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Abstract

In this work we introduce a new class of gradient-free global optimization methods
based on a binary interaction dynamics governed by a Boltzmann type equation. In
each interaction the particles act taking into account both the best microscopic binary
position and the best macroscopic collective position. For the resulting kinetic opti-
mization methods, convergence to the global minimizer is guaranteed for a large class
of functions under appropriate parameter constraints that do not depend on the dimen-
sion of the problem. In the mean-field limit we show that the resulting Fokker-Planck
partial differential equations generalize the current class of consensus based optimiza-
tion (CBO) methods. Algorithmic implementations inspired by the well-known direct
simulation Monte Carlo methods in kinetic theory are derived and discussed. Several
examples on prototype test functions for global optimization are reported including
an application to machine learning.

Keywords Gradient-free methods - Global optimization - Boltzmann equation -
Mean-field limit - Consensus-based optimization - Machine learning

1 Introduction

A new class of numerical methods for global optimization based on particle dynamics
has been introduced in some recent articles [12—-14, 21-23, 44, 47]. These meth-
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ods, referred to as consensus based optimization (CBO) methods for the similarities
between the particle dynamics in the minimizer and consensus dynamics in opinion
formation, fall within the large class of metaheuristic methods [1, 6, 11, 26]. Among
popular metaheuristic methods we recall the simplex heuristics [41], evolutionary pro-
gramming [20], the Metropolis-Hastings sampling algorithm [29], genetic algorithms
[31], particle swarm optimization (PSO) [36, 45], ant colony optimization (ACO) [19],
simulated annealing (SA) [32, 37].

In contrast to classic metaheuristic methods, for which it is quite difficult to provide
rigorous convergence to global minimizers (especially for those methods that com-
bine instantaneous decisions with memory mechanisms), CBO methods, thanks to the
instantaneous nature of the dynamics permit to exploit mean-field techniques to prove
global convergence for a large class of optimization problems [12, 14, 23, 24]. Despite
their simplicity CBO methods seem to be powerful and robust enough to tackle many
interesting high dimensional non-convex optimization problems of interest in machine
learning [14, 17, 23].

As shown in [14, 23] in practical applications the methods benefit from the use
of small batches of interacting particles since the global collective decision mecha-
nism may otherwise lead the model to be more easily trapped in local minima. For
these CBO methods based on small batches, however, a robust mathematical theory is
still missing. We mention also that, recently, a continuous description of PSO meth-
ods based on a system of stochastic differential equations was proposed in [28] and
its connections with CBO methods analyzed through the corresponding mean-field
descriptions. Rigorous results concerning the mean-field limit of PSO methods and
the corresponding CBO dynamics have been subsequently presented in [33]. We refer
the reader to the recent surveys [27, 46] for a more complete overview.

Motivated by this, in the present paper we introduce a new class of kinetic theory
based optimization (KBO) methods algorithmically solved by particle dynamics to
address the following optimization problem

v* € argmin £(v), (1.1)
veRd

where £(v) : R? — Risa given continuous cost function, which we wish to minimize.
In the following, we will assume that the minimizing argument v* of (1.1) exists and
is unique.

Both statistical estimation and machine learning consider the problem of minimiz-
ing an objective function in the form of a sum

1 n
Ew) =~ > &), (1.2)
i=1

where each summand function &; is typically associated with the i-observation in the
data set, for example used for training [10]. In statistics, the problems of minimizing
the sum occur in least squares, in the estimation of the highest probability (for inde-
pendent observations), and more general in M -estimators [25]. The problem of sum
minimization also arises for the minimization of empirical risk in statistical learning
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[48]. In this case, & is the value of the loss function at i-th example, and & is the
empirical risk.

In many cases, the summand functions have a simple form that enables inexpensive
evaluations of the sum-function and the sum gradient. First order methods, such as
(stochastic) gradient descent methods, are preferred both because of speed and scalabil-
ity and because they are considered generically able to escape the trap of critical points.
However, in other cases, evaluating the sum-gradient may require expensive evalua-
tions of the gradients and/or some of the functions may be noisy or discontinuous.
Additionally, most gradient-based optimizers are not designed to handle multi-modal
problems or discrete and mixed discrete-continuous design variables. Gradient-free
methods, such as the metaheuristics approaches mentioned before, may therefore rep-
resent a valid alternative.

In contrast to previous CBO approaches, where the dynamic was of mean-field
type, the new KBO methods are based on binary interactions between agents which can
estimate the best position according to a combination of a local interaction and a global
alignment process. Binary interactions are inspired by similar processes of social
alignment in kinetic models for opinion formation, where agents modify their opinions
according to a process of local compromise with other agents and the global influence
of external media [2, 4, 5, 7, 8, 30, 43]. The corresponding dynamic is therefore
described by a multidimensional Boltzmann equation that is solved by adapting the
well-known direct simulation Monte Carlo methods [9, 40, 42] to the present case.
We emphasize that, the resulting schemes present some analogies with the recently
introduced random batch methods in the case of small batches of size two [3, 35, 38].

In particular, we show that, in a suitable scaling derived from the quasi-invariant
limit in opinion dynamic, the corresponding mean-field dynamic is governed by
CBO methods. Noticeably, the resulting CBO methods generalize the classical CBO
approach in [14, 44] by preserving memory of the microscopic interaction dynamic.
As shown by the numerical experiments, an interesting aspect in this direction is that
the kinetic optimization model is able to capture the global minimum even in the case
where there is no global alignment process, as in the original CBO models, but only a
local alignment process where information is shared only between pairs of particles.

The rest of the paper is organized as follows. In the next section, we introduce the
kinetic model and the corresponding Boltzmann equation. Section 3 is then devoted
to analyze the main properties of the kinetic model and to consider a suitable scaling
limit which permits to derive the analogous mean-field optimizers of CBO type. Con-
vergence to the global optimum for KBO methods is then studied in Sect. 4, where
we demonstrate exponentially fast convergence to the minimum, with a constraint on
the parameters independent of the dimension for binary interactions with anisotropic
noise. Finally, in Sect. 5 we present several numerical experiments including an appli-
cation to a machine learning problem. Some concluding remarks are then given at the
end of the manuscript.
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2 A Kinetic Model for Global Optimization

In analogy to some key concepts of metaheuristic optimization methods based on
particle dynamics, in the following we introduce an optimization process based on
binary interaction dynamics inspired by kinetic models in social sciences described
by spatially homogeneous Boltzmann-type equations (see [43]). To this aim, let us
denote by f(v,t) > 0,v € R4 the distribution of particles in position v at time ¢ > 0.
Note that, by analogy with the classical space homogeneous Boltzmann description,
we kept the notation v. However, we chose to refer to this as “position’ in the search
space instead of ’velocity’ to employ a standard terminology in optimization algo-
rithms. Without loss of generality we assume fRd f(,t)dv =1,sothat f(v,t)isa
probability density function.

2.1 The Binary Interaction Process

For a given pair of particles with positions (v, v,) we consider a binary interaction
process generating the new positions (v', v},) according to relations

V' =v+ A1 (vg,e(v, ) — V) + A2 (Ve (1) — V) + 01 D1 (v, V)& + 02 D2 (V)€

2.1
Vi, = Vs + A1 (V8,8 (U, V) — Vi) + A2(Var,£ (1) — v5) + 01 D1 (vs, V)E] + 02 D2 (v:)E5 @1
where vg g (v, v4), B > 0, is the microscopic local estimate of the best position
& E
wg (V)V + ©F (V4) V4 N
vpe(v) = Tt f(v) = e PO, (22)
wg (v) + wg (vs)
and v, g(t), @ > 0, is the macroscopic global estimate of the best position
E
vw< (V) f (v, t)dv
Ua’g(t) — f]Rd a( )f( ) C()g(v) - efaé'(v) . (23)

Jpa @) fv,1)dv

The choice of the weight function a)g in (2.3) comes from the well-known Laplace
principle [18, 39, 44], a classical asymptotic method for integrals, which states that
for any probability f (v, 1), it holds

lim (—llog ( / e @EW f(v,t)dv)): inf  Ev). (2.4)
]Rd

a—00 o v esupp f(v,1)

Similarly, in (2.2) as B — oo the value vg ¢ (v, vs) concentrates on the particle in the
best position, namely

lim vg (v, vy) = argmin £(w) , 2.5)
B—o00

we{v, vy}
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if £(v) # £ (vy). Note that, vg ¢ (v, vy) depends on the interacting pair (v, vy ), whereas
Vg, £ (1) is the same for all particles. These quantities characterize two different dynam-
ics where on one hand the particle pair aligns locally to vg ¢ (v, v4) in agreement with
their weighted best position and on the other hand it aligns globally to vy ¢ (¢) accord-
ing to the weighted best position among all particles.

In (2.1) the scalar values Ay > 0 and oy > 0, k = 1,2 define, respectively,
the strength of the relative alignment and diffusion processes, whereas the terms
&k, S,:‘ € RY, k = 1, 2 are vectors of i.i.d. random variables (with arbitrary distribution)
with zero mean and unitary variance. Finally, D (-, -), k = 1,2 denote d x d dimen-
sional diagonal matrices characterizing the stochastic exploration process. Isotropic
exploration has been introduced in [44] and is defined by

Di(v, vs) = |vge(v, vs) —V|lg, D2(v) = |vg,e(t) — v|la, (2.6)

with I; denoting the d-dimensional identity matrix and |- | the euclidian norm, whereas
in the anisotropic case, introduced in [14], we have

D (v, vy) = diag {(vg,e(v, vs) — V)1, ..., (Vg (v, V) — V)a},

. 2.7
Dy (v) = diag { (Ve e (1) — V)1, ..., (va,e(t) — V)a} .

2.2 A Boltzmann Description

A fundamental aspect in the derivation of the corresponding evolution equation of
the probability density of particles f (v, ) is to determine the so-called Boltzmann
collision term describing the instantaneous variations in the particles distribution. This
derivation results exclusively from the binary interactions between particles given by
(2.1) that are assumed to be uncorrelated prior to the interaction. Under this assumption,
known as molecular chaos, the collision term can be written as a multidimensional
integral over the product of the distribution functions of a particle (see [15, 16] for
further details).

Thus, formally, the particle distribution satisfies a Boltzmann-type equation, which
can be conveniently written in weak form as

0 1
87/ f.n¢w) dv = *</ (W) + ) — ) — ¢ (vs)) f(v,t)f(v*,t)dvdv*>
t Jrd 2 \Jra

= < [, 0 =sw) s s z)dvdv*> 2.8)
where ¢ (v) € C °°(]Rd ) is a smooth function, such that

lim / 6 (0) f (v, 1) dv = / () fo(v) dv
t—0 Jrd R4
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with fo(v) the initial density satisfying

/ fo(w)dv = 1.
R4

In (2.8) we use the standard notation

(8(8)) = / ¢ (E)p(E) dE. 2.9)
R4d

where we used the shortcut & = (§1, &, &{", &), to denote the mathematical expecta-
tion with respect to the i.i.d. random vectors &, é,j‘, k =1, 2, entering the definitions
of v" and v} in (2.1). As a consequence p(§) = pe(&1) pe (82) pe (67) pe (£5), where
pe () is the common probability density function of the random vectors.

The Boltzmann interaction term in (2.8) quantifies the variation in the probability
density, at a given time, of particles that modify their position from v to v’ (r.h.s
with negative sign) and particles that change their value from v’ to v (r.h.s. with
positive sign). Here, the expectation (-) takes into account the presence of the random
parameters in the microscopic interaction (2.1).

First of all, let us remark that from the binary dynamic (2.1) we get

(W +v)) = (1= A1 — 22) (0 + vi) + 221086 + 2h200, (1), 2.10)
(V' =) = (1 = A1 = 22) (v — vy). '
The first equality describes the variation in the expected value of the particles posi-
tions. The second, under the assumption A1 + Ay < 1, refers to the tendency of the
interaction to decrease (in mean) the distance between positions after the interaction.
This tendency is a universal consequence of the rule (2.1), in that it holds whatever
distribution one assigns to &, namely to the random variable which accounts for the
exploration effects.
Before entering into a detailed analysis of the model, let us fix some notations.
Throughout the paper, we will denote with m and E the first two moments of f (v, 1)

m(t) :=/ vf(v,t)dv, E(t) ::/ |v|2 fv,t)dv, (2.11)
Rd ]Rd
and the variance as

V() = lf = mOP 0. 0dv =1 (E0 —moP) . @12
"2 Jpe ' 2 ' )

Furthermore, we will assume « to be a constant equal to the dimension d if the isotropic
exploration (2.6) is considered, and equal to one when the anisotropic exploration (2.7)
is employed.

@ Springer



Applied Mathematics & Optimization (2022) 86:9 Page 7 of 41 9

3 Main Properties and Mean-Field Limit
3.1 The Case with Only the Microscopic Best Estimate

Let us first consider the case where in the binary interaction rules (2.1) we assume
A2 = 0 and oo = 0. This case is particularly interesting since the dynamics is fully
microscopic and therefore convergence to the global minimum will emerge from a
sequel of binary interactions which are not influenced by any macroscopic information
concerning the global minimum.

The binary interactions can be rewritten as

V=v+ )Lyﬁg(v, V) (Vg — V) + 0 D (v, v4)E

) e . 3.1)
Uy = Vs + AV (U5, V) (U — 1) + 0 D (s, 0)§)

where, for notational simplicity, we have set A = A1, 0 = o1, D(v, vi) = D1(v, vy)
and
of (1)

& —

Note that, yﬂg(v, Vy) + yg(v*, v) = 1, and, since yg(v, vy) € (0, 1), the expected
support of the positions for A < 1 is decreasing

()] < (1= 2y (0. v)) o] + Ap5 (v, v ve] < max {Jv], [vl}.

Consider now, the time evolution of the expected position m(¢). We have from the
weak formulation (2.8) for ¢ (v) = v

dm(t)
dt

</ (v’—v)f(v,t)f(v*,t)dv*dv>
RZd

x/ Vi (0, ) (Vs — V) f (0, 1) f (Vs 1) dvsdv (3.2)
R2d

=21 /de yﬂg(va V) (0, 1) f (U, Dvse dvse dv — Am(2),
where we made use of the fact that yﬂg(v, V) + yﬂg(v*, v) = 1, from which follows
m(t) = Vﬁg(v, Vi) (Vs — V) f (0, 1) f(vy, 1) dvgdv
de
+ yﬁg(v*,v)(v*—v)f(v,t)f(v*,t)dv*dv.
]RZd

It is easy to verify that the above equation admits as steady state any Dirac delta
distribution of the form f*°(v) = §(v — v), since yg(ﬁ, v) =1/2,Vv € R4, In
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general, any symmetric function yﬁg(v, Vy)= yff (v, v) would preserve the average
position, and it is therefore the asymmetric behavior of this function based on the
choice of the best value in the binary interaction that will asymptotically lead to the
global minimum in the system. Note that, Eq. (3.2) is not closed.

In order to analyze the large time behavior of f (v, t), we introduce the following
boundedness assumption on & (v).

Assumption 3.1 Let us assume &(w) positive and for all w € RY

E:= inf EW) < Ew)< sup EW) =: €.

veRd veRd

Under this assumption, it is possible to show that, when the alignment and exploration
strengths satisfy suitable conditions, the particle system concentrates as it evolves.

Proposition 3.1 Let f (v, t) be a weak solution of Eq. (2.8) with initial data fo and
binary interaction described by the system (3.1). If £ satisfies Assumption 3.1 and B
is sufficiently large, it holds

dv(t) A
< — | —
dt  — Cﬁ’g

22— O‘2K> V), (3.3)

forallt > 0, where Cg ¢ = BE-E)
We start the proof by presenting an auxiliary result.

Lemma 3.1 If B is sufficiently large, it holds
2 1
E I P~
(vf @ o) = (1 Cﬂ,g)m (.0, (3.4)

where Cg ¢ 1= PE-D),

Proof We start by rewriting (yﬂg (v, vy))? as
e~2BEW) e~2PEW) e~2BEW) | (=2PEWY)

(e~PEW) 4 ¢=BE®D)? T e 2BEW) 4 o 2PEW) (e~BEW 4 ¢=BE@D)?

e~2BEW) 4 (—2BEW)

(ePE® + e—ﬁS(v*))z

(v§ @, v*))2 =

=y, v) =1 y5 (0. v)CF (v, v)

and further rewrite §§ (v, vy) as

o) e MEW | g 2PEW)  g2EW (] 4 o 2BEW-E@)
v, v - =
pET T (e=PE® 4 e—ﬂS(v*))z e=2BEW) (1 4 e—ﬂ(S(v)—E(v*)))z
1 + e—2BE@—=E@)

(1+ e*ﬂ(S(v)ff(v*)))z ’
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One can verify that g“g (v, vy) attains its maximum value when the difference | € (v) —
E(vy)| is maximized, from which follows

14+ 2E0 142
(1+ e*ﬂ(ffé))z (1+0?

é’ﬂg(vv v*) S

where we denoted for simplicity (C/g’g)_l =: C. We note that C — Q as 8 — oo.
Finally, as § — oo

- 14 C? C +0(0)
1 — & s — Cg 1 =1 - — — = — =0,
& (. ve) = (C) (1+0)? 1+0)2 ~
if B is sufficiently large. This proves the assertion. O

Proof of Proposition 3.1 From the definition of E(¢), and the weak formulation (2.8),
we can compute

di:l) :</de (Iv/|2 — |v|2> F,t) f(vs, t)dvdv*>

=)\2/2d v§ (0, v vs = V]2 £ (v, 1) f (Ve 1) dv dv,
R

c 3.5)
+2x Yg (U, v (U — ) f (v, 1) f(vs, 1) dv d vy
R2d
d
4 Y [ Du v 0 f vy dud,
iz R2d
where with D;; we denote the ith- diagonal element of the matrix D. From
d V) = Ld E() (?) d (1)
dr T 2dr "™
and the moment derivative (3.2), we recover
dv(t) /0 2 d
=( [ (WP = 10P) f@.0f e 0y dvdv,) —m(@) = m(@)
dt R2d dt
)\2
— E 2 2
=5 Vg (W, v) 7o —v|7 f (v, 1) f(vs, 1) dv dvy
2 R2d
(3.6)

+ )\f vi (0, ) (0 = m(0))-(vy — V) f (v, 1) f (v, 1) dv dv,
R2d

)
o

+—§/ Dii (v, v)? f (v, 1) f (ve, ) dvdvs =1 [} + I + 5.
2 = Jr
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Thanks to the relation, yﬁg (v, vy) + J/ﬂ‘g (v, v) = 1, we note that for any symmetric
function ¥ (v, vy) = V¥ (vy, v) it holds

/ v5 0, )Y (0, ) £ (v, 1) f (v, 1) dv dvs
R2d

1
. f Y, v 0, 1) f (v, 1) dv v G.7)
2 R2d
It follows that /1 and /3 can be bounded as
I <)L_2 I 2 a2
1 < Y8 W, v)|ve = V7 f (0, 1) f (g, ) dvdve = A7V (2) (3.8)
2 Jrd
B £ —? dvdv,=c> 3.9
3= K - Yg (v, vl —v[7 f (v, 1) f(vs, 1) dvdv=0"k V(1) (3.9

where we recall that k = d in the isotropic case (2.6), and « = 1 in the anisotropic
case (2.7). We compute by means on Young’s inequality

) =)»f V;f(v, V) (v —m(0)-(vsx — ) f (v, 1) f (s, 1) dv dvy
R2d

<- )\f Vﬁg(v, v) v — Va2 f (0, 1) f (v, 1)dvd s
]de

2 (3.10)

+—/ [ve — m()* f (v, ) f (vs, 1) dv vy
2 Jrd

+ % /I‘de (yﬁg(v’ v*))2 |U - U*|2f(v, t)f(v*, t) dv dU* .

By applying Lemma 3.1 one can bound the last term as
£ SET dvd
VB W, v4) ) v —ve] " f (W, 1) f (s, dvd vy
R2d

1
< (1 — —) / yzgﬂ(v, vy)|v — v*|2f(v, ) f (vy, )dvdv, .
Cpe) Jru

Finally, we use again relation (3.7) to obtain

L < =20V(t)+ AV (@) + A<1 — L)V(t) = —LV(t)
Cpe Cpe

and hence, together with (3.8) and (3.9), we get (3.3). O
Corollary 3.1 Under the assumptions of Proposition 3.1, if . and o satisfy the condi-
tion

A

= A —06% >0 (3.11)
Cﬁyg
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then there exits v € R? such that m(t) — v, V(t) — 0 ast — oo.

Proof By applying Gronwall’s inequality to Eq. (3.3), we obtain the decay estimate

A
V() < V(e ™ with u:= oo A2 —o0% >0, (3.12)
B.E

which implies V(t) — 0 as ¢t — oco. From the weak formulation (2.8),

‘dm(t)
dt

= 'A/ V5 W v e =) f 0, 1) f (v 1) dvduy
R2

sx/ s — V1.f (0. ) f (v 1) dv v,
]RZ

<X (f [ve — v|2f(v, 1) f(vy, 1) dvdv*)2 <20/ V() < ZA\/V(O)ef%’“ s
R2

where we used Jensen’s inequality to have an estimate in terms of the variance. The
above proves that dm(t)/dt € L'(0, co) and, hence, that there exists a point 7 € R4
such that

dt = lim m(t). (3.13)
11— 00

O

Remark 3.1 Clearly, the asymptotic value v in general is not known. We will discuss in
Sect. 4 appropriate conditions under which £ (v) can be considered a good approxima-
tion of inf ,_ga £(v). It should be noted that, condition (3.11) becomes rather restrictive
for large values of 8. However, in the mean-field scaling such a condition becomes less
stringent as observed in Remark 3.3. Additionally, when both processes for localizing
the minimum, microscopic best and macroscopic best, are activated simultaneously
the convergence conditions are much less stringent and correspond to those of the
macroscopic best dynamics as shown at the end of Sect. 4 (see Theorem 4.3). From
a physical point of view, this reflects the tendency of the binary dynamics based on
the microscopic best to favor exploration over concentration when compared to the
corresponding binary dynamics based on macroscopic best.

3.2 The Case with Only the Macroscopic Best Estimate
The case where the macroscopic best estimate contributes alone to the particle search
dynamics can be analyzed following the same methodology of the previous section.

The binary interactions now read

V' =04 A(vgg(t) —v) + o D(v)&

/ . (3.14)
U, = Vs + A(vg,£(t) — vi) + 0 D(v4)&;

where we have set A = Ay, 0 = 02, D(v) = Dy(v) and A, = o1 = 0.
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Again, the expected position is not conserved by the dynamics

dm(t)
dt

= Mg, g (1) —m(1)), (3.15)

and describes a relaxation towards the estimated global minimum v, g (¢).
As in the case with only microscopic interaction, we can derive an upper bound for
the variance derivative.

Proposition 3.2 Let &£ satisfy Assumption 3.1 and f(v,t) be a weak solution of the
Boltzmann equation (2.8) were the binary interaction is described by (3.14) . For all
oa>0andt >0,

dv(t —af
@ _ (2 22 tka)) | V). (3.16)
dt log It re.m)

Proof We start by noting that, according to (3.14),

(IW7) = (10 + 200e)) = v) + 0 D@)&P)
d

= [0 4+ A[vge () = vF + 240 (v () —v) + 02 Y Dy ()%, (3.17)
i=1

where we used that the (£,) = 0 and (|£,|%) = 1. As before, we compute

dE@)

</ (W' = [0 f (0, ) f (s, 1) dv dv*>
dt R2d

= /RZI (kzlva,g(t) — 0> + 200 - (vg.e(1) — v)

d
+o2 ) Dii(v)z) f@. ) f (e, ) dvdv, (3.18)

i=1
and the variance time evolution

dve) a2 )
=—/|wW%MﬂwﬁMﬁwm
RZd

dt 2
+1 /de(v —m(1)-(vg, () —v) f(v, 1) f(vs, 1) dv dy

2 d
o
+5 ; /de Dii (W) f(v, 1) f (vs, 1) dv dus, . (3.19)
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Thanks to the identity

/ (v = m(D)- (v (1) — 0) f (v, 1) dv
Rd
_ /Rd(” e (1) = m(0) - vag (1) — 0P 4 v m(D) f (v, 1) dv

=f (=l + Im(@®)1> f (v, 1) dv,
]Rd

we note that the second term of (3.19) is equal to —2AV ().
We recall that, from (2.3), vy g(¢) is defined as

fv,t)dv.

Vo (1) = Jra vl (V) f (v, 1) dv B A;d | I

Jpa @G @) fw, 0)dv 0§ L1 (f.n)

The remaining terms in (3.19) can then be estimated by pointing out that

efoté'(w)

f, ) f(w, Hdvdw

/|va,g<r>—v|2f<v,r)dvsf lv—w?
]Rd RZd
(3.20)

—af

0§ lLt ey

/ lv —m () f (v, 1)dv
]Rd

e

llwé IL1cren

thanks to Jensen’s inequality. Lastly, we obtain the desired upper bound

dv (1) 2 e

dt = N llLicren
—af

/ lv —m@®)| f (v, H)dv — ,\/ lv — m(0)|? f (v, )dv
R4 R4

e
UZKS—/ lv —m(0)]? f (v, t)dv (3.21)
”w(x”Ll(f(.)z)) R4

e~
<—|2or—2———— (W +kdD) | V().

5
lleoge 1ty -

Remark 3.2 We note that, by applying ||a)f§|| LU(f ) = e to (3.16) one gets an
analogous condition, as in Corollary 3.1 with Cg ¢ replaced by C, ¢ := (€5,
under which the solution f concentrates around a point v € R4, However, as we
will see in Sect. 4, taking into account the time evolution of ||a)§ lz1(fc.r)) @ weaker

condition can be obtained, which avoids the limitations induced by large values of «.
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3.3 The Mean-Field Scaling Limit

Letus consider, for the sake of notational simplicity, the case with only the microscopic
binary estimate. We introduce the following scaling

t
t— —, A— A&, 0 — oA /E. (3.22)
e

The scaling (3.22), allows to recover in the limit the contributions due both to alignment
and random exploration by diffusion. Other scaling limits can be considered, which are
diffusion dominated or alignment dominated. As we shall see, derivation of mean-field
CBO models is possible only under this choice of scaling.

To illustrate this, let us consider the decay of the variance which is given by (3.3).
If we now rescale time as t — ¢/¢ we get

dv(t) 1 ( A 2 By >
<—|——=—A"=0%k | V(). (3.23)
dt e \C B.E

Letting now ¢ — 0in order to preserve the behavior of the variance and both alignment
and diffusion dynamics we need to assume both A and o2 as O(g). This argument
shows that the choice of the scaling (3.22) is of paramount importance to get mean-field
asymptotics which maintain memory of the microscopic interactions and concentration
effects.

In the remainder of this section, we shall present the formal derivation of the mean-
field limit, starting from weak form of the Boltzmann equation (2.8) under the scaling

(3.22) which leads to the microscopic binary interactions

V' = v+ eAyf (v, v (v — V) + Veo D(v, v

/ . . (3.24)
Vi = Vs + EAYE (04, V) (U — 04) 4 V0 D (04, V)]

For small values of € > 0 we have v’ & v and we can consider the multidimensional
Taylor expansion

$O) = ) + (' — ) Vo) + 3 — 0 2P L g PO

| !
=2 =3 1

where we used the multi-index notation |n| = n; + ...+ 14, n! = n1!... 04!,

]

0
3P (v) = md’(v), W =)= @] )" (V) — V)™,

and ¥ = Qv + (1 — O)v/, for some 6 € (0, 1). We refer to [43] for an extensive

discussion on this kind of asymptotic limits leading from a Boltzmann dynamic to the
corresponding mean-field behavior. Here, we limit ourselves, to observe that form an
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algorithmic viewpoint this corresponds to increase the frequency of binary interactions
by reducing the strength of each single interaction.
Now (2.8), under the scaling (3.22), can be written as

a
3 /Rd f, D¢ )dv

1
= </ (p(V) —p (V) f(w, 1) f(vs, t)dvdv*>
R2d

&

- )\/ Vi (W, v)Vep (V) - (U — ) f (0, 1) f (Vs 1) dv dv,
RZ

3
te —/ g @v? Y (v, - ‘“ ® w0 f @ 0 v,

Inl=2

_/ dZD (0. 1) ¢( )f(v 1) f (s, 1) dv dv,
RZ

+0(Ve). (3.25)

Under suitable boundedness assumptions on moments up to order three, we can for-
mally pass to the limit ¢ — 0 to get the weak form

33/ f, D)) dv =)\/ v5 (0, 0)Vup (V) - (0 — ) f (v, 1) f (vs, 1) dv dv,
t Jrd R2d

[ 5 2¢<)
+7/RM§D’2" P V) 2 S, ) f(vs, 1) dv dvy.

(3.26)
This implies that f satisfies the mean-field limit equation
df(v,t)
fT +AVy - <f(v, 1) /d ¥ (0, 0) (Vs — V) f (v, 1) dv*)
R
(3.27)

o2 92 )
=7 ) PR <f<v7 1) fRd D;; (v, vs) f (s, t)dv*) .

i=1

The explicit expressions of the diffusion terms are given below for the isotropic case

d
[R | Di @, v f (v, 1) dvy = ,X_; /R VW00 e = 0 f (e 1) v,
(3.28)
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and the anisotropic one

f D} (v, vi) f (ve, 1) dvy = / v (0,07 (0ei — V) f (s, 1) dvy. (3.29)
R4 R4

In the general case, by analogous computations, under boundedness assumptions
on moments, in the limit ¢ — 0 we get the weak form

d
F” / f, D) dv = /\1/ V5 0, v)Vup () - (v — ) f (v, 1) f (v, 1) dv dv,
t JRrd R2d

o /R Vo (V) - (e (1) — ) f (v, 1) dv

2
_/ ZDlu(v,v*) ¢(2)f( 1) f (vs. 1) dv dv,

) 2 0“9 (v)
+7/de;D2”( )

which corresponds to the mean-field limit equation

v, t)dv, (3.30)

af(v D v, <f(v t)/ Vi (0, v (v — v)f(v*”)d”*>

+?»2Vu (f 0, D (vge(t) —v))

o2 L 92
- 71 ; @ (f(v t)f Dl u(vv Vy) f (Vs 1) dv*)

2
)

2
+728—(f(v,t)D%’ii(v)). (3.31)

2
= ov;

Remark 3.3 System (3.31) generalizes the notion of CBO model to the case where a
local interaction is taken into account. Additionally, let us remark that from the scaling
(3.22) in the mean field limit we have the analogous of Proposition 3.1 and 3.2 where
now the A2 terms disappear, making the corresponding concentration conditions less
restrictive.

4 Convergence to the Global Minimum

In this section, we will attempt to understand under which conditions we can assume
tl_l)rgo & (m(t)) to be a good approximation of £ := min, cpa £(v).

In order to do so, we will investigate the large-time behavior of the solution f (v, t)
to the Boltzmann equation (2.8). Here, we will first limit ourselves to the case where
only the microscopic best estimate occurs during the interactions and then study the
case where only the macroscopic best estimate occurs.
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4.1 The Case with Only the Microscopic Best Estimate

In order to study the fully microscopic dynamics, letus set A» = o2 = 0and A = A,
o = o1. Throughout this section we assume £ to satisfy Assumption 3.1 and the
following additional regularity assumptions.

Assumption 4.1 £ € C>(R?) and there exist ¢, ¢o > 0 such that
1. sup |[VEW)| <cy1;

veRd
2. sup [VZE@W)2 < Vi=1,...,d.
veRd

Under these assumptions on the objective function &, the following result holds.

Theorem 4.1 Let f (v, t) satisfy the Boltzmann equation (2.8) with initial datum fy(v)
and binary interaction described by (3.1). Let also Assumptions 3.1 and 4.1 hold for
E. If the model parameters {)\, o, B} and fo(v) satisfy

A

pi=——-A2—6% >0 “4.1)
Cp.e
2(V2he1 + (A2 + 0%k)cr) e PE I
V= 3 myq) < = 4.2)
M”wﬁ ”Ll(f[)) 2

where my ) = max «/V (0), V(0), then there exists v € RY such that m(t) —> 7 as
t — 00. Moreover, it holds the estimate

log2

E@) =E+r(B)+ 4.3)

where, if a minimizer v* of € belongs to supp( o), then r(B) := —% log ||a)/‘§ Iz —
E —> 0as B — oo thanks to the Laplace principle (2.4).

Proof Similar to what we did to derive the mean-field scaling limit, we consider the

multidimensional Taylor expansion for a)}‘g

(wg W) —of (v)> = <vw§ ) - W —v)+ %(v’ —v) - V2l (D) - v)> (4.4)

where 0 = Ov + (1 — 0)v’ for some 6 € (0, 1). Thanks to Assumption 4.1, one can
bound the above terms as

(Vof) - = v)) = ~e PEOAVEW) - (vpe (v, 0.0 = v)

A%

—Be PEncilvpe (v vi) — vl
By computing the Hessian of a)/‘g(v)
Vza)g =8 e PEvegve — ,Be_ﬁgVQE,
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we obtain
%((v’ —v)- Vza)g(f))(v’ — v)>
= <%,3 e PEO\VED) - (v —v) — ge*“(ﬁ)(u’ —v) - VZED) (v — v)>
= Lot @l (v - o)

B

> —Eefﬁg()nz + O'2K)C2|U’3,g(v, Vy) — v|2
where in the last inequality we used Assumption 4.1 and the fact that

(I = o) = Rlge, v = v+ 0> (D, v)81 )

< (W +ak)|vpe(v, v) — vf*,

by definition of D (v, v,) and &;.
We introduce

Mp(t) = /R @)@ 0 dv = 10F 1 e 4.5)

and apply the weak formulation (2.8) to ¢ (v) = a)g (v) to obtain

dﬁ/ili(t) - <fRd (“’g(v/) - wg(v)> S, 1) fvg, 1) dv dv*>
> — Be PEncy /RM [vg.e (U, vs) — V] f(v, 1) f (s, 1) dv dvy (4.6)
B ey GZK)sz vp.e(v, v:) — V> f(0, 1) f (v, 1) dv v,
2 o
We recall that

/ vp.e (W, v:) — VI* f (0, 1) f (vs 1) dv du,
R2d

< [ 75 vl = o £ @) dvdv, =2V
R2d

form which also follows, by Jensen’s inequality,

/M lvg.e(, vi) —v| f(v, 1) f(vs, 1) dvdvs < 2V (1)
R
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Finally, we obtain

dﬁfzi(t) > —Be PErc1 2V (1) — Be PEO2 + 02k)eaV (1)
@.7)

> _BePE («/Em + 02+ a%c)cz) max{y/V (@), V(1)} .

Now, by definition of w it holds dV (¢)/dt < —uV (¢) thanks to Proposition 3.1.
As we did in the proof of Corollary 3.1, we apply Gronwall’s inequality to obtain an
exponential decay of the variance from which follows

max{/V (), V(¢)} < max{y/V(0), V(O)}e_%’” forall t+ > 0.

This leads to a lower bound for Mg () in terms of Mg(0):

t
Mg(t) =Mg(0) — Be PE(V2he1 + (A2 + 02k)cp)max{/V (0), V (0)} f eI s
0

2 2 -BE
> Mg (0) 2(v2her + (1 :0 K)c)Be max{/V(0), V(0)} (4.8)

=Mg(0)(1 —v).
By definition of v and condition (4.2), it holds
1
Mpg(1) >§Mﬁ(0) . 4.9)

Let us now consider the limit of the above inequality as ¢+ — oco. Since m(t) — v and
V(t) — 0, it holds

M,g(t):/wg(v)f(v,t)dv — @) =D as 1500, (4.10)

The above limit is a consequence of Chebyshev’s inequality, we refer to the proof of
[12, Lemma 4.2] for more details. Considering the limit of inequality (4.9) ast — oo,
we have

|
e PED o FMp(0). 4.11)

Finally, we take the logarithm of both sides of the above inequality to obtain

1 log 2 log 2
(D)< — - log Mp(0) + —== =€ 4 r(B) + —o= , (4.12)
B B B
where r(8) := —4 log Mg(0) — € = — §logllw§ 11 ) — - o
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4.2 The Case with Only the Macroscopic Best Estimate

We now consider the case where only the macroscopic dynamics occurs and the
interaction is determined by (3.14).

Theorem 4.2 Let f (v, t) satisfy the Boltzmann equation (2.8) with initial datum fy(v)
and binary interaction described by (3.14). Let also Assumptions 3.1 and 4.1 hold for
E. If the model parameters {\, o, a} and fy(v) satisfy

e—E
pi=2h — 44— A4k >0 (4.13)
log 1Lt s
4021 + 22402 —2af 3
B +; 2")”‘” Vo < (4.14)
I’L”a)a ||L](f())

then there exists € RY such that m(t) —> ¥ as t — 00. Moreover, it holds the
estimate

log2
E() < E+r(@) + —= (4.15)
o
where, if a minimizer v* of € belongs to supp( fy), then r(a) := —é log ||a)§ L) —

E —> 0 as o — oo thanks to the Laplace principle (2.4).

Proof Similar to the proof of Theorem 4.1, we consider the Taylor expansion of wf
which reads as

<a)§(v/) - wg(v)> = AV (V) - (vae(t) — v) + %<(v/ —v) - V2 (D) (v — v)>
(4.16)

for some 9 € R?. As before, by using Assumption 4.1 and the definition of Vza)o‘f , the
second term can be bounded as

%<(v’ —v) - V2l ) — v)> > —%e*“(f’)(v’ —0) - V2ED) (W - v)
> —2e 202 + o )ealug e () — vl
For the first term of the expansion, it holds
/RM AV@E (V) - (Ve (t) — v) f(v, 1) f(vi, 1) dvduy
= —aA A{M e_“‘s(”)VS(v) (V) —v) f(v, 1) f(vg, 1) dvdu,
—ai [ e (VEW = VE @£ 1) - ) =) F(0.0)f () v,

> —ae s [ ) = 0P 0.0 f (e dvdo.,
R2d
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where we used that

f e*"‘g(”)vg(va’g(t)) (Vg e@®) — V) f, 1) f(ve, 1) dvdv, =0.
R4

As before, we denote My (1) := ||a)§(t)||L1(f(AJ)). By the weak formulation (2.8) it

then follows

ng(t) =2M, (t)iMD, ()=2My (1) </ oS (W)= ) f, 1) f(ve, 1) dvdv*>
dt dt R2d

> —4acs (2)» +22+ 0’2K) 6_2“§V(t)

where we used (3.20) to bound the expectation of |vy (1) — v|2.
We now define the time

T := sup{t : My(s) > %MQ(O), Vs el0, t]}

and assume that 7 < oco. By assumption (4.13) on u, for all t € [0, T']

2 28 (A2 4+ x02) > 24 — 4 et (A2 + k0?) 0
- Ko?) > 2\ — ko) =u >0,
My (1) M (0)

which leads to

dVv
dt(” < —uva

4.17)

(4.18)

thanks to Proposition 3.2. Due to Gronwall’s inequality one has V () < V (0) exp(—ut)

for all t € [0, T]. By assumption (4.14),

t
M2(t) = M2(0) — 42% 4 12 + 0%k)crae €V (0) / e Mds
0

4020 + 2% + Uzlc)czote’z"‘é

> M2(0) — p

1
V(0) = ZMé(O)
which implies that for all ¢ € [0, T,

My (t) > %MQ(O).

(4.19)

(4.20)

This means that for some § > 0, My (t) > %MQ(O) for all + € [T, T + §) which
contradicts the definition of 7. Consequently, T = oo and hence (4.20) holds for all

t > 0. As a consequence, we obtain the exponential decay of the variance

V() < V(e ™ forallt >0.

4.21)
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As we showed in the proof of Corollary 3.1, there exists a € R? such that

m(t) — v ast — oo with exponential rate, from which follows M, (t) — e~ €W
By taking the limit as t — oo of (4.20), we obtain
~ 1
e ?E® o 5Ma(0) (4.22)
and we conclude that
1 log2 log2
E@) < ——log My(0) + 25 = £ +r(@) + —2= (4.23)
o o o
where r(ar) := — 1 log My (0) — € = =L log |§ |1 11 — E- O

Finally, it is possible to prove a general convergence result to the global minimum
for the case where both the local and global best alignments occur in the particles
interaction. In the following, for simplicity we will set 8 = «.

Theorem 4.3 Let f (v, t) satisfy the Boltzmann equation (2.8) with initial datum fy(v)
and binary interaction described by (2.1). Let also Assumptions 3.1 and 4.1 hold for
E. If the model parameters {11, A2, 01, 02, a} and fo(v) satisfy

—oté'
wi=2hp — 4o (45 +xa3) — (O +07i0) > 0 4.24)
g L1 fy)
8 («f rer+(3+ofi)er + (2xz+x§+a§,c)c2) ae—2E 5
V= /Llla) B max{y/V(0), V(0)} < 1
L1(fo)
(4.25)

then there exists O € RY such that m(t) —> ¥ as t — 00. Moreover; it holds the
estimate

g2

EW) <&E+r(a)+ — (4.26)

where, if a minimizer v* of € belongs to supp( fo), then r(a) := —% log ||a)§ L) —
£ —> 0 as o — oo thanks to the Laplace principle (2.4).

The proof closely follows the proofs of Theorems 4.1 and 4.2 and will be omitted for
brevity. It is interesting to remark, however, that condition (4.24) is far less restrictive
than the corresponding condition where only the local best is used (4.1). This suggest
to use the local best in practical applications only in combination with the global best.

Before concluding our theoretical analysis, a few remarks are in order.

Remark 4.1 e The assumptions in Theorems 4.1, 4.2 and 4.3 depend strongly on
B and «, which have to be considered as fixed parameters. Therefore, the limits
t — oo and B, or « — 00 are not interchangeable. Furthermore, for a given g, or
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o, a choice of A1, > and o1, 0 satisfying the assumptions is always possible, at
the cost of taking V (0) sufficiently small.

e Under the mean field scaling (3.22), one can directly derive the equivalent of
Theorem 4.3 for the mean-field limit dynamics (3.31). For small values of the
scaling parameter ¢, the quadratic terms in A, A, will vanish and, in the case of
global best only, we recover the same convergence result of CBO methods (see
for instance [14, Theorem 3.1]).

e Finally, in the case where the diffusion process in binary interactions is anisotropic,
namely (2.7) holds and therefore x = 1, convergence to the global minimum is
guaranteed with parameter constraints independent of the problem dimensionality.
For this reason, in all numerical examples of the next section only anisotropic noise
has been considered.

5 Numerical Examples and Applications

This section is devoted to discuss the implementation of the proposed methods and
to test their performance with the aid of several numerical experiments. The first
experiment, in Sect. 5.2, consists of checking the fitness of the macroscopic best esti-
mate in (2.3) employing in the evolution of the dynamic both terms (2.2) and (2.3),
in comparison to the sole presence of one of the two. The second experiment, pre-
sented in Sect. 5.3, is devoted to show how even simple 1-dimensional problems
may pose serious issues to classical descent methods, whilst the proposed procedure
has an high success rate. Finally, the last section presents an application to a clas-
sical machine learning problem, showing that KBO methods have the potential to
outperform classical approaches. It should be noted that, in numerical experiments,
to facilitate comparison with the literature, we will denote by f (x) the function to be
minimized and by x the variable in the search space, instead of £(v) and v as in the
description of the KBO method.

5.1 Implementation

The numerical implementation of KBO relies on two different algorithms inspired by
Nanbu’s and Bird’s direct simulation Monte Carlo methods in rarefied gas dynamics
[9, 40, 42]. The former considers at each time step the evolution of distinct pairs of
particles, while the latter allows for multiple interactions between pairs of particles
in a time step. The methods are summarized in Algorithms 1 and 2, the interested
reader can find additional details on similar algorithms used in particle swarming in
[3, 43]. Mathematically, let us remark that in the limit of a large number of parti-
cles Nambu’s method converges to a discrete-time formulation of (2.8), while Bird’s
method converges to the continuous-time formulation (2.8).

In the algorithms reported, the parameters § ,,, and 7 ,,, check if consensus has been
reached in the last n ., iterations within a tolerance 8 ,,: in such case, the evolution
is stopped without reaching the total number of iterations. The initial particles are
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drawn from a given distribution, typically uniform in the search space unless one
has additional informations on the locations of the global minimum. Note that in
Bird’s algorithm interactions take place without any time counter compared to Nanbu’s
method. As a consequence the total number of interactions as well as the parameter
n 4, have to be adjusted accordingly to the overall number of particles.

Algorithm 1 Nanbu KBO

Input parameters: N, Ny, & > 0, 01,02, A1, A2, 1t gan and 8 g

Initialise N particles: {vi(o)}izl ,,,,, Np

t<0,n<0
)
Compute Vo &
while r < N; and n < n 4, do
fori=1,..., Np do
(1)

Select uniformly another individual v;’, among the others except v

(1)

i
Compute vg.£ (vl.(t), v§[)>

dgi < vg £ (vi(t), v;t)> — vl.(t)

dy,; < vg)g — vl.(l)

Generate S} L&) ~N(O, 1)
UEH'I) <« vlm +eridg i + erady,; + +/e01 Diag(dg ;)& 4 /e0p Diag(dy, ;)&
end for t+1)

Compute v, £

if 005 — 0% 12 < 8 then
n<n+1
else
n <0
end if
t<—1t+1
end while

5.2 Validation of the Algorithms

The validation of the KBO algorithms is pursued initially on a classical benchmark
function for global optimization, the Rastrigin function [34] in dimension d = 20, with
the global minimum f(x*) = 0, at x* = 0 (see Appendix A). As shown in [14, 23, 28,
44], compared to other benchmark functions the Rastrigin function in high dimension
has proven to be quite challenging for CBO-type methods if one is interested in the
computation of the precise value x* in which the function reaches its global minimum.
In fact, the Rastrigin function contains multiple similar minima located in different
positions and the minimizer can get easily trapped in one local minimum without being
able to compute the global optimum. This test is used to analyze the performances
of the two different algorithmic implementations of the method and the effects of the
parameters related to the alignment and the exploration processes based on the local
best and the global best respectively.
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Algorithm 2 Bird KBO

Input parameters: N, Ny, & > 0, 01,02, A1, A2, 1t gy @nd 8 g

Initialise N, particles: {vi(o)}i=1 ____ N

P
s < 0,n <0, Ng < NyNp/2, nga < ngaNp/2

0)
Compute Vo £

while s < Ny and n < n g do

Select a random pair (i, j) uniformly among the (1\;,, ) possible ones .

Compute vg ¢ (v,-, vj)

dp.i < vp.g (vi,vj) —viodg j < vge (viivj) —vj
dyi <~ véf)g — Vi, dyj < v‘(j)g —vj
Generate &1, &, £, &5 ~ N(0, 1)
v < v; +erydg; +edady i + /601 Diag(dg ;)& + y/e07 Diag(dy, )62
vj < vj 4 ehidg j + ehady, j + A/e0| Diag(dg, ))&} + /e02 Diag(dy, j)&5
Update v;y-gl)
if 002" — 0% 12 < 8. then
n<n+1
else
n<«0
end if
end while

The computational parameters are fixed as N = 200, N, = 10,000, n ., = 1000,
8. = 107 and the particles are initially distributed following an uniform distribution
in the hypercube [—3.12, 3.12]¢, d = 20. Figures 1 and 2 show the performance of
KBO algorithms, considering only the local best (2.3) or the global best (2.2). In both
figures the first row refers to the case in which only the microscopic estimate has been
used, i.e. A = oo = 0, while A; = 1 and o7 ranges in (0, 2], while the second row
refers to the usage of the sole macroscopic estimation, i.e. A; = o;=0, > = 1 and
o> € (0, 11]. Two measures are used for the validation: the first one is the success rate,
while the second is the number of iterations. In agreement with [14, 44], a simulation
is considered successful if and only if

x5 — x*[loo < 0.25 5.1)

where x is the macroscopic best estimate (provided by (2.3)), while x* is the actual
minimizer of the Rastrigin function. Note that, in the case where only the local best has
been used we still use the global best as an estimate of the global minimizer computed
by the algorithm. The algorithms have been tested for three different choices for
e = 1,0.1 and 0.01. Each setting has been tested for 100 simulations. The local and
global minimizers have been evaluated using « = g = 5 x 10°. For the numerical
implementation, we refer to the algorithm introduced in [21] which permits to use
arbitrary large values of « and g.

The results for the local best only, in the first row of Figures 1 and 2 , suggest that
there are no great differences in terms of success rate between the two algorithms,
even if the choice for ¢ = 0.1 seems to be the best compromise. On the other hand,
for ¢ = 1 and ¢ = 0.1 Bird’s algorithm needs a slightly less number of iteration for
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Fig.1 Minimization of Rastrigin function for KBO based on Nanbu’s algorithm. From left to right: success
rate and average iterations number. Top row refers to the local best only, while the bottom one refers to the
global best only

reaching convergence. The second row is devoted to present the results regarding the
use of the global best only. In general, decreasing the value for € enlarges the interval
in which the parameter o, can be chosen, but at the same time this interval is shifted to
the right, meaning that the algorithm needs more noise in order to explore the search
domain and identify the global minimum. It is also clear from Figures 1 and 2 that the
convergence basin with only the local best is significantly smaller than that with only
the global best. This is in agreement with the theoretical results of Sect. 4.

Note that the convergence region for Nanbu’s algorithm is slightly wider and that,
as in the previous case, the Bird algorithm needs a lower number of iteration to reach
convergence.

Figures 3 and 4 refer to the case in which both microscopic and macroscopic
estimates are used in the procedure. In the first row, o7 has been chosen as the optimal
value that provided the best success rate in the previous experiment, in the second
row the same strategy is applied to o7. The depicted plot show that the performance
drastically improves for certain options (check in particular Fig. 3a) and the required
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rate and average iterations number. Top row refers to the local best only, while the bottom one refers to the
global best only

iteration number is decreasing too. This result is also in agreement with the theoretical
analysis at the end of Sect. 4 that indicates an increase of the basin of convergence of the
method based on the microscopic best when used in combination with the macroscopic
best. As a final comment we can mention that Bird’s algorithm, thanks to the multiple
interactions, produced less fluctuations in the numerical solution compared to Nanbu’s
algorithm. This is well known in rarefied gas dynamics where the algorithms have
their origins [42]. In our specific case, this translates is slightly narrower convergence
regions and slightly faster convergence rates.

5.3 Comparison with Stochastic Gradient Descent

Next, we considered a test case to compare the proposed KBO algorithms with the
classical Stochastic Gradient Descent (SGD). While the main interest in a gradient-
free method is in situations where gradient computation is either not possible or is
particularly expensive, the purpose of this simple numerical test, originally introduced
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rate and average iterations number using both local and global best. Top row refers to the optimal value for
the global best, while the bottom one refers to the optimal value for the local best

in [14] is to illustrate the potential advantages of a consensus-based method even in
circumstances where the gradient is available but get easily trapped into local minima
without allowing the identification of the global minimum.

Following [14], we want to minimize the function

1 n
Lex)=—3 f(x.&) (5.2)
i=1
where
1 2
Fx, &) = exp (sin(2x2)> 5 (x _E— %) . & ~N(0,0.01)

The plot of (5.2) together with its minimum f(x*) at x* = 1.5353 (with n =
10,000) is shown in Fig. 5.
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Fig.5 Plot of (5.2). The orange dot refers to the minimum of the function, the shaded area to the basin of
attraction for SGD, and x| and x; to the position of the peaks of the basin
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Algorithm 3 SGD for minimizing (5.2)

Choose the learning rate y, the Batch Size m, the number of Epochs E and the tolerance ¢.
Set e = 0, k = 0; generate x* ~ 1/(—3, 3). Set the number of iterations per epoch I = .
while ¢ < E and |[VL(x;)| > ¢ do

i< 1

while i < 7 and |[VL(x;)| > ¢ do

M=k - LN v rak g

Zebk
where by is a random index set drawn from {1, ..., n} of size m.
k<—k+1
end while
end while

The SGD procedure is shown in Algorithm 3: this algorithm implements the idea of
minibatches, which consists of dividing the set {§;};=1,... » (the equivalent of a training
set in Machine Learning problems) in smaller n/m subsets where m is the size of each
subset, and then use the descent direction given by the average of these m gradients
computed at the current iterate. Exploring the whole set {&;};=1...., is called an epoch
and one can decide to iterate the procedure for several epochs. The parameter y chosen
in Algorithm 3 is the stepsize, called learning rate in Machine Learning framework.

We minimize the function given in (5.2) with n = 10000 by using both SGD and the
proposed KBO algorithm: the former is set with y = 0.1, m = 100, number of epochs
equal to one and the procedure is stopped when |V £ (x¥)| < ¢, with ¢ = 0.01, while
the setting for KBO can be found in Table 1, additional parameters are 8, = 10~*. For
SGD the starting point is uniformly chosen in [—3, 3], the initial 20 particles are chosen
in the same interval for KBO. We run 1000 simulations for SGD and 50 simulations
for KBO: this is due to the equivalence of 20 runs of SGD to one of KBO. Indeed, the
former case is equivalent to consider 20 different particles and then the minimization
of the function is pursued independently on each particle. A simulation is considered
successful for SGD if and only if the final iterate x satisfies |x) — x*| < 0.25; for
each simulation of KBO we count how many particles (in percentage) lie in the open
ball By 25(x*), i.e. how many particles reached a consensus around the actual solution:
Table 1 collects the average of this consensus among the simulations.

As shown, for this test case KBO algorithms outperforms the SGD method: even
for a small number of particles (N, = 20), the minimum of the function is well
recovered. The success rate of SGD is not surprisingly low: indeed, being a descent
method without momentum, it hugely suffers from the presence of many local minima
and from the initial position. The success rate of 18% is very close to the probability
of randomly choosing the initial iterate in the interval containing the actual minimum,
shaded in gray in Fig. 5: |x» — x1|/6 = 0.1833. Enlarging or reducing the interval in
which the initial point is chosen increases or decreases accordingly the success rate
of SGD, while KBO does not seem to suffer from this problem. In conclusion, we
observe how the implementation via Nanbu’s method leads to a higher success rate
and how in general Bird’s method requires larger o and o, exploration parameters.
The latter aspect is in agreement with the lower statistical fluctuation of Bird’s method
and has been already observed in the previous test case, an aspect that is advantageous
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Table 1 Performances of SGD

and KBO Method 3 o] 02 Nstall Success Rate

SGD * * * * 18.00%

Nanbu algorithm

KBO 1 0.1 0.5 50 98.50%
KBO 0.1 1 1 50 100.00%
KBO 0.01 1 5 50 98.15%
Bird algorithm

KBO 1 0.5 0.5 50 98.50%
KBO 0.1 1.0 1.3 50 100.00%
KBO 0.01 1.0 6.5 50 98.70%

In KBO algorithms we fixed the number of particles N, = 20 and the
maximum iterations number N; = 100

in the simulation of physical particles in the context of rarefied gas dynamics, but can
prove counterproductive in the case of minimum search problems. For this reason, in
the following, we will limit the presentation of subsequent numerical tests to the use
of Nanbu’s algorithm.

5.4 Results on High Dimensional Benchmark Functions

This section is devoted to test the performance of the KBO approach on classical
benchmark functions in a high dimensional framework (d = 50). The related opti-
mization problems have been solved by using a common set of parameters for KBO
algorithm

M=d=1, o1=.1, 0a=6, £=001l, ngu =500, 8y =10"*
(5.3)

and the maximum number of iteration is fixed to 10000. The numerical implementation
of KBO approach relies on Algorithm 1. Table 2 presents the results obtained on the
functions listed in Appendix A.

Table 2 presents the success rate defined as in (5.1)

lxg —x"lloo <8,

where § controls the severity of the criterion. We chose two different values, namely
0.25 and 0.1. We computed also the average number of iteration for achieving con-
vergence. These results are obtained via 100 runs of each instance of the optimization
problems. Two further performance measures are reported, the former being the
expected error in Euclidean norm, defined as E [|x§ - x*|] where x* is the solu-
tion and x} is the global estimate given by KBO procedure achieved for a successtul
run. The other measurement is the function value obtained at x}.

We employed here a strategy to dynamically reduce the number of particles used
in the procedure. Indeed, as observed in [23], a constant number of particles is not
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optimal: while the dynamic evolves, the variance of the system diminishes due to
consensus. We may then reduce the number of particles, according to this variance
decreasing, using the following strategy: compute the variance S; of the system at time
t

G ;i
(1) =2 - (1)
S = — v.’ —vlt, v=— v,
= 2 - Nz,.;’

i=1

where N; is the number of particles at time ¢. As the consensus increases, the variance
decreases: S;+1 < S, then the number of particles can be decreased following the
ratio S;/S;+1 < 1, using the formula

Nij1 = HN, (1 +u (w»ﬂ (5.4)
t

with u € [0, 1], [x] denoting the integer part of x and

N;
N 1 1
_ (t+1) A2 AL t+1)
St+1_NEl|vi 0|7, U_Ntélvi .
1= 1=

For i = 0 the discarding procedure is not employed, while for © = 1 the maximum
speed up is achieved. For 1 > 0, a minimum number of particles Np;, is set and
the reducing procedure is adopted every ¢, iterations. For more practical detail, the
interested reader may refer to [23]. In the experiments presented in Table 2, we set
u=0.1for§ =0.25and u = 0.03 for § = 0.1, ¢, = 10 and Np;, = 10.

The initial distribution of the particles is uniform in the cube [—1, l]d, while the
initial number of particles is set to 2000. A rescaling strategy is adopted for the
dynamics evolution: before computing the function values, the particles are rescaled
into the benchmark research domain. For example, in the case of the Griewank function
initially the candidates are uniformly drawn from [—1, 1]¢: to compute the function
values in these candidates the latter are rescaled into [—600, 600]d and then these
values are used in successive computation of v, and vg.

Table 2 shows that the success rate is very high and the error is very low for almost
of the benchmark functions. The average number of particles decreases, reaching one
tenth of the initial number in some cases, reducing overall both computational cost and
time. Nonetheless, lowering the parameter © induces a higher success rate even with
a more strict criterion (§ = 0.1): this amounts to use a larger number of particles, but
at the same time it lowers the number of iterations in most cases. The trade—off to be
considered is between computational time and computational cost: this consideration
should be done case by case, since it depends on the function to minimize.
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5.5 Application to a Machine Learning Problem

In the last test case, we apply the KBO technique to a classical problem of Machine
Learning: the scope is to recognize digital numbers contained in images of the MNIST
data set, by using a shallow network

f(x; W, b) = softmax (ReLU (Wx + b))

where x € R W e R10x784 1, ¢ R0 Moreover

er
softmax(x) = Zl ~» ReLU(x) = max(0, x)
i ¢

being ReL.U the well-known Rectified Linear Unit function. The training of the shal-
low network consists in minimizing the following function

n 10

Ly N = 3 (F O w0, ), ) = = Y wlosta)

i=1 i=1

where X is the training dataset, whose images are vectorized (R*$*28 — R78) and
stacked column—wise. The function £ is the cross entropy.

We adopt a minibatch strategy both for the training set and for the particles used in
KBO. The former consists in the classical strategy, depicted also in Algorithm 3, while
the latter divides the particles set in N, /m,, minibatches, where N, is the number of
total particles and m , is the number of particles in each batch. The KBO procedure is
then iterated on the training batches. The final strategy is depicted in Algorithm 4.

Algorithm 4 Nanbu KBO for ReLU network

Training Set and Labels: X € R784¥" y ¢ R10X7_Sets the number of epochs E and the batchsize m;.
Setting for KBO: sets = (01,02, A, A2, &, , B, T,dt = ¢).

Initial candidates: W € R7840%Np ', ¢ R10_ Select the particles’ batch size m )

Set M =n/m¢, P = Np/mp.

fore=1,..., E do

Reorganize the training set in M batches: By, B, ..., By
form=1,...,Mdo
Reorganize the particles set in P batches: By, By, ..., Bp

fork=1,...,Pdo
Wg,.bp, < KBO(L(XB,,. ¥B,,; f). W5, bB; )
end for
end for
end for

At each epoch, the training dataset is shuffled in order to have different elements
inside the batches. When exploring the current training batch, the particles are shuffled
too. For our experiment, we used a dataset ! with 10,000 images, 1000 per class, for

1 http://yann.lecun.com/exdb/mnist/.
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Fig.6 Performance comparison among SGD and KBO. The line referring to SGD shows the average over
500 simulations. The orange line refer to the KBO where both microscopic and macroscopic estimate are
employed. The plot on the left depicts the performance of the KBO approach using N, = 500 without any
particle reduction strategy (the solid line is a smooth representation of the shaded one), while the plot on
the right refers to the adoption of Eq. 5.4 with 1 = 0.1 with different choices for particle numbers N, and
particles’ batch m ;. The average number of particles is denoted by N, (Color figure online)

the training and 10,000 images, 1000 per class, for validation. We compared the SGD
method and KBO, both set with 20 epochs and minibatch size of 128; all the images in
the training set have been normalized via zero centering and dividing by the standard
deviation computed among the entire dataset. The learning rate for SGD is set to
y = 0.1, without momentum, with starting point randomly selected via a Gaussian
distribution of zero mean and unitary variance. The settings for KBO is given by
or=omp=1LA=Am=1,e=dt=0.1,a =0 =5-106andweselectedmp =5
batches and N, = 500 particles. The initial candidates are randomly picked from a
Gaussian Distribution with zero mean and unitary variance.

We run 500 simulations for SGD, since these runs are equivalent to one simulation
of KBO with 500 particles. Figure 6a shows the accuracy obtained on the validation
test all over the epochs. For computing the accuracy achieved by KBO, the parameters
of the neural network are set as the macroscopic estimate reached at each iteration. The
line referring to SGD corresponds to the average accuracy over the 500 simulations.
In the numerical tests, the results obtained through the KBO method were shown to be
superior in terms of accuracy to those obtained with classical SGD. A further test shows
how the diminishing particle strategy depicted in Eq. 5.4 is very effective even in this
context: starting with 500 particles and setting i = 0.1 ends the entire computation
with just 270 particles, having a remarkable speed up in terms of computational time
(see Fig. 6b). Beside the diminishing strategy, several coupling of number of particles
and batch size have been tested in Fig. 6b: all of these setting lead to reliable results.
Moreover, as already observed in Sect. 5.3, SGD is quite sensitive to the starting point,
whereas KBO is able to reach similar performances with different initializations as
shown in Fig. 7.
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Fig.7 Comparison of SGD and KBO performances when the starting point and the particles are randomly
chosen as realizations of a Gaussian distribution of zero mean and standard deviation equal to 10. KBO is
set to employ the strategy depicted in Eq. 5.4 with u = 0.1. The initial number of particles is N, = 500

6 Conclusions

In this work we have presented a new gradient free method based on a kinetic dynamics
characterized by binary interactions between particles. Unlike previously introduced
consensus-based optimization (CBO) methods, the binary interaction process in the
limit of a large number of particles does not correspond to a mean-field dynamics but
to a Boltzmann-type dynamics inspired by classical kinetic theory. To our knowledge
these are the first metaheuristic algorithms based on a Boltzmann-like dynamics for the
identification of the global minimum. Compared to CBO methods, the kinetic theory
based optimization method (KBO) introduced here can be seen as a mathematical
formalism related to the use of mini-batches of interacting particles of size 2. The
KBO method, uses both local binary information and global information to explore
the search space. In both cases, we have been able to prove convergence to the global
minimum under reasonable assumptions on the objective function using techniques
inspired by those introduced in [14].

The numerical experiments reported have demonstrated the excellent performance
of the KBO technique both in the case of high dimensional problems with benchmark
test functions, and in the case of applications to machine learning. It is remarkable that
the method can achieve good success rates also in the cases where no global information
is used in the dynamics, namely there is only limited communication restricted to
particles interacting by pairs. In this case, convergence to the global minimum can
be seen as an emerging phenomena of a very simple dynamic where particles are not
forced to converge towards a collective estimate of the global minimum.

On the other hand, from a mathematical viewpoint, the case with only local infor-
mation is more difficult and convergence to global minimum requires more restrictive
conditions on the parameters. These restrictions, however, become less stringent as
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soon as the method is used in combination with global information. In the sequel
we plan to address our attention more specifically to the analysis of the Monte Carlo
algorithms used in the KBO implementation and to the possible extension of the
present methodology to non homogeneous dynamics in the spirit of particle swarm
optimization as in [28].
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A Test Functions for Global Optimization

In the sequel we report the test function for global optimization used in the numerical
examples. For more detailed information, see [34].

e Sphere

d
fo) =Y (i —b)’

i=1

where b € RY is a random vector belonging to the hypercube [—5, 5]¢. The
minimum is achieved in x* = 0 and f(x*) = 0.
e Styblinski-Tank function

d
1
Fe) =5y =167 +5x0)
i=1

whose minimizeris x* = (—2.903534, ..., —2.903534) and f(x*) = —39.165994.
The function is evaluated in [—5, 5]¢.
e Ackley Function.

d
1 1
f(x)=—20exp | —0.2 sz} — exp EZCOS(ZN}Q) +20+e

i=1 i=1
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whose sole minimizer is x* = 0 and f(x*) = 0. The function is evaluated in
[—32,32]7.
e Grienwank Function.

2 d .
f(x)—l—i-zm— cos(j/’;)
i=1

and x* = 0, f(x*) = 0. The function is evaluated in [—600, 600]%.
e Negative Exponential function.

1 d
f@)=-ﬂﬂp<—§§:@r—hf)
i=1

with b € R, x* = b, f(x*) = —1, the function is evaluated in [—5, 5]%.
e Rastrigin function

d
fx) = [ll 3 (xl? ~10 cos(271x,-)> 10

i=1

and x* = 0, f(x*) = 0. The function is evaluated in [—5.12, 5.12]%.
e Schwefel 2.22 Function.

d d
F) =) Ixl+] ] Il
i=1 i=1

its sole minimizer is x* = 0 and f(x*) = 0. The function is evaluated in
[—100, 100]¢.
e Schwefel 2.23 Function.

d
f)=>"x/°
i=1

whose minimizer is x* = 0 and f(x*) = 0. The function is evaluated in
[—100, 100]¢.
e Salomon function

f(x)=1—cos |27

with x* = 0 and f(x*) = 0. The evaluation of this function is done in
[—100, 100]¢.

@ Springer
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Sum of squares

d
foy =) ix

i=1

whose sole minimizer is again the origin and the value in the minimizer is 0. It is
evaluated in [—10, 10]¢.
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