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In this paper, we provide an analytical framework for investigating the efficiency of a
consensus-based model for tackling global optimization problems. This work justifies the
optimization algorithm in the mean-field sense showing the convergence to the global
minimizer for a large class of functions. Theoretical results on consensus estimates are
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then illustrated by numerical simulations where variants of the method including non-
linear diffusion are introduced.

Keywords: Global optimization; opinion dynamics; consensus formation; agent-based
models; stochastic dynamics; mean-field limit.
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1. Introduction

Over the last decades, individual-based models (IBMs) have been widely used in
the investigation of complex systems that manifest self-organization or collective
behavior. Examples of such complex systems include swarming behavior, crowd
dynamics, opinion formation, synchronization, and many more, that are present
in the field of mathematical biology, ecology and social dynamics, see for instance
Refs. B 6] T3] T4, 18, 23, 28, 29, 34, and the references therein.

In the field of global optimization, IBMs may be found in a class of metaheuris-
tics (e.g. evolutionary algorithms P52 and swarm intelligencézl). They play an
increasing role in the design of fast algorithms to provide sufficiently good solu-
tions in tackling hard optimization problems, which includes the traveling sales-
man problem that is known to be NP hard. Metaheuristics, in general, may be
considered as high level concepts for exploring search spaces by using different
strategies, chosen in such a way, that a dynamic balance is achieved between the
exploitation of the accumulated search experience and the exploration of the search
space? Notable metaheuristics for global optimization include, for example, the
Ant Colony Optimization, Genetic Algorithms, Particle Swarm Optimization and
Simulated Annealing?%2% 3]l of which are stochastic in nature? Despite having to
stand the test of time, a majority of metaheuristical methods lack the proper justi-
fication of its efficacy in the mathematical sense — the universal intent of research
in the field is to ascertain whether a given metaheuristic is capable of finding an
optimal solution when provided with sufficient information. Due to the stochas-
tic nature of metaheuristics, answers to this question are nontrivial, and they are
always probabilistic.

Recently, the use of opinion dynamics and consensus formation in global opti-
mization has been introduced in Ref. [31, where the authors showed substantial
numerical and partial analytical evidence of its applicability for solving multi-
dimensional optimization problems of the form

min f(z), QcCR?a domain,
€N
for a given cost function f € C(Q) that achieves its global minimum at a unique

point in 2. Without loss of generality, we may assume f to be positive and defined
on the whole R? by extending it outside € without changing its global minimum.

Throughout the paper, we will use the notations f = inf f, f = sup f, and

xe =argmin f,  f. = f(z.).

As we assume to have a unique global minimizer, it holds f. = f.
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The optimization algorithm involves the use of multiple agents located within
the domain  to dynamically establish a consensual opinion amongst themselves
in finding the global minimizer to the minimization problem, while taking into
consideration the opinion of all active agents. First-order models for consensus have
been studied within the mathematical community interested in granular materials
and swarming that lead to aggregation-diffusion and kinetic equations, which have
nontrivial stationary states or flock solutions (cf. Refs. [I1l [I6, [I7, 12 and the
references therein). They are also common tools in control engineering to establish
consensus in graphs (cf. Refs. [30 and B7).

In order to achieve the goal of optimizing a given function f(x), we consider an
interacting stochastic system of N € N agents with position X} € R?, described by
the system of stochastic differential equations

dX} = ~NX} — me)dt + o| X} — me|dW}, (1.1a)
N ,
[ wE(XD)
me =3 X (zvfiaﬂ) (1.1b)
i=1 ijl W (X7)

with A, > 0, where w§ is a weight, which we take as w§(z) = exp(—af(z)) for
some appropriately chosen o > 0. Notice that (II]) resembles a geometric Brow-
nian motion, which drifts toward m; € R%. This system is a simplified version
of the algorithm introduced in Ref. 31, while keeping the essential ingredients and
mathematical difficulties. The first term in (([.Ial) imposes a global relaxation toward
a position determined by the behavior of the normalized moment given by m;, while
the diffusion term tries to concentrate again around the behavior of m;. In fact,
agents with a position differing a lot from m; are diffused more. Hence, they explore
a larger portion of the landscape of the graph of f(z), while the explorer agents
closer to m; diffuse much less. The normalized moment m; is expected to dynam-
ically approach the global minimum of the function f, at least when « is large
enough, see below. This idea is also used in simulated annealing algorithms.
The well-posedness of this system will be thoroughly investigated in Sec. 2l

For the solution X}, ..., XN, N € N of the particle system ([ZT)), we can consider
its empirical measure given by

1

N _ v

Pt _NE 5xga
i=1

where §, is the Dirac measure at z € R%. Observe that m; may be re-written in
terms of pY¥, i.e.

1 / N N
my = —————— [z widp; =:myg[p; |
lwfllngy, J =700 T

Therefore (LTal) may be formulated as

dX; = —NX{ = my[piN)dt + o] X] — mylpd ||dWY,
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for which we postulate the limiting (N — 0o) nonlinear process X; to satisfy
dXt = —A(Xt —mf[pt])dt+U|Xt —mf[pt]|th, (12&)

milp = [odnts o =po/lof 0. o =law(X), (120

subject to the initial condition law(Xo) = po. We call n® the a-weighted measure.
The measure p; = law(X;) € P(R?) is a Borel probability measure, which describes
the evolution of a one-particle distribution resulting from the mean-field limit.

The (infinitesimal) generator corresponding to the nonlinear process ([LZal) is
given by

Lo =kAp — -V, for p e C2(RY),
with drift and diffusion coefficients
pe =Nz —mylpd), ke = (0%/2)|z — mype],
respectively. Therefore, the Fokker—Planck equation associated to (I2]) reads
Orpr = A(kepr) + 'V - (pept), }E% Pt = po, (1.3)

where p; € P(R?) for t > 0 satisfies ([.3) in the weak sense. Notice that the Fokker—
Planck equation (I:3) is a nonlocal, nonlinear degenerate drift-diffusion equation,
which makes its analysis a nontrivial task. Its well-posedness will be the topic of
Sec.[3

We recall from Ref. 311 (cf. Ref. [[9), that for any p € P(R9), w§p satisfies the
well-known Laplace principle:

1
lim (—alog< / e/ dﬂ)) = flsupp(p) > 0

Therefore, if f attains its minimum at a single point z, € supp(p), then the
a-weighted measure n?* € P(R?) assigns most of its mass to a small region around
x, and hence it approximates a Dirac distribution 6,, at x, € R for large o > 1.
Consequently, the first moment of 7, given by m[p], provides a good estimate of
x, = argmin f. Using this fact, we proceed to give justifications for the applicability
of the microscopic system (L)) as a tool for solving global optimization problems,
via its mean-field counterpart.

Our main results show in Sec. [ that mild assumptions on the regularity of
the objective function f, f € W2°(R?), one obtains a uniform consensus as the
limiting measure (¢t — oo) corresponding to (I3), i.e.

pr — 0z ast— oo,

for some & € R? possibly depending on the initial density pg. It is also shown that
this convergence happens exponentially in time. Moreover, under the same assump-
tions on f, the point of consensus & may be made arbitrarily close to x, = argmin f
by choosing o > 1 sufficiently large, which is the main goal for global optimization.
Our regularity assumptions allow for complicated landscapes of objective functions
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Fig. 1. The Ackley function is a well-known benchmark for global optimization problems due to
its various local minima and the unique global minimum.

with as many local minimizers as you want but with a well defined unique global
minimum, see for instance the Ackley function — a well-known benchmark for
global optimization problems® — used in Ref. Bl and depicted in Fig. . Up to
our knowledge, this work shows for the first time the convergence of an agent-based
stochastic scheme for global optimization with mild assumptions on the reqularity
of the cost function.

We conclude the paper with an extension of the Fokker—Planck equation (I3 to
include nonlinear diffusion of porous medium type and provide numerical evidence
for consensus formation in the one-dimensional case. For this reason, we introduce
an equivalent formulation of the mean-field equation in terms of the pseudo-inverse
distribution x:(n) = inf{z € R| ps((—o0, z]) > n}. We also compare the microscopic
approximation corresponding to the porous medium type Fokker—Planck equation
with the original consensus-based microscopic system ([.1]) and the proposed algo-
rithm in Ref. 31} showcasing the exponential decay rate of the error in suitable
transport distances toward the global minimizer.

2. Well-Posedness of the Microscopic Model

We begin by studying the existence of a unique process {X,EN) |t >0} with X(V) .=
(XN XN T Csatisfying the consensus-based optimization scheme (),
and write, for an arbitrary but fixed N € N, system (I.1]) as

dXN) = AFy (X)) dt + oMy (X)) aW Y, (2.1)
where W = (W(l’N)7 e W(N’N))—r is the standard Wiener process in RN?, and

Fr(X) = (F4(X), ..., FY¥ (X)) e RN,
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Ej;éi(Xi - Xj)”?(Xj)

: e RY,
2 wiH(X7)

where Fi(X) =

My (X) = diag(|Fx (X)|La, . . ., |[FN (X)[Lq) € RNV,

At this point, we make smoothness assumptions regarding our cost function f.

Assumption 2.1. The cost function f: R¢ — R is locally Lipschitz continuous.

Under these conditions on f, we easily deduce that Fj, 1 <14 < N, is locally
Lipschitz continuous and has linear growth. Consequently, F y and My are locally
Lipschitz continuous and have linear growth. To be more precise, we obtain the

following result.

Lemma 2.1. Let N € N, a,k > 0 be arbitrary. Then for any X, X e RN with

X|,|X| <k and alli=1,...,N it holds

. N . . 2 . N ~
FR(X) — F(R] < | = X+ (14 58 V0P 4 R ) X - K1

|Fi(X)] < X7+ |X],

where ¢ = o[ V|| (5,) exp(allf — fll1=(z,)) and B = {x € RY| |o] < k}.

Proof. Let X,X € RV with |X|,|X| < k for some k > 0 and i € {1,...,N} be

arbitrary. Then

Zj;éi(Xi_Xj)W?(Xj) E;‘;ﬁi(Xi_Xj)w?(Xj)

F]l\/(X)_F;V(X): Z,w?(Xj) - ] E a(Aj
J iYs

where the terms I, £ = 1,2, 3, are given by

S (XT = X X7 — XY w (X

o X XY (@ (X0) — W (X))
2 5, (57) 7
oy g (WF(XT) — wi (X))

I =Y (X' - X9)we(XY) , —
’ %; PN W () 3w (X9)

that may easily be estimated by
L] < 1XT = X7+ X =X,

V2
N

)

|Ia| < X — X[/ NIX2 + X2,

C s A ~
Ia] < F1X = X[y NIX2 + X2

Putting all these terms together yields the required estimate.
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As for the estimate of |F§ (X)], we easily obtain

A Y XY w?(Xj) A
|F(X)| = | X — % < | X'+ X].
N Zj Wy (X7)
As i was chosen arbitrary, this concludes the result. O

Due to Lemma T, we may invoke standard existence results of strong solutions

for (BT1) 21

Theorem 2.1. For each N € N, the stochastic differential equation @J) has

a unique strong solution {XgN) |t > 0} for any initial condition XéN) satisfying

EXSM 2 < o

Proof. As mentioned above, we make use of a standard result on existence of a
unique strong solution. To this end, we show the existence of a constant by > 0,
such that

—2)\X - Fn(X) + o*trace(MyM ) (X) < by |X[% (2.2)
Indeed, since the following inequalities hold:
Ej;ﬁi(Xi - Xj)"ﬂ?(Xj)
Zj Wy (X7)
. . - 12
2 (X = X7)w (X7)
25w (XY)

—XT Fy(X) = X7 —| X+ 1 XX,

201X+ 1X%),

[Py (X))

we conclude that

—2XX - Fn(X) + otrace(MyM  )(X)

—Z —20X" - F}(X) + do?|Fjy (X))?)
< DN (X XX]) + 2do” (|X7 + [XP?)

< 2(\WN + 2do*N)|X|? =: by |X |2

Along with the local Lipschitz continuity and linear growth of Fy and My, we
obtain the assertion by applying Theorem 3.1 of Ref. 21l O

Remark 2.1. In fact, the estimate ([22) yields a uniform bound on the second
moment of X;. Indeed, by application of the It6 formula, we obtain

%E|XEN)}2 _ _2/\IE[X,5 .FN(XEN))] + 02]E[trace(MNM]T\,) (XEN))]

< by E[XN
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Therefore, the Gronwall inequality yields
E[X™M|? < e EB[XM) forall ¢ >0,

i.e. the solution exists globally in time for each fixed N € N.

Unfortunately, for the mean-field limit (N — co) we lose control of the previous
bound, since by — 0o as N — oo. Therefore, we will need a finer moment estimates
on XN) | which we establish at the end of the following section (cf. Lemma [3:4)).

3. Well-Posedness of the Mean-Field Equation

In this section, we provide the well-posedness of the nonlocal, nonlinear Fokker—
Planck equation ([L3)). Since we will be working primarily with Borel probability
measures on R? with finite second moment, we provide its definition for the readers
convenience.

We denote the space of Borel probability measures on R? with finite second
moment by

Po(RY) := {u € P(R?) such that /Rd |2|?u(dz) < oo}.

that we equip with the 2-Wasserstein distance Wy defined by
WGn) =int] [ e sP(deda), e M) |, o€ Pali)
R4 xR

where TI(u, /i) denotes the collection of all Borel probability measures on R? x R?
with marginals p and /i on the first and second factors, respectively. The set IT(y, /1)
is also known as the set of all couplings of 1 and ji. Equivalently, the Wasserstein
distance may be defined by

W3 (u, 1) = inf E[|Z — Z|?],

where the infimum is taken over all joint distributions of the random variables Z
and Z with marginals p and i, respectively. It is well-known that W5 defines a
metric on Py(R?). Since R? is a separable complete metric space and p a positive
number, the metric space (P,(R%),W,) is separable and complete,™ in particular
this yields (P2(R%), Ws) is Polish. We remind the reader that a Polish space is a
separable completely metrizable topological space. With each point i € Po(R?) and
every e > 0 we associate an e-ball U, () = {v € P2(R?): Wa(1,v) < €}. The e-balls
form the basis of a topology, called the topology of the metric space (P2(R%), Wy).
If this topology agrees with a given topology O on P3(R%), we say that the metric
Wo is compatible with the topology O. If for a topological space (X,Q) there
exists a compatible metric, we say (X, Q) is metrizable or that the metric metrizes
the topological space (X,0). For R? and p € [1,00) it is well-known that the
Wasserstein distance W), is compatible with the weak topology in P, (R%). Moreover,
convergence in W), implies convergence of the first p moments (see Chap. 6 of Ref.
for more details). Altogether, W metrizes the weak convergence in P2(R?) and
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convergence in Wy implies convergence of the first two moments. Moreover, Py (R%)
with the weak topology is Polish.

We split the results of this section into two parts, based on additional assump-
tions on f. We begin our investigation with the easier of the two, which also provides
the means to prove the other. Throughout this section, we assume that f satisfies
the following assumptions:

Assumption 3.1.

(1) The cost function f: R — R is bounded from below with f := inf f.
(2) There exist constants Ly and ¢, > 0 such that

{f(w) —fW) < Ly(l=[ + y)le —y| for all w,y € RY, (A1)

f(@) = f <ca(l+|z]?) for all z € R<.

3.1. Bounded cost functions

In addition to Assumption Bl we consider cost functions f that are bounded from
above. In particular, f has the upper bound f :=sup f.
The main result of this section is provided by the following theorem.

Theorem 3.1. Let f satisfy Assumption Bl and be bounded, and py € Py(R%).
Then there exists a unique nonlinear process X € C([0,T],R9), T > 0, satisfying

dXt = —)\(Xt — mf[pt})dt + O"Xt — mf[ptHth, Pt = law(Xt),

in the strong sense, and p € C([0,T], Po(R?)) satisfies the corresponding Fokker—
Planck equation ([L3) (in the weak sense) with lim;_q p; = po € P2(R?).

Before we prove the theorem, we discuss two results that not only facilitate the
proof of Theorem Bl but are also interesting in their own right.

Lemma 3.1. Let f satisfy Assumption B and p € Po(R?Y) with [ |x*du < K.
Then
e~ oL

m < exp(ac,(1+ K)) =: ck.

Proof. The proof follows from the Jensen inequality, which gives

e—a SU=Ddn < /efa(ffi)du'

A simple rearrangement of the previous inequality and using ([AT) yields the
required estimate. |
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Lemma 3.2. Let f satisfy Assumption Bl and p, i € Po(R?) with

/\x\‘*du, /|:e|4d,1 <K.

Then the following stability estimate holds
Imgu] —mg[a]] < coWa(p, i),

for a constant cy > 0 depending only on o, Ly and K.
Proof. Taking the difference, we obtain

1= [ 0 = ff i
m T,
sl \waLl(u) ”waLl(p)

where 7 € II(u, /1) is an arbitrary coupling of u and ji. Observe that the integrand
on the right may be written as

(z —2)w§(2) N z(w§(z) —wf(2))
lw$ Nl 21 () Wz
ff (W (@) — Wi (x))dm;

w2 llwflize

Under the assumption (AJl) on f and Lemma[3:I] the terms may be estimated by

h(z) — h(z) =

h(z) = h(@)] < exle — &| + exaLysle|(le] + [2])]e — 2|

+2aL;|| //(|x| 12z — #ldr.

Using this estimate, we further obtain

(] — [l < ex / / (1+ aLylo|(z] + [3])]z — #ldn

+cjalLy (/55|d,1>/ (|| + |2])|z — 2|dr

< ex(14aLi(1+ cx)pr) (// |z — rﬁQdW> 2,

where we applied the Holder inequality in the second line and px is a polynomial
in K. Finally, optimizing over all couplings 7 concludes the proof. O

Proof of Theorem Bl Step 1: For some given u € C([0,7],R%), we may
uniquely solve the SDE
dYy = =AY — up)dt + o|Ye — ug|dWy,  law(Yy) = po, (3.1)

for some fixed initial measure py € P4(R?), which induces v = law(Y;). Since
Y € C([0,T),R%), we obtain v € C([0,7T], P2(R?)), which satisfies the following
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Fokker—Planck equation

% pdy = / ((0%/2)|z — we|*Ap — Mz — ug) - Vo) duy, (3.2)

for all ¢ € CZ(R?). Setting m¢[v] € C([0, T], R?) provides the self-mapping property
of the map

7T:C([0,T],RY) — C([0,T],RY);  wis Tu= myv],
for which we show to be compact.

Step 2: Since py € P4(R?), standard theory of SDEs (see e.g. Chap. 7 of Ref.
provides a fourth-order moment estimate for solutions to ([BI) of the form

E[Yi|* < (1 +E[Yp|*)e,
for some constant ¢ > 0. In particular, sup;c(, 1) [ |z|*dvy < K for some K < oo.
On the other hand, for any ¢t > s, t,s € (0,7), the Itd isometry yields
t t
E|Y; — Yi|> < 2)\%|t — 5|E/ Y, — u, [2dr + 20’2E/ Y, — u, |2dr

<ANT + o) (K + ||u||ic)|t — s =:c|t—s|,

and therefore, Wa (1, vs) < c|t — s|2, for some constant ¢ > 0. Applying Lemma B2
with g = 1y and i = v, we obtain

1
myl] = mylpll < coWalve, ) < coclt — |2,

which provides the Holder continuity of ¢ +— my¢[y] with exponent 1/2, and
thereby the compactness of 7 due to the compact embedding C%'/2([0, T],R?%) —
C([0,T),RY).

Step 3: Now let u € C([0,T],R%) satisfy u = 77u for 7 € [0,1]. In particular,
there exists p € C([0, T, Po(R?)) satisfying (B2) such that u = 7m¢[p]. Due to the
boundedness assumption on f, we have for all ¢ € (0,7") that

e =y lpd P < 72T [ fafdp. (3.3)
Therefore, a computation of the second moment gives

d
pn / |lz|?dp; = /(d02|x —ug|® = 2\(z — wy) - x)dp;
= /((da2 —2\)|z? + 2y 2 - up + do|ue|?)dps

< (do® — 22+ ]y)) / e Pdpe + (do® + yDusl? < 3 / 2P dps,

where v = A — do? and ¢y = (do? + |v])(1 + e"‘(?*i)). From Gronwall’s inequality

[ e < ( / x|2dpo)

we easily deduce
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and consequently also an estimate for |ulls via ([B23). In particular, there is a
constant g > 0 for which ||u||o < ¢. We conclude the proof by applying the Leray—
Schauder fixed point theorem, [22, Chap. 11] which provides a fixed point u for the
mapping 7 and thereby a solution of (I.2)) (respectively ([3))).

Step 4: As for uniqueness, we first note that a fixed point u of 7 satisfies
lull.o < g. Hence, the fourth-order moment estimate provided in Step 2 holds
and supco 7y [ |z|*dp: < K < oo. Now suppose we have two fixed points u and @
with

luloor lllloo <q,  sup / jal*dpe,  sup / al'dp, < K,
te[0,77] t€[0,T]

and their corresponding processes Y, Y; satisfying (1)), respectively. Then taking

the difference z; := Y; — Y; for the same Brownian path gives
= 2y — )\/tzs ds +)\/t(u5 — ig)ds —|—a/t(|Ys | — [V — )W,
Squaring on both0 sides, takingO the expectation ar?d applying the It6 isometry yields
Elze[? < 2Elz0f? + 8(A% + 02) /tIE|zs|2ds + 4)\2t/t imyloe] — mislpn] 2ds.
0 0

Since Lemma [32] provides the estimate
Imglpe] —mg[pel| < coWalpr, pr) < cov/Elze[?, (3.4)

we further obtain
t
Elz|* < 2E|20|? + 4((2 + ¢§)A*t + 207) / E|z,|*ds.
0

Therefore, applying Gronwall’s inequality and using the fact that E|zg|? = 0 yields
E|z|? =0 for all t € [0,7T]. In particular, ||u — /o = 0, i.e. u = @ due to ([B4).
O

3.2. Cost functions with quadratic growth at infinity

In this subsection, we allow for cost functions that have quadratic growth at infinity.
More precisely, we suppose the following:
There exist constants M > 0 and ¢; > 0 such that
f(@) = f>alz> for |z| > M. (A2)

We provide a similar result as in the boundedness case under the assumption (A2]).

Theorem 3.2. Let [ satisfy Assumption Bl and quadratic growth [B2), and po €
Ps(RY). Then there exists a unique nonlinear process X € C([0,T],R?), T > 0,
satisfying

dXt = —)\(Xt — mf[pt])dt + O'|Xt — mf[,ot]|th, Pt = laW(Xt),
in the strong sense, and p € C([0,T], P2(R?)) satisfies the corresponding Fokker—
Planck equation ([L3) (in the weak sense) with lim; . py = po € P2(RY).
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Proof. The proof is a slight modification of Step 3 in the proof of Theorem Bl
Since Steps 1, 2 and 4 remain the same, we only show Step 3.

Step 3: Let u € C([0,T],RY) satisfy u = 77u for 7 € [0,1], i.e. there exists
p € C([0,T], P2(R?)) satisfying [B2) such that u = 7m¢[p]. Due to Lemma
below, we have that

wl = gl < 7 [ foPar <72 (b1 [ |x|2dpt), (3.5)

for the constants by and by given in (3.6). Therefore, a similar computation of the
second moment estimate as above gives

d
pn / \z|2dp; < (do? — 2\ + |v|) / |z|?dpy + 7(do® + |]) <b1 + by / |J;|2dp>

< (do® + )by + (do® + ) (1 + by) / 2|2dp.
which by Gronwall’s inequality yields

b
Jlatdpr < e [1adpn + 5 (e = 1),

with ¢y = (do® + |7])(1 + ba), and consequently also an estimate for ||u| via BH).
In particular, there is a constant ¢ > 0 for which ||u||oc < ¢. We conclude the proof
by using the same argument as in Step 3 in the proof of Theorem Bl O

Lemma 3.3. Let f satisfy Assumption Bl and [B2), and u € Po(R?). Then

Jlalan® <t sy [lafdn, =g /ol (3.6)
with constants

c 1 1
by =M?*4by, by=2"(1+——
! ton D2 cl<+ozclM2)’

depending only on M, ¢, and c;.

Proof. We begin by looking at n*({f — f« > k}) for some k& > 0. A simple com-
putation gives

g2k = e [ et
lwllLruy Js—r. 2k w1

On the other hand,
lw§llr ) = /67“’0 dp > p({f = fo < £})e"oU=+0,
for any ¢ > 0. Consequently, we obtain our first estimate

o _ efoz(kfé) u({f B f* > k})
n*({f = f« > k}) < eIk

which holds for any k, ¢ > 0, as long as the terms on the right-hand side are finite.

efa(f* +k7)

(3.7)
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Now let us estimate the second moment of n®. For some Ry > M to be deter-
mined later,

[ laPant < R B+ [ laant =B+ [ (o - R

Bg, Rg

~ R+ Y [ (oP — RY)an < B3+ REY (21— (4,
i=1 i i=1

where A; := {20-V/2Ry < |z| < 2//2Ry}, i € N. However, since (A2) tells us that
f = fe > alz|? for all |z| > Ry > M, we find that A; C {f — f. > ;2" 'R2} and
therefore n%(A;) < n*({f — f« > 2" R2}) for all i € N. From estimate (B.7) and
the choice £ = ¢;2°7?RZ, we further obtain

o0

/\x\ dn® <R3+ R3 Y (2" = 1)n*({f — f. > a2 'R}})

i=1

0 i—1 2
< p2 22 i —aclez'i*/‘({f —feza? Ro}).
N RO " RO i=1 (2 1)6 /J({f - f* < Cl2i_2R(2)})

We are now left with estimating the last term on the right.
The Markov inequality and ([ATl) yields

1 CCy
ulr = 1.2 < g [1 = nldn s e (14 [loPan) = Sem,
for any k£ > 0. Furthermore, since

A = fe< k) = 1= p({f = [ 2 k) = 1= Fm,

(3.8)

we have that

m

p({f = f >k} _1
2k/(2¢c,) —m’

n({f = fe <k/2})

Choosing k = ¢;2°"1 RZ, we obtain
p({f — f- > a2 'R3})
p({f = f+ <a22R{})

At this point, we can choose

IN

1 m
2 (c1/cu)2 2R —m’

IN

R2=M2+2%m > M2,
Cl

to further obtain

Wl — 1. > a2 R 1 m e m
pw({f = fe <a272R3}) = 2(a/cu)272M? + (271 = 1)m T T 21M?

Inserting this into (ZJ)) yields

[l < Ry 2% T RS (1 gy
Cl °
=1
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A coarse estimate of the summation on the right may be given by

[ee]

> 2602 26i—2 & 2 1
E 1 _ 2—1 —acRG2'™ E —aci Ry 20— e—aclRos ds < =,
— 1 ac R

=1 2

which finally gives an estimate of the form

” 1
/IwIana §M2+2cc—l <1+——> <1+/|:c| du) = b1+b2/\wl du,

thereby concluding the proof. |

Remark 3.1. Observe that the estimate (B provided in Lemma 33 does not
blow up as @ — oo, in contrast to estimate (Z3) used in the proof of the bounded
case. In fact, the constant by may be chosen to be independent of « for o > 1.

3.3. Moment estimates for the stochastic empirical measure

For the solution XV) € C([0,T],RH)N, N € N of the particle system (), we
denote by

N
1
P,{V = N Z(SXt(i,N) S Pg(Rd),
i=1

the empirical measure corresponding to X,EN) for every t € [0,T], where §, is the
Dirac measure at * € RY. Note that since XEN) is a random variable, so is its
empirical measure p.

Lemma 3.4. Let [ satisfy Assumption Bl and either (1) boundedness, or (2)
quadratic growth at infinity (B2), and py € Pap(RY), p > 1. Further, let XN,
N € N be the solution of the particle system (LI) with pgz’N—distributed initial data

X(()N) and p"N the corresponding empirical measure. Then there exists a constant
K > 0, independent of N, such that

sup E / @?dpl,  sup Elm|? <K, (3.9)
te[0,T] t€[0,T]

and consequently also the estimates

sup IE/ lz2dn®Y,  sup IE\Xt(i’N)Fp <K fori=1,...,N,
te[0,T] te[0,T]

for the same constant K.

Proof. Let X") N € N be a solution of the particle system (). Using the
inequality (a+b)? < 297 1(a%+b%), ¢ > 1 and the Ito isometry, it is easy to see that
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the estimate

E|Xt(i’N)|2p _ 22p71E|Xéi,N)}2P
t
+ 28D (\2TP g2y TPL / E[ XN+ ElmY|*ds,  (3.10)
0

holds for each ¢ = 1,..., N. Summing the previous inequality over i = 1,... N,
dividing by N and using the linearity of the expectation gives

E / ja[Pdp < 22 E / 2|2 dply

t

#2001 et [E [P+ Elmd [
0

(3.11)

Following the strategy given in Sec. Bl we obtain for cost functions f satisfying
Assumption 31l and either boundedness or [A2), the estimate

< [l < en+en [laPap (3.12)

for appropriate constants ¢; and cs, independent of N, where by construction m =

[xdp™ with piN = wip NwFllpipry € P(R?). Therefore, we further obtain

P
m [P < <01+02 /|x|2dpiv> < op—1 <c’f—|—c§ /x|2pdpé\f).

Inserting this into (BI1]) and applying the Gronwall inequality provides a constant
K, >0, independent of N, such that sup,c(o 1 E [ |z|?PdplN < K, holds, and conse-
quently also
sup Elmd¥ [ < 21 + & K,),
te[0,T]

which concludes the proof of the estimates in (39) by choosing K sufficiently large.
The other two estimates easily follow by (BIZ) and by applying the Grownwall
inequality on ([B.I0), respectively. O

Remark 3.2. Despite having the estimates provided in Lemma B4, we are unable
to prove a mean-field limit result for the interacting particle system (1) toward
the nonlinear process ([L2) by means of classical tools (see e.g. Ref. 33). At this
moment, we only postulate its corresponding mean-field equation ([L3), for which
the numerical simulations have indicated to be true.

4. Large Time Behavior and Consensus Formation

We finally arrive at the most important part of the paper, i.e. we provide sufficient
conditions on f such that uniform consensus formation happens. More precisely,
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we say that uniform consensus occurs when
pr — 0z ast — oo,

for some & € R? possibly depending on py.

In fact, in the framework of global optimization, we would like to further have
that & = z, = argmin f. In other words, we want that p; concentrates at the
global minimum of f. Unlike, the deterministic case, the formation of nonuniform
consensus, i.e. multiple opinions in the limit ¢ — oo, in the stochastic model cannot
occurBU Hence, it is expected that uniform consensus is formed, whenever concen-
tration happens. We will see that this is the case.

Assumption 4.1. Throughout this section we will assume that f € C?(R?) satisfies
additionally

(1) inf f > 0.
(2) [IV3f]loo < cf and there exists constants cg, ¢; > 0, such that
Af <co+ci|VS)? inR%
Let us point out that from the viewpoint of global optimization we can change
the value of the function f outside a large ball in a way that condition (2) of

Assumption[4Tlis satisfied as soon as it does not change the point where the global
minimum is achieved. These cases include interesting functions in applications.

4.1. Concentration estimate

Let us begin by denoting the expectation and variance of p; by

E(p) := /xdpt and V(py) := /|ac— (ps)|? dpy.

A simple computation of the evolution of its variance gives

d

GV =55 [ o= EP dp = -20V(p0) + do*/2) [ 12 = mylol P

To estimate the last term on the right, we apply Jensen’s inequality to obtain

|z — ylPwidpi(x)dp:(y) et
/|$ —mylpi][Pdpy < )] o / <20— Vipe),  (4.1)
wf”Ll(Pt) waHLl(Pt)
and therefore
—V(pt) —(2XA —do”e™ *L/[|lwF L1 (o)) V (p1)- (4.2)

dt

Remark 4.1. If f were bounded, then an obvious way to obtain concentration is
to use the estimate [|w§||L1(p,) > e —of to obtain

%V(pt) — (21 = do?e U=V (py).

However, since f > [, we have that =D 5 00 as a — oo, and we would have
to choose A\ > 1 sufficiently large in order to obtain concentration. In the next
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subsection, we will see that this is not desirable since o has to be chosen large to
have a good approximation of the global minimizer.

In order to understand how [[w$ | z1(,,) evolves, we study its evolution given by
d (63 (63
300 = ah [ (95() = V1 mylpl) - (2 = my o)

+ %2/ (Q2|Vf(2)? — alAf(@)) [ — mgpe] Pw¥dpe = I + Iz,
where we used the fact that
/(33 —mglpd)widpr = 0,
for the first term.

Lemma 4.1. Under Assumption B0l for f and o > c¢1, we have

d (07
E”wf”%ﬂ(pt) > —b1V(pt), (4.3)

with by = by (o, A, o) = 2ae2*L(cyo? + 2)cy).
Note that from Assumption[Zd], we see that by — 0 as o — oco.

Proof. From the assumptions on f, we obtain the following estimates

b= ~adeged [ fo—mslpi)dp

0.2

B> ala— )% [ (V@)L - mlpdPus do

2
o~ _
—acoe o‘i/|x—mf[pt}|2dpt.

When « > ¢, the first term in the estimate for I5 is non-negative. Hence, we obtain

d (63 —x
Gl = —ae™ S eor /24 3ey) [l = mylp) Py
v
> —ae 2 (¢yo? + 2/\cf)#,
wa ||L1(Pt)
where the second inequality follows from (@Il). We obtain (3) from the fact that

5l 1310 = 105 3y 15 123y 2 €2 (c00® + 22e)V (),

thereby concluding the proof. O

We now have the ingredients to show the concentration of p;. In particular, we
show that the estimates (2) and (£3) provide the means to identify assumptions
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on the parameters o, A and o, for which we obtain the convergence V(p;) — 0 as
t — oo at an exponential rate.

Theorem 4.1. Let f satisfy Assumption[d] Furthermore let the parameters a, A
and o satisfy

3
bi< 7, 2002 — K — 2do’boe= L > 0,

with K =V (po) and by = ||w§||L1(pe)- Then V(pr) < V(po)e™ @ with
q=2(\— (do®/by)e” L) > K/bj.
In particular, there exists a point & € R? for which
E(p) =& and myslp] — T ast— oo.

Remark 4.2. Since by — 0 and e — 0 as a — oo, the set of parameters for
which the above conditions are satisfied is non-empty.

Proof of Theorem ATl Let v = K/b3. Choose any ¢ > 0 and set
T :={t>0:V(ps)e”® < K, for s € [0,t)},

where K. := K +¢. Then, by continuity of V' (p;), we get 7¢ # (). Set 7.7 := sup 7,
and we claim 7.F = co. Suppose not, i.e. 7.F < oo. Then this yields

lim V(p)e = K..
Jim (p)e c

On the other hand, it follows from [3) that for ¢ < 7.7, we have
t t
wFIZ 100 > b5 — bl/ V(ps)ds > b — blKE/ e ¥ ds
0 0

K K. _
:bg <1—b1?5>+—7€€ T
Since by < 3/4 and K. — K as € — 0, there exists g9 > 0 such that 1 — b K. /K >

1/4 for 0 < € < ¢g. Thus we obtain that for t < 7.7 with 0 < e < ¢

bo

lwFllz1(p) > 5} + & for some & > 0.

Inserting this into ({2)) gives

d

EV(P:&) < -2 (/\

do?

_ —af
bo + 26, )V(p”'

Applying Gronwall’s inequality yields

do?
V(p)e®t < K wh =2( A ——re L
(pr)e’" < ere ¢e ( T )
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for t < 7F with 0 < ¢ < g9. On the other hand, taking the limit ¢ / 77 to the
above inequality gives

K. = t_l)i%r}_ V(pt)e"Yt < tij%_ V(pt)eqft - K <K,

where we used the second condition, which gives g. > ~ for all 0 < & < g¢. This is
a contradiction and implies that 7F = oco. Finally, by taking the limit ¢ — 0, we
complete the proof.
For the second part of the statement, we first observe that the expectation of
p¢ satisfies
d d
GEe) =5 [2do =X [ = mylpl)dp. (1.0

Taking the absolute value of the equation above and then integrating in time yields

t t t
/ EE(ps) ds < /\/ /|x —my[ps]ldps ds < 4()\/b0)e_o‘iV(po)/ e ®ds
0 0
4\ 4\
= ey 1—e %) < —e LV (py),
= Bl ()1 - ) < etV ()

where we used the fact that wa|| 11(ps) = bo/2 and the concentration estimate
V(pt) < V(po)e . The previous estimate tells us that dE(p;)/dt € L'(0,0) and
thus, provides the existence of a point # € R?, possibly depending on pg, such that
b= Elpo) + [ G E(pde= Jim E(py).
0 — 00
Moreover, since |E(pt) — mg[ps]| — 0 for t — oo, we obtain lim;_,o, my[p] = Z.
O

Remark 4.3. A very important takeaway from the conditions provided in Theo-
rem L T]is the fact that A and o may be chosen independently of «. Indeed, if

2\bg — K — 2do’by > 0, (4.5)
then the second condition of Theorem H1] is trivially satisfied since f > 0 by

assumption. Therefore, when (L5) is satisfied, consensus is achieved for arbitrarily
large « satisfying b; < 3/4.

4.2. Approximate global minimizer

While the previous results provided a sufficient condition for uniform consensus
to occur, we will argue further that the point of consensus # € R? may be made
arbitrarily close to the global minimizer ., of f, for f € C?>(R?) satisfying Assump-
tion (11

In the following, we assume further that f attains a unique global minimum at
. € supp(po).

Theorem 4.2. Let f satisfy Assumptionddl. For any given 0 < eg < 1 arbitrarily
small, there exist some ag > 1 and appropriate parameters (X, o) such that uniform
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consensus is obtained at a point T € Be,(x.). More precisely, we have that py — 0z
for t — oo, with € Be,(x+).

For the proof of Theorem .2} we will make use of the following auxiliary result.
Lemma 4.2. Let f satisfy Assumption Bl and p; satisfy
(1 = b1 () < lwflZig,,) Sor allt >0,

with 0 < b(a) < 1 and b(a) — 0 as a« — oco. Furthermore, assume that V(p;) — 0
and E(p;) — & as t — oco. Then for any given 0 < eg < 1 arbitrarily small, there
exist some ag > 1 such that & € B, ().

Proof. From the assumptions V(p;) — 0 and E(p;) — & as t — oo, we deduce

/efo‘fdpt —/ ef"‘fdpt
Bs(Z)

-/ e~ dpy, < pi({lz — 3| > k)
{lz—Z|>k}

1 / »
<5 |z — &|* dpy
k2 J{a—z>1)

< ;—2(V(pt) + |E(ps) — 7[?),

for any k > 0. Furthermore, from Chebyshev’s inequality, we know that p; — dz
narrowly as ¢ — oo. Thus, since f is continuous and bounded on Bs(Z), we may
pass to the limit in ¢ to obtain

lim e~ dp, = e/ @),
t—o0 B(;(i)

Altogether, we obtain the convergence
[ AT e~ @) a5t — . (4.6)

On the other hand, the Laplace principle (see e.g. Ref. [3I]) gives us the possibility
to choose a3 > 1 large enough for any given € > 0, such that

1 o €
_a log ||wf HLl(po) — f* < 5
for any @ > a;. By assumption, we have that
1 o 1 o 1
- log [|w$ [l L1 (p) < —alog w21 (p0) — % log(1 — b()).
From the continuity of the logarithm, we can pass to the limit £ — oo to obtain
- 1 o 1
£(@) < =~ 10g 6§ | 23(s) — 5 log(1 — ().
This, together with using the assumption that b(«) — 0 as a — oo, yields
€ 1
< f(@)— fo < = — —log(1l — .
0= f(@) — fu <5~ 5-log(l —b(a)) <e

for a > ag with as > 1 sufficiently large. Finally, using the continuity of f and
the uniqueness of the global minimum, we can find a suitable small ¢y > 0 (corre-
spondingly ag > max{ay, as}) such that & € B, (z.) for all & > ay. |
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Proof of Theorem It follows from Lemma 4.1 that
t
15100 > 1 sy = ) | Vo).

where by (a) — 0 as @ — oco. Furthermore, by choosing A and o according to (£3)),
we obtain from Theorem [4.1] that

i K —qgs V(po) —qt —qt all2
/ V<ps>dss/ Vi(po)e ™ ds = (1 - 1) < (1= e 1) o Ry,
0 0

and consequently,

[W0F 171000y = N9 17100y (1 = b1(a)).

We conclude the proof by choosing a > ag with g obtained from Lemma [Z.2]
O

5. Pseudo-Inverse Distribution, Extended Models and Numerical
Results

In this section, we consider the Fokker-Planck equation (3] in one dimension and
derive an equivalent formulation of the equation in terms of the pseudo-inverse
distribution function. Then, we introduce an extension of the current model to
replace the diffusion term with nonlinear diffusions of porous media type, which
would guarantee compact support of the probability measure p;. In this case the
pseudo-inverse distribution function allows us to investigate concentration by only
considering the evolution of the boundary points. To investigate this numerically, we
introduce schemes for the porous media type equation and the evolution equation
for the pseudo-inverse distribution function. We conclude with numerical results
that illustrate the convergence results shown above.

5.1. Evolution of the inverse distribution function

We first define the well-known cumulative distribution F; of a probability measure
pt and its pseudo-inverse x; (see e.g. Ref. B5) by

R = [ = pl(=oe.s).

Then, the pseudo-inverse of F; on the interval [0, 1] is defined by
xe(n) == F ' (n) == inf{z € R| Fy(z) > n}.

Both, F; and x; are by definition right-continuous. To derive the evolution equation
for x: we use the properties of py, F; and x; collected in the following corollary.
These properties can be obtained by basic calculus using the above definitions.

Corollary 5.1. Let p; be a probability measure, F; the corresponding cumulative
distribution and xy the pseudo-inverse distribution of F; as defined above. Then,
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the following equations hold:

1
Xt F(t,x)) =z, F(t,x(tn)=mn 0F =—pdhx, Ohx= s

Ozp  OpF Onn'X
Opyx 0, F =1, L — - Zm
X p 0 F (02

restricted to x = x(t,n), n = F(t,x) and x € supp(p), respectively.

From these properties we may now derive an integro-differential equation for the
pseudo-inverse ¢, t > 0. Indeed, let us consider the solution p; to (23] satisfying
pt € C([0,00), P2(R)). From the definition of F}, we deduce that

OpF(x) — () pe(x) = pe(2) 0z kit () + it ()02 pr ().
We then use the relations between y; and p; provided in Corollary BTl to obtain
—pe(2)Oxe(n) — e (2)pe () = pi(x)Opkir () + K¢ (2)0r pr (),

which consequently yields

Oupi() _ _871"1&(77) ke (1) Ot (n)
pi() apxe(m) T Ogxe(m)?

On the other hand, Corollary [51]implies

dxe(n) + pe(x) = —0zhir(w) — Ky ()

pe = Axe —myxi]) and k= (0/2)[xe — mylxi|?

respectively, where my[x¢| is given by

_ Joxeesp(—af (a(m))dn
Jy exp(—arf (xi ()

Hence, the pseudo-inverse distribution y; satisfies the following integro-differential

mfx¢]

equation:

Oexe + e = —871(’%(877)(1&)_1)-

Clearly, the results of Sec. ] concerning the concentration and approximation
of the global minimizer hold in the equivalent formulation in terms of x; as well.

5.2. Porous media version of the evolution equation

One very common application of the pseudo-inverse distribution x; is to study the
behavior of the support supp(p:) of the corresponding probability measure p;. This
is especially interesting when p; has compact support. Unfortunately, we do not
have that in the present case due to the diffusion, which causes p; to have full
support in R. This naturally leads to the idea of increasing the power of p; in the
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diffusion term, inspired by the porous media equation The evolution equation
for p; then becomes

Oepr + Op(pepr) = Opa(Keph), (5.1)

with porous media coefficient p > 1. Notice that the previous model is included
here for p = 1. The derivation of the evolution equation for y; corresponding to
this equation may be analogously done, which leads to

Orxe + e = =0y (ke (Oyx2) ") (5:2)

Further investigation of the diffusion term results in
Oy (ke(Oyxe)™F) = Onlse p) = pyOntie + KeOy(py) = pyOytie + p“tpftjilanpt

in (n,t) variables. For p > 1 we can do the following formal computations. Due
to mass conservation of p; we assume a no flux condition for (5.1I) which in (z,t)
variables reads

pepr = Oz (Kepl) = p Ontiy ‘|'pf€t,0f_1az,0t,

on the boundary points of supp(p;). Consequently, we obtain

O (ke (O xe) PN (Fu(x)) = [pF Oy + priapl ™" Oupr)Oxe (Fy(x))
= thtanXt(Ft(x)) = [t

on the boundary points of supp(p;). Therefore, restricting (B2)) onto the boundary
points yields

Oixe(n) = —2ut(n) = —2X(xt(n) —mg[x:]) for n € {0,1}. (5.3)

As my[x:] is contained in the interior of supp(p:) by definition, y; is negative at the
left boundary point n = 0 and positive at the right boundary point n=1. Hence,
(B3) implies the shrinking of supp(p:). In particular, one expects the concentra-
tion of x; at my as t — oco. We will numerically check this behavior in the next
subsection.

5.3. Discretization of the evolution equation for x:

To investigate the behavior of the pseudo-inverse y; numerically, we use an implicit
finite difference scheme. Following the ideas in Ref. 8 we denote the discretized
version of x; by X%, where the spatial discretization is indexed by k and the temporal
discretization by 7. The spatial and temporal step sizes are denoted by h and T,
respectively. A straightforward discretization of the general equation (B2)) yields

Xe = Xk _ ( “(X2i117m3‘) B E(X?17m§‘) Bl —|—)\(m§c — i)
N (e A e =

(5.4)
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for n € (0,1), where m’ = my[x’]. At the boundary points 7 = 0, 1 the expressions
. Ly . L
(Xk = Xk—1) © and (Xhpr — Xk)
are set to zero, respectively. As stopping criterion for the iteration procedure we
use

i+1

X" — XiHL2(0,1) < tol.

Since we expect the density p; to concentrate close to the minimizer z, € R? of the
cost function f, the pseudo-inverse y; should converge toward the constant func-
tion with value z, € R?. This causes problems in the computation of the fractions
appearing in (54). Our workaround is to evaluate the fractions up to a tolerance
and set them artificially to zero if the denominator is too small. The scheme is tested
with the well-known Ackley benchmark function for global optimization problems
(see e.g. Ref. ) shown in Fig. [l

5.4. Particle approximation

To compare the results of the extension p > 1 to the scheme in Ref. 31, we are
interested in a particle scheme corresponding to the evolution equation for p = 2.
Note that in contrast to the pseudo-inverse distribution case, we are not restricted
to one dimension here. We derive a numerical scheme by rewriting (E1I) as

Orpt = —Va(pept) + A(mtpf) = va:[_:utpt + pt(Va(kept) + ’itvat)}-

The terms V, (kip:) and V,p; are mollified in the spirit of Ref. 27 with the help of
a mollifier ¢,

va:('%tpt) ~ Vm@e * (Ktpt) and vat ~ va:‘pe * Pt
Altogether this yields the approximate deterministic microscopic system
o ; ;
Xi = —AMXi —me) + D Ve X{ = XD[IX] = mal™ + |X] —m ], (5.5)
j=1
for i =1,... N, using the notation in Introduction.

Remark 5.1. Note that the scheme (E.3]) is deterministic in contrast to the scheme
(1)) for p = 1. Unfortunately, it is not trivial to extend the particle scheme to p > 2.

5.5. Numerical results

In the following, numerical results corresponding to the above discretizations are
reported. We use 200 grid points for the spatial discretization of x; and 500 particles
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—_— t=0.2625
15{ — t=n.525
— t=0.7875
— t=1.05

10{ — t=13125

— t=0.2625
—— t=0.525
— t=0.7875
— t=1.05

24 — t=13125

w

00 02 0.4 06 o8 10 0.0 0.2 04 0.6 08 10

Q Q

Fig. 2. Ackley benchmark in one-dimensional. Progression of the inverse distribution function
over time for the three benchmarks. Left: Diffusion with p = 1. Right: Diffusion with p = 2.

for the particle approximation schemes. Further parameters are fixed as
7=25-100% a=30, ¢=08, tol=10"°

The mollifier is chosen to be ¢, = e~%p(z/¢), where

1 exp(ﬁ) if x| < 1,
p(x) = 7. fel=1
d |10 else,

with normalizing constant Z.

Figure[2 shows the progression of x; over time. On the left side the case p = 1
is depicted. The tails mentioned in the discussion of (B.I) can be seen near the
boundary. On the right side the diffusion coefficient is p = 2, in this case no tails
occur as expected.

In Ref. B1), the following scheme with an approximate Heaviside function was
proposed:

dX{ = = NX{ = m)H(f(X{) = f(mq))dt + V20| X] —ms|dW,

where m; is as given in (LID). Initially, the Heaviside function was included to
assure that the particles do not concentrate abruptly. This is essential in cases
where the weight parameter o > 0 is chosen too small, thereby yielding a rough
approximation of the minimizer at the start of the simulation. In fact, the presence
of the Heaviside function prevents particles that attain function values smaller than
the function values at the average, i.e. f(X?) < f(m;), from drifting to m;. In those
cases, only the diffusion part is active.
An analogous particle scheme for the porous media equation with p = 2 reads

Xi = =NX{ = m)He(f(X{) = f(my))

N
g i j j i
D Va(X] = XD — a1 X — 7).
=1
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10t
=] =
= =)
a 107 &
— -
" o 10°
x x
| I
" 4
x > :
=—— p=2 with Heaviside . —— p=2 with Heaviside ™
—— p=2 no Heaviside e | = p=2 no Heaviside i
— p=1 with Heaviside 8 1077 3 — p=1 with Heaviside .
= p=1 no Heaviside —— p=1 no Heaviside o
0.0 0.2 [ 0.6 0.8 Lo 12 0.0 0.2 0.4 0.6 0.8 10 1.‘2

Fig. 3. Ackley benchmark in one-dimension. Lo error of the solution with respect to the minimizer
. or, equivalently, the 2-Wasserstein distance between the solution and §,+ for the different
benchmarks. Left: Particle scheme. The stochastic influence is visible for p = 1, as the graphs rely
on data of one realization. Right: Pseudo-inverse distribution.

For both schemes a smooth approximation of the Heaviside function of the form,
H. = (1+erf(z/e))/2

is used. We compare the results with and without the Heaviside function in Fig.[3]
In these simulations, we see the damping effect of the Heaviside function. The
simulations without Heaviside converge faster. Due to the large value of «, the
minimizer is approximated well by m, thus the concentration happens very close
to the actual minimum of the objective functions.

The graphs show the Lo-distance of X, (left) and x; (right) to the known
minimizer x, or equivalently the 2-Wasserstein distance between the solutions of
the mean-field equation and the particle scheme to the global consensus at ¢, .
The schemes with nonlinear diffusion p = 2 converge faster than their correspond-
ing schemes with linear diffusion. Nevertheless, for practical applications with large
number of particles, the scheme with linear diffusion is more reasonable due to
shorter computation times. In fact, in each iteration of the scheme (B3] the con-
volution of all particles has to be computed. The error of the simulation for y;
is smaller than the one for X; at equal times. The linear graphs with respect to
the logarithmic scaling of the y-axis in Fig.[3 indicate the exponential convergence
shown in the theoretical section (cf. Theorem [41]). The stochasticity influencing
the schemes for p = 1 can be observed in the graphs in Fig. [3 (left).

In contrast to the pseudo-inverse distribution function, which is only available
in one dimension, the particle scheme can be easily generalized to higher dimen-
sions. We conclude the manuscript with some numerical results obtained with the
particle scheme in two dimensions applied to the Ackley benchmark. In Fig. [ (left),
we see the surface and contour plot of the Ackley function in two dimensions. In
Fig. @ (right), the convergence of the different particle schemes is illustrated. For
the stochastic scheme with p = 1 the data is averaged over 100 Monte Carlo sim-
ulations. The graphs are in good agreement with the corresponding graphs of the
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10° 4

[Xt — X +|L2(0, 1)

— p=2 with Heaviside
—— p=2 no Heaviside

—— p=1 with Heaviside \
— p=1 no Heaviside ~
oo 0.2 0.4 0.6 o8 10 12

Fig. 4. Ackley benchmark function in two dimensions. Left: Surface and contour plot of the
function in two dimensions. Right: Convergence of the particle schemes. For the stochastic cases
with p = 1 the average of 100 Monte Carlo simulations is shown.

pseudo-inverse distribution function in one dimension. Due to the averaging the
stochastic influence which can be seen in Fig.[B (left) disappears.
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