 25.347 7.3 x 1075 41.897
0 74.8972  8.553 1.5838 24.570 0.01812 40.861

Looking at the values in the table and at Figure 6, we observe the very good perfor-
mances of the new multi-start method. Indeed, not only all the N sequences are convergent
toward a solution, but we observe that the average time of one minimization step, charac-
terized by the computation of N = 10* gradients in R?, is equal to 1.6 x 103 s. The result
is interesting because the method is efficient without the need for defining any particular
parallelization routine to manage the N optimization procedures at the same time.

HIMMELBLAU; N = 10000; y* = 100.0 HIMMELBLAU; N = 10000; y* = 100.0 HIMMELBLAU; N = 10000; y* = 100.0
k = 5000; TOT. TIME: 0:00:08.104; MAE = 44. 799812 k = 15000; TOT. TIME: 0:00:24.164; MAE = 0000538 k = 25000; TOT. TIME: 0:00:41.116; MAE = 0. 000265

8 8 8

6 7000 6 7000 6 7000
6000 6000 6000
5000 5000 5000
4000 4000 4000
3000 3000 3000
2000 2000 2000
1000 1000 1000

-8 6 -4 -2 0

Figure 6. Cont.
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HIMMELBLAU; N = 10000; y* = 10.0 HIMMELBLAU; N = 10000; y* = 10.0 HIMMELBLAU; N = 10000; y* = 10.0
k= 5000 TOT. TIME: 0:00:08.168; MAE = 70. 220192 k 15000 TOT. TIME: 0:00:25.347; MAE = 0461217 k 25000 TOT. TIME: 0:00:41.897; MAE = 7 3e-05

6 7000 7000 7000
6000 6000 6000
5000 5000 5000
4000 4000 4000
3000 3000 3000
2000 2000 2000
1000 1000 1000

-8 6 -4 -2 0 *s % 4 2 o % % 4 2 o

HIMMELBLAU; N = 10000; y* = 0.0 HIMMELBLAU; N = 10000; y* = 0.0 HIMMELBLAU; N = 10000; y* = 0.0
k= 5000 TOT. TIME: 0:00:08.553; MAE = 74, 397202 k 15000 TOT. TIME: 0:00:24.570; MAE = 1583843 k 25000 TOT. TIME: 0:00:40.861; MAE = 001312

6 7000 7000 7000
6000 6000 6000
5000 5000 5000
4000 4000 4000
3000 3000 3000
2000 2000 2000
1000 1000 1000

-8 6 -4 -2 0 ®% % 4 2 o0 % 5 4 2 0

Figure 6. Top view of the Himmelblau function in [—8, 8]> during the search of the level curve sets
Yi0o, Yip, and Yy (first, second, and third row, respectively), denoted by the green curves or dots. The

magenta crosses are the N = 10* points xgk) xg]() , with respect to iteration k = 5000, 15,000, 25,000
(from left to right).

5. Conclusions

We presented a new multi-start method for gradient-based optimization algorithms,
based on the reverse AD. In particular, we showed how to write N optimization processes
for a function f : R* — R as one optimization process for the function G = L, o F,
computing the gradient with the reverse AD. Then, assuming no HPC availability, this
problem formulation defines an easy and handy solution for an implicit and highly efficient
parallelization of the multi-start optimization procedure.

Specifically, the method is not supposed to be applied to complex and expensive
optimization problems, where detailed and tailored parallelized multi-start methods are
probably the best choice; on the contrary, the AD-based multi-start method is intended
to be an easy and efficient alternative for parallelizing general purpose gradient-based
multi-start methods.

The efficiency of the method has been positively tested on a standard personal com-
puter with respect to 50 cases of increasing dimension and the number of starting points
obtained from an n-dimensional test function. These experiments have been performed
using a naive steepest-descent optimization procedure.

We observed that the method has the potential to be extended to second-order methods
and/or to constrained optimization. In the future, we will focus on extending the method
to these cases and implementing custom line search methods and/or distinct stopping
criteria for the N optimization procedures.

In the end, we presented a practical implementation of the AD-based multi-start
method as a tailored shallow Neural Network, and we tested it on three different values
for the level curve set identification problem on the Himmelblau function, where the
latter one is equivalent to the global minimization problem. This example highlights
another advantage of the new method: the possibility to use NNs for exploiting the
already implemented and efficient gradient-based optimization methods defined in the
NN frameworks for the models’ training.
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