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ABSTRACT OF THE DISSERTATION

Large-Scale Multi-Agent Transport: Theory, Algorithms and Analysis

by

Vishaal Krishnan

Doctor of Philosophy in Engineering Sciences (Mechanical Engineering)

University of California San Diego, 2019

Professor Sonia Martinez, Chair

The problem of transport of multi-agent systems has received much attention in a wide
range of engineering and biological contexts, such as spatial coverage optimization, collective
migration, estimation and mapping of unknown environments. In particular, the emphasis
has been on the search for scalable decentralized algorithms that are applicable to large-scale
multi-agent systems.

For large multi-agent collectives, it is appropriate to describe the configuration of the
collective and its evolution using macroscopic quantities, while actuation rests at the microscopic
scale at the level of individual agents. Moreover, the control problem faces a multitude of

information constraints imposed by the multi-agent setting, such as limitations in sensing,
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communication and localization. Viewed in this way, the problem naturally extends across scales
and this motivates a search for algorithms that respect information constraints at the microscopic
level while guaranteeing performance at the macroscopic level.

We address the above concerns in this dissertation on three fronts: theory, algorithms
and analysis. We begin with the development of a multiscale theory of gradient descent-based
multi-agent transport that bridges the microscopic and macroscopic perspectives and sets out a
general framework for the design and analysis of decentralized algorithms for transport. We then
consider the problem of optimal transport of multi-agent systems, wherein the objective is the
minimization of the net cost of transport under constraints of distributed computation. This is
followed by a treatment of multi-agent transport under constraints on sensing and communication,
in the absence of location information, where we study the problem of self-organization in swarms
of agents. Motivated by the problem of multi-agent navigation and tracking of moving targets,
we then present a study of moving-horizon estimation of nonlinear systems viewed as a transport
of probability measures. Finally, we investigate the robustness of multi-agent networks to agent

failure, via the problem of identifying critical nodes in large-scale networks.
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Introduction

Multi-agent systems are, broadly, collections of autonomous agents with sensing, com-
munication and computational capabilities. Often to ensure scalability, these systems are char-
acterized by the absence of centralized decision-making, where the agents use information
locally available to them to make decisions. An important class of problems in the context of
multi-agent systems is that of transport, which arises in a wide range of scenarios in engineering
and biology. This includes (1) seeking the extrema of a scalar field, for instance, in scenarios
such as collective chemotaxis in biology and estimating and controlling wildfires; (ii) achieving
a desired coverage of a spatial region, as in the case of mobile sensing networks [27, 35, 88] and
emerging applications such as autonomous mobility-on-demand; (iii) mapping, navigation and
tracking of moving targets; (iv) collective manipulation.

In problems of multi-agent transport such as the above, particularly when they involve
large collectives of agents, it is more appropriate to track the configuration of the collective
and its evolution by macroscopic quantities (such as the distribution of agents over a spatial
region in coverage problems). This involves a scale transformation, wherein a description of the
system at the microscopic scale is mapped onto a macroscopic description, and the objectives
of transport are specified at the macroscopic scale. However, the actuation still rests at the
microscopic scale at the level of individual agents, and the control problem faces a multitude of
constraints imposed by the multi-agent setting, broadly catergorized into information constraints
(such as the need for online, decentralized algorithms for scalability; limitations in sensing,
communication and localization) and physical constraints (collision and obstacle avoidance,

to name a few). In the macroscopic scale, theoretical tools from infinite-dimensional analysis



are often more appropriate, while at the microscopic scale, multi-agent control problems with
the above constraints have been more appropriately dealt with using tools of finite-dimensional
analysis. However, a formal theory bridging the two scales in the context of multi-agent transport
has been elusive, and this poses a challenge to control and algorithm design and analysis for
large-scale multi-agent systems. There is a need for such a bridge theory because it is important
to understand how macroscopic transport objectives translate into the microscopic scale and
conversely, how the microscopic control laws and algorithms affect macroscopic behavior and

scale as the number of agents N — oo.

Models of multi-agent transport

We begin the study of multi-agent transport in Chapter 2 with the formulation of an
iterative optimization-based transport scheme. We model the transport of agents as an iterative
proximal descent scheme in a compact Euclidean domain Q C R?, of the form:

xT = argmin i|x—Z|2+(p(Z). (1

€Q 27T

Macroscopically, the objective of multi-agent transport is formulated as the minimization of a
(strictly) convex functional F : &?(Q) — R on the space of probability measures &?(Q2) over
Q). We then address the question of how this macroscopic objective can be achieved by the
scheme (1). With an appropriate choice of ¢, we show that the “lift” of the scheme (1) to the
space of probability measures & () corresponds to a transport scheme that minimizes F. This
establishes the connection between the microscopic and macroscopic perspectives, i.e., between
an iterative proximal descent scheme for the agents in the Euclidean space and the minimization
of F in the space of probability measures that describes the transport of the collective.

We then propose an implementable multi-agent transport scheme for a finite N number
of agents as a proximal descent w.r.t. a discretization of the functional F’, and show convergence

to critical points, and in some cases the local minimizers, of such a scheme. In the limit N — oo,



we show that we recover the scheme (1) and convergence to the global minimizer of F'. We
also investigate the asymptotic stability of the continuous-time gradient flow in the space of
absolutely continuous probability measures, obtained from the lift of (1) in the limit T — 0, and
this serves as the candidate continuous-time model for multi-agent transport. We then use these
results to shed light on some multi-agent coverage control algorithms from the literature.

In summary, Chapter 2 sets up the theory and framework for the design of algorithms for

multi-agent transport in the rest of the thesis.

Multi-agent optimal transport

In multi-agent transport scenarios there is, typically, an associated cost of transport owing
to energy considerations. Optimal transport theory [117], which deals with the problem of
rearranging probability measures while minimizing the cost of transport, presents the appropriate
theoretical tools. Continuing in the spirit of Chapter 2, the objective of Chapter 3 is to set
up a scheme similar to (1) for the problem of multi-agent optimal transport with the goal of
minimizing the net cost of transport of the collective. We consider costs ¢ : Q x Q — R that
are continuous and satisfy the properties of a metric. Lifting the cost ¢ using the optimal
transport formulation, we obtain a metric C : Z2(Q) x Z(Q) — R in the space of probability
measures. Fixing a target probability measure u* € &2(Q), we define an objective functional
F(u)=C(u,u*), as the cost of optimal transport from p*. We then set up an iterative proximal
descent-based transport scheme to minimize F. The particular challenges to multi-agent optimal
transport come from the contraints of online and distributed computation. In other words, the
estimates of the local objective functions for the agents, to be used in the proximal descent
scheme, are to be computed online by a distributed algorithm. This results in a coupling between
the transport and the distributed online computation of the local objective functions, and we

investigate in Chapter 3 the asymptotic stability of the transport under such a coupling.



Self-organizing multi-agent transport

Self-organization in swarms refers broadly to the emergence of patterns of long-range
order in large groups of dynamic agents which interact locally with each other. It is a pervasive
phenomenon in nature, observed in biological [28] and other natural systems [120]. These in-
stances are characterized by primitive agents functioning under severe constraints on information,
in the form of limitations on sensing and communication. Moreover, the agents are constrained
to operate in the absence of location information. Formulating self-organization as a problem
of multi-agent transport, we explore in Chapter 4 mechanisms that enable large-scale multi-
agent transport towards a target measure in the absence of location information. In examples
of biological transport and pattern formation, the absence of location information is typically
mitigated, if only partially, by a process of (cellular) differentiation that assigns to every agent an
identifier which modulates the behavior of the agent. Adopting this perspective in our context,
the transport scheme is to be accompanied by an identifier-assignment algorithm that serves to
modulate the local objective function that the agent seeks to minimize via a descent scheme. We
call this identifier-assignment algorithm pseudo-localization, as it serves to partially mitigate the
absence of location information.

To further illustrate the problem, we refer again to the proximal descent scheme (1).
In order to implement such a scheme, every agent must be able to evaluate its local objective
function ¢ at a point z € Q, typically in its vicinity (from its location x € Q). In the absence
of access to its location x € €, such a scheme is not implementable. We therefore reformulate
the problem as one of composite optimization, where we replace the local objective function
¢ with ¢ o X, where X is the identifier-assignment map resulting from the pseudo-localization
algorithm. In other words, the agents do not have access to their locations in £ but to the image
of their locations in X (Q), i.e., their identifiers.

We note that in Chapter 4, we work entirely with a macroscopic model of transport

in continuous-time, described by a coupled system of PDEs, with the continuity equation



describing the motion of the collective, and a PDE describing the process of pseudo-localization
(differentiation). We target setting up the transport to minimize the squared L2-distance [, |p —
p*|? dvol from the (absolutely continuous) target measure. Using Lyapunov-based methods,
we derive control laws for the coupled system of PDEs, in order that the transport converges

asymptotically to the target measure.

State estimation for tracking and navigation

Chapters 2, 3 and 4 consider the problem of multi-agent transport where the target
probability measure, or the objective functional F : 22(Q) — R, is fixed. We present a version
of the time-varying case in Chapter 5, motivated by applications of navigation and tracking
of moving targets. We let a discrete-time nonlinear system of the form x| = f(x;, wy) (with
process noise wy) describe a moving point target, with measurements of the underlying state
given by y; = h(x;) + v (with measurement noise v;), where the objective of the multi-agent
transport is to track the true underlying state x;. We consider the case where all the agents
have access to the measurements y;, and formulate the multi-agent tracking problem as one
of transport by defining an appropriate objective functional using a finite moving window of
measurements. Owing to the underlying discrete-time nonlinear system, this objective functional
is time-varying.

Viewed another way, this problem is essentially one of optimization-based state estima-
tion, in particular, moving-horizon estimation formulated as a transport of probability measures,
and the material in Chapter 5 is presented entirely from this point of view. We also investigate
the allied concern of guaranteeing privacy in state estimation, and design differentially private

moving-horizon estimation schemes via an entropy regularization of the objective functional.



Robustness of multi-agent networks

Chapter 6 contains an investigation of robustness of multi-agent networks to failure of
agents, posed as a problem of identifying the critical nodes in a large-scale spatial network. The
identification of critical nodes in a network, motivated by the question of network robustness,
is crucial to improving its resilience to attacks and failures. The notion of critical nodes refers
to the subset of nodes in the network whose removal results in the maximum deterioration of
a given performance metric. In the context of robustness of networks/graphs, a widely studied
metric [58,75] is the second smallest eigenvalue of the graph Laplacian matrix (also called the
algebraic connectivity of the graph). In addition to being an indicator of how well connected
the graph is, it is typically of significance in the context of agreement dynamics on networks
(such as consensus and synchronization), as it governs the convergence rate of the dynamics.
The problem of identifying critical nodes in a network graph leads to combinatorial optimization
problems. Thus, for large-scale networks any algorithm that solves the problem exactly is of
high complexity. Motivated by this, we study a relaxation of the problem through a continuum

approximation of the network to the spatial domain where the nodes are distributed.



Chapter 1

Notation and Preliminaries

Let || -|| : R — Rxq denote the Euclidean norm on R and |- | : R — R the absolute
value function. We denote by V = (aixl, . a%,) the gradient operator in R?. As a shorthand, we
let a%(-) = J,(+) for a variable z.

Let 0Q denote the boundary of Q, Q = QU dQ its closure and Q& = Q\ IQ its interior
with respect to the standard Euclidean topology. For M C Q, let the distance d(x,M) of a
point x € Q to the set M be given by d(x, M) = infyep ||x — y||. For any x € Q C R?, we denote
by B(x) the closed d-ball of radius r > 0, with respect to a metric m, centered at x. Let 137 : Q —
{0,1} be the indicator function on Q for the subset M. We denote by (f,g) the inner product of
functions f, g : Q — R with respect to the Lebesgue measure, given by (f,g) = [ fgdvol.

Let u € Z2(Q) be an absolutely continuous probability measure on Q@ C R¢, with p the
corresponding density function (where d u = p dvol), with vol being the Lebesgue measure.
We denote by E, the expectation w.r.t. the measure y. Given a map .7 : Q — I" and a
measure L € Z(Q), we let v = Fuu denote the pushforward measure of u by .7, where for
a measurable set Z C .7 (Q), we have V(%) = Fpu(B) = u(T 1 (A)). Let F : Z(Q) - R
be a smooth real-valued function on the space of probability measures on Q C R?. We denote
by g—ﬁ(x) the first variation of F with respect to the measure (i, such that a perturbation o of
the measure results in a perturbation 6F = [ - g—ﬂd (o).

We denote by C* (Q) the space of k-times continuously differentiable functions on Q,



and by Lip(Q) the space of Lipschitz continuous functions on Q. The L? space of functions
on a measurable space U is given by L (U) = {f : U = R| || f||lrw) = (Jy \f]l’dvol)l/p < oo},
where || - ||z»(¢y is the LP norm. Of particular interest is the L? space, or the space of square-
integrable functions. In this paper, we denote by || f{|2(q) the L? norm of f with respect to the
Lebesgue measure, and by || fll;2(q.1) = (Jo ]f\zdu) the weighted L? norm. The Sobolev
space W17(Q) is defined as W7(Q) = {£: @ = R| | flly1s = (o [f17+ Jo [V £17)/7 < eo}.
For two functions f: R x Q — R and g: Q — R, denote f(z,-) = f; and further denote f —;2 g
the convergence in L? norm of f; to g as t — oo, that is, lim, .. || f; — g||;2 = 0. Convergence in
H' norm is denoted similarly by f — 1 g.

We now state some well-known results that will be used in the subsequent chapters in

this thesis.

Lemma 1 (Divergence Theorem [32]). For a smooth vector field F over a bounded open set
Q C R? with boundary 98, the volume integral of the divergence V -F of F over Q is equal to

the surface integral of F over d€:

/Q(V-F) dvol:/aQF.nds, (1.1)

where n is the outward normal to the boundary and dS the surface measure on the boundary.

For a scalar field v and a vector field F defined over Q C R¢:

/Q(F'V‘I/)ddVOI:/aQw(F-n) a’S—/QI//(V-F) dvol.

Lemma 2. (Leibniz Integral Rule [32]). Let f € € (R x R") and Q : R = R" be a smooth
one-parameter family of bounded open sets in R" generated by the flow corresponding to the

smooth vector field v on R". Then:

d
E(/gz(t)f(t,r)d/.L):/Q()at d/,H—/ f(t,r)v-nds.



Corollary 1. (Derivative of Energy Functional). Let U be an energy functional defined as

follows:

1
v=3 | 1rPdu
Q

for some function f : Q — R. Then,

U= / ( )u+2/|f|2Vvdu

where 4 = = 0y +v -V is the total derivative.

Proof. We have included the proof for this corollary for the sake of completeness. Using the
Leibniz integral rule and the Divergence theorem, we have (it is understood that the integrations

are with respect to the measure p):

U 1 )
_t_/gfatf-i_i/agm v-n

= [ rar+5 [ Vo)
= [sar+ [ 5@ 9r+g [129-y

= [ 5@s+ 91+ [PV
— [ (5)+5 vy

]

Lemma 3 (Rademacher’s Theorem [84]). Let Q C RY be open and f : Q — R™ be Lipschitz

continuous. Then f is differentiable at almost every x € Q.

Lemma 4 (Poincaré-Wirtinger Inequality [84]). For p € [1,0] and Q, a bounded connected

open subset of R? with a Lipschitz boundary, there exists a constant C depending only on Q and



p such that for every function u in the Sobolev space WP (Q):

lu—uallLr @) < ClIVul L),

where ug = |1ﬁ| Joudu, and |Q| is the Lebesgue measure of Q.

Lemma 5 (Rellich-Kondrachov Compactness Theorem [55]). Let Q@ C R¢ be open, bounded
and such that dQ is C'. Suppose 1 < p < n, then WP (Q) is compactly embedded in L1(Q) for

each 1 < g < 2~ In particular, we have WP (Q) is compactly contained in LP ().

We now state the following version of the LaSalle invariance principle for Banach spaces,

which will be used later:

Lemma 6 (LaSalle Invariance Principle [70, 118, 119]). Let {€(t)|t € R>o} be a continuous
semigroup of operators on a Banach space U (closed subset of a Banach space with norm || - ||y ),
and for any u € U, define the positive orbit starting fromu att =0 as U1 (u) = {€(t)u|t €
R0} CU. Let V:U — R be a continuous Lyapunov functional on ¢ C U for € (such
that V(u) = LV (€ (t)u) <0 in &). Define E = {u € 9|V (u) =0}, and let E be the largest
invariant subset of E. If for ug € 9, the orbit Ty (ug) is pre-compact (lies in a compact subset
of U), then limy_s 1o dy (€ (t)uo,E) = 0, where dy(y,E) = inf .z ||y — x|y (where dy is the

distance in U ).

Harmonic diffeomorphisms

Let (M,g) and (N,h) be two Riemannian manifolds of dimensions m and n, and Rie-
mannian metrics g and &, respectively. A map ¢ : M — N is called harmonic if it minimizes the

functional:

E(9) = /M Vo 2dv,, (12)
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where dvy is the Riemannian volume form on M. The Euler-Lagrange equation for the functional
E, which also yields the minimum energy, is given by A¢ = 0, the Laplace equation [74]. It is
useful to note that the solutions to the heat equation, in the limit # — oo, approach the harmonic
map. We now state a lemma on harmonic diffeomorphisms of Riemann surfaces (i.e., m =n =2

above).

Lemma 7. (Harmonic diffeomorphism [48]). Let (M, g) be a compact surface with boundary
and (N,h) a compact surface with non-positive curvature. Suppose that W : M — N is a

diffeomorphism onto W(M). Assume that y(M) is convex. Then there is a unique harmonic map

¢ : M — N with ¢ = y on IM, such that ¢ : M — ¢ (M) is a diffeomorphism.

We note that the non-positive curvature constraint in the lemma is essentially a constraint

on the metric & on N, and the curvature is zero for the Euclidean metric.

The space of probability measures and its weak topology

Let Q = D, with D C R? an open, bounded set in the d-dimensional Euclidean space
R?. Let () be the collection of Borel sets (the Borel ¢-algebra) in Q, which we take in this
paper to be the collection of measurable sets. The space of probability measures, 7(Q), is the

collection of functions u € Z(Q) satisfying:
1. Values in the unit interval: u : Z(Q) — [0, 1], with u (0) =0 and u () = 1.

2. Countable additivity: For a pairwise disjoint sequence {A;};cn of measureable sets,
1 (UienAi) = Lien 1(Ai).

We denote by 27" (Q) C Z2(Q) the space of atomless probability measures, where a measure
U e Z(Q) is said to be atomless if for any A € Z(Q) with u(A) > 0, there exists B € Z(Q),
B C A, such that u(A) > u(B) > 0. It follows that for an atomless measure y, we will have
1({x}) =0 for all x € Q. We consider this a notion of regularity of probability measures in this

paper, in that atomless measures are regular, and hence the superscript r in 22" (Q).
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We now define absolutely continuous probability measures over €2.

Definition 1 (Absolutely continuous probability measures). A probability measure L € ()
is said to be absolutely continuous if for any A € (), we have [1(A) = 0 if vol(A) = O (where

vol is the Lebesgue measure).

This allows us to define a density function p corresponding to y (where du = p dvol).

We now introduce the notion of pushforward of a measure under a mapping 7' : Q — Q.

Definition 2 (Pushforward measures). Given a map .7 : Q — Q and a measure |1 € P (Q), we
let v = U denote the pushforward measure of L by 7, where for a measurable set 8 C T (Q),
we have V(B) = Tpu(B) = u(71(B)).

We now introduce the notions of weak convergence in Z(Q), the topology of weak
convergence, the metrizability of this topology, the compactness of collections of probability
measures and the underlying connections between them. These will be crucial for the devel-
opment of the theoretical results contained in this paper, and a detailed account can be found

in [24].

Definition 3 (Weak convergence). A sequence of measures { L }ren in P (Q) is said to con-

verge weakly to u € P (Q) if for any bounded and continuous function f on Q, it holds

that imy e [o fdlix = [ fdLt.

Equivalently, in the definition above, the sequence { i }ren in Z(Q) is said to converge
to U in P (Q) equipped with the weak topology. The space of probability measures &2 (Q)
equipped with the weak topology is metrizable [24]. In other words, there exists a metric on
Z(Q) such that the weak topology is obtained as the topology induced by the metric. One
such metric is the Wasserstein distance, which will be defined below. We now state Prokhorov’s
theorem [24] on the equivalence between tightness and precompactness of a collection of

probability measures over a separable and complete metric (Polish) space.
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Lemma 8 (Prokhorov’s theorem). A set . C Z(Q) (with Q a separable, complete metric
space) is precompact w.r.t. the topology of weak convergence if and only if it is tight; i.e., for any

€ > 0 there exists a compact K¢ C Q such that f(Kg) > 1 —¢€ forall u € ..

Corollary 2 (Compactness of Z(Q)). Prokhorov’s theorem in Lemma 8 implies that, for
compact set Q, P (Q) is precompact since it is tight (where for any € > 0, we choose Q itself as
the compact set and have L(Q) =1 > 1 — € for any p € P (Q)). Moreover, since P (Q) is also

closed, it is therefore compact.

The L2-Wasserstein distance

The L?>-Wasserstein distance between two probability measures p,v € Z(Q) is given

Wiuv)= min [ fxoyP de), (1.3)
rell(u,v) JOxQ

where I1(u, v) is the space of joint probability measures over Q x Q with marginals y and
v. The definition of L2-Wasserstein distance in (1.3) follows from the so-called Kantorovich
formulation of optimal transport. An alternative formulation, called the Monge formulation of
optimal transport, is given below:

W2(i,v) = min /Q]x—T(x)|2du(x). (1.4)

T:Q—Q
Tyu=v

In the Monge formulation (1.4), the minimization is carried out over the space of maps 7" : Q — Q
for which the probability measure Vv is obtained as the pushforward of . This can be viewed
as a deterministic formulation of optimal transport, where the transport is carried out by a map,
whereas the Kantorovich formulation (1.3) can be seen as a relaxation where the transport plan
is described by a joint probability measure 7 over Q x Q, with y and v as its marginals. It is to

be noted that the Monge formulation does not admit a solution for all probability measures
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and v, while the Kantorovich formulation does. However, the two formulations (1.3) and (1.4)
are equivalent under certain conditions and in the sense laid out in the ensuing lemma. We refer

the reader to [106] for detailed proofs.

Lemma 9 (Existence and Uniqueness). There exists a unique minimizer * to the Kantorovich
formulation (1.3) of the L>-Wasserstein distance. Moreover, if the measure | is atomless, the

Monge formulation (1.4) has a unique minimizer T* and it holds that ©* = (id, T™ ).

The Kantorovich formulation (1.3) admits a dual formulation for which strong duality

holds, so that the L>-Wasserstein distance is also be given by:

W2(i,v)=  sup /¢du+/wdv
oLl (Q);yell(Q (1.5)

O(x) +y(y) < [x—y*

Equivalently, the above can be formulated as:

oLl (Q
s.t. ¢ceL!

W2 (1, v) = o o du+ [ ot av. (1.6)
( )

where ¢¢(y) = infcq{|x —y|*> — ¢ (x)}. The space of probability measures & (Q) endowed with
the L?-Wasserstein distance W will equivalently be referred to as the L>-Wasserstein space
(Z2(Q),W,) over Q.

We now present the following lemma, which follows from Theorem 6.9 in [117], on
the equivalence between convergence in the weak topology sense and convergence in the L’-

Wasserstein metric sense.

Lemma 10 (Convergence in (2(Q),W»)). For bounded Q € RY, the L*>-Wasserstein distance
W, metrizes the weak convergence in Z(Q), i.e., a sequence of measures { }ren in P (Q)

converges weakly to L € P (Q) if and only if limy_,.. Wa (L, 1) = 0.
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Convexity of functionals on the Wasserstein space

Before we can define any notion of convexity, we need to introduce an appropriate
notion of interpolation. We first recall that a function f : R? — R is convex if f((1 —t)x+1ty) <
(1—1)f(x) +tf(y), for any x,y € R? and ¢ € [0,1]. In this way, the definition of convexity
involves interpolation along the straight line segment ¥ between x and y, or the geodesic y(¢) =
(1—1)x+ty, fort € [0,1], connecting x and y in R¢. The generalization of convexity to the space
of probability measures also requires a notion of interpolation between probability measures,
such as the following. Given x,y € Q and Dirac measures 0, §, € (), we define its linear
interpolation as (1 —t)0,+10y, for t € [0, 1]. Similarly, the displacement interpolation of o, and
Sy is given by &1 )4y, for z € [0, 1]. Notice that the support of the linear interpolation of Jy, 6y,
is given by {x,y}, foreach t € [0, 1]. However, support of the displacement interpolation is located
along the geodesic segment connecting x to y, for z € [0, 1]. The displacement interpolation is
more appropriate for defining convexity of functionals over the space of probability measures
and the transport schemes we construct in our work. More generally, we provide the following

definition:

Definition 4 (Displacement interpolation). For i,v € &2(Q) such that there exists an optimal
transport map T : Q — Q from | to V in the L>-Wasserstein space over Q, the displacement

interpolant of 1 and v is given by v, = ((1 —t)id +tT)4 1, for t € [0,1].

Observe that the displacement interpolant of it and v € &2(Q) corresponds to the notion
of geodesic from p to v in the L2-Wasserstein space. Moreover, in the definition of the displace-
ment interpolant above, we have assumed the existence of an optimal transport map from u to
v, which restricts the class of probability measures considered. The following lemma, which
is a consequence of Proposition 9.1.11 in [25], states that the existence of a transport map is

guaranteed when the source measure is atomless.

Lemma 11 (Existence of pushforward map). For two probability measures [, v € 2 (Q), there
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existsamap T : Q — Q such that v = Tyl if U is atomless.

In order for a definition of interpolation to apply to the entire space &2 (Q), the interpolants
must be constructed using an optimal transport plan, which is a joint probability measure with
marginals ¢ and v. We refer to [8], where this notion is explored in greater detail. However, for
the purposes of this work, we do not need such a general definition, because splitting of masses
by transport plans is not relevant to the setting of multi-agent transport. Alternatively, we can

work with the notion of generalized geodesics introduced below:

Definition 5 (Generalized displacement interpolation). Let u,v € Z(Q), and 0 € " (Q) be
an atomless probability measure, such that Ty, : Q — Q and Ty, : Q — Q are optimal
transport maps from 0 to 1, and 0 to Vv resp. in the L>-Wasserstein space over Q. A (generalized)
displacement interpolant of y and v w.r.t. 0 is given by ¥, = ((1—1)Ty_y +1To—y), 0, for

t€10,1].
We first state the following lemma before introducing the notion of geodesic convexity.

Lemma 12 (Geodesic convexity of 2(Q)). The L>-Wasserstein space (P (Q),W>) is geodesi-

cally convex (w.r.t. generalized displacement interpolations or geodesics) if Q is convex.

Proof. Let u,v € Z(Q) be two probability measures over Q and let 6 € &7(Q) be an atomless
probability measure. Moreover, let T, : Q — Q and Ty, : Q — € be the optimal transport
maps from 6 to u and 6 to v respectively, such that 7,0 =t and Ty_,46 = v. The
L?>-Wasserstein generalized geodesic from u to v is generated as the pushforward by the one-
parameter family of maps T; = (1 —1)Tp_,, +1Tg_,y with ¢ € [0, 1], given by u; = T;46. From
the convexity of Q, for any x € Q, we have that 7;(x) € Q since T;(x) is a convex combination of
To—u(x) € Q and Ty_,y(x) € Q, and therefore lies on the straight line segment between them.

This implies that 7; : Q — Q. Moreover, since U; = T;40, the mass of u; is concentrated on
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T;(2), and we have:

w(@) = (@)= [ duw= [ a1,0)= [ do—6(@)=1.

T(Q) T(Q)
Therefore, we have y, € &(Q) and that (Z2(Q),W,) is convex. O
Now, under the assumption of convexity of €2, we have:

Definition 6 (Geodesic convexity). A functional F : #?(Q) — R is geodesically convex if for
WL,V € P(Q) such that there exists an optimal transport map T : Q — Q from L to v (Tyk = v)

in the L>-Wasserstein space over Q, we have:
F(((1=t)id+tT)up) < (1 —1)F(u) +tF(v), Vit e [0,1].

It is useful to generalize the notion of geodesic convexity to accommodate functionals that
are not convex in the sense of Definition 6. An example of a functional that is not convex in the
sense of Definition 6 is F (1) = W3 (Lret, 1t) [8], defined as the squared L?>-Wasserstein distance
from a reference measure . s, which is nevertheless an attractive candidate for gradient flow-
based transport as will be seen later. This motivates a definition of convexity along generalized

geodesics, as given below:

Definition 7 (Generalized geodesic convexity). Let 1,v € & (Q) and 6 € &2 (Q) be an atomless
probability measure, such that Tg_, - Q — Q and Ty_,y : Q — € are the optimal transport
maps from 0 to W and from 0 to v respectively, in the L>-Wasserstein space over Q. A functional

F: Z(Q) — R is (generalized) geodesically convex if:
F(((1=)Tgosu+1Tg-0) ) < (1-F () +1F(v),  Vi€[0,1]

We note that F (1) = W3 (Uyer, i) is convex [8] in the sense of Definition 7.
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Derivatives of functionals on the space of atomless measures

We first introduce the notion of first variation of a functional as follows:

Definition 8 (First variation of a functional on &?(Q)). Consider a functional F : (Q) — R,

and a g € P (Q). Let { e }ecr be any a smooth one-parameter family of probability measures

such that the limit dg[t|,_o = limg_o B2 exists. Suppose that there exists a unlque (,uo)

such that < F(u )‘ = [0 9 M Fuo)d (8g,u|€:0),f0r any {Ue tecr. Then, %(uo) is called the

first variation of F evaluated at L.

With the above definition on first variation of functionals in place, we are ready to intro-

duce the notion of Fréchet derivative of a functional on the L?-Wasserstein space (2" (Q),W>):

Definition 9 (Derivative of a functional on (2?"(Q),W>)). The Fréchet derivative & of a dif-
ferentiable (over the space of atomless probability measures) functional F : 2?(Q) — R at an
atomless measure [L € P (), is given implicitly by:

lim F(v)_F(“)_IQ<§7TN—>v—id>du
Vol Wa (11, V)

=0,
where E =V and ¢ = 5#
We now introduce the notion of directional derivative of a functional over probability

TMHV id

measures. For this, let v = which implies that v = (id +v)z. We also have:

WZ(.U,V):\//Q|Tu%v_id|2d.u:t\//g‘vpd.u;

and we get:

i FGd A 1v)l) — F(u) —1 o (6. V) dp

im
=0 1\ Jo |V|?du

=0.
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Therefore, the directional derivative of F' along v is

L pu) = o Fld+1v)ept) —F (1) =/Q<€7V>du,

dt 1—0 t

where & is the Fréchet derivative of F.

Lipschitz-continuous derivatives

We now introduce the notion of /-smoothness that will be useful for the development of
gradient descent-based transport schemes later in the paper. We begin with a definition of this

notion in the Euclidean space and then generalize it in the Wasserstein sense.

Definition 10 (/-smoothness). A function f : Q — R is called I-smooth (or Lipschitz differen-

tiable) if for any x,y € Q, we have |Vf(y) —Vf(x)| <I||y — x|

It is easy to prove the following lemma on /-smooth functions, which is used later to

define the notion of /-smoothness of functionals over (Z(Q),W>):

Lemma 13 (/-smooth functions). For an [-smooth function f : Q — R and any x,y € Q, we have
FO) = £ () =V (0),y =) < 5lly =]
We now generalize the above notion to functionals over the space of probability measures

using Lemma 13.

Definition 11 (/-smoothness of functionals on (Z(Q),Ws)). A functional F : Z(Q) — R is

called I-smooth (or Lipschitz differentiable) if for any u,v € 2(Q), we have:

\//Q ‘gu _€V|2dv < Wy (u,v),

where &, =V (g_g)y)’ &=V <g—£‘v) and Ty, is the optimal transport map from v to L.

Lemma 14 (/-smooth functionals). A functional F : &7 (Q) — R that is [-smooth on (22 (Q),W>)

satisfies:
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L |F(v) = F (1) = Jo (8us Tusv —id) du| < SW3(w,v),
2. | Jo(6u—Ev, Tvsy —id)dv| <IWF(u,v),
for atomless probability measures [L,v € P"(Q).
We also define the proximal operator on Q with respect to a function f : Q — R as

follows:

1 )
prox (x) = argmin - 2~ x>+ (2)
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Chapter 2

A multiscale theory of multi-agent trans-
port by gradient descent

In this chapter, we set out to establish a multiscale theory of gradient descent-based

transport of multi-agent systems, with three main goals:

1. To present a macroscopic description of the behavior of multi-agent gradient descent

algorithms as transport in the space of probability measures.

2. To shed new light on the behavior of coverage optimization algorithms as the number of

agents N — oo,

3. To provide a framework for the development of algorithms based on iterative, gradient-

based transport schemes in the space of probability measures.

2.1 Bibliographical comments

In the context of robotic systems, problems of deployment and formation control of
groups of robots have been extensively studied [27, 35,72, 88, 108]. More recently, research
efforts have been undertaken to massively increase the scale of these robotic systems [104]. In
the context of robotic swarms, programmable self-assembly of two-dimensional shapes with a

thousand-robot swarm is demonstrated in [105]. These robots are capable of measuring distances

21



to nearby neighbors which they use to localize themselves relative to other localized robots. Each
robot then uses its position to implement an edge-following algorithm.

From a theoretical perspective, as the number of agents increases, the design and analysis
of efficient distributed transport laws poses new challenges, starting with the choice of appropriate
mathematical abstractions. The need for parsimonious descriptions of the collectives, along with
the fact that tasks for these systems are more likely to be specified at a high level, calls for the
use of macroscopic models. Among the approaches to the coverage control and deployment
problem for large-scale multi-agent systems are transport by synthesis of Markov transition
matrices [14,16,41], the use of continuum models [53, 80] for transport, coverage control by
parameter tuning and/or boundary control of the reaction-advection-diffusion PDE [52, 60, 123],

and mean-field stabilization [42,50,51].

2.2 Models for large-scale multi-agent transport

We consider a collection of N € N identical agents with indices i € .# = {I,...,N},
distributed across a spatial region, we recall, Q = D, with D C R? an open, bounded set in
the d-dimensional Euclidean space R?. Let x; € Q be the position of the i-th agent, and let
X = (x1,...,Xxn). Since the problem of transport additionally involves the dimension of time, we
consider the positions of the agents (and of other variables) as parametrized by time steps k € N
in the discrete-time case, as x;(k), or time t € R~ in the continuous-time case, as x;(¢)

We view the problem of multi-agent transport as one of updating the positions x;(k) (or
x;(¢) in continuous-time) according to a specified rule. Moreover, the specified rule is such that
the motion of an agent is seen as the result of computations that generate the successive positions
of the agent (or its instantaneous velocity). In other words, the physical motion is is merely the
physical realization of the results of underlying computations. Once we take this computational
perspective, that the problem of collective motion is essentially one of collective computation or

information processing, characterizing the flow of information within the collective becomes
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crucial. This is essentially due to the fact that in the absence of a centralized decision maker,
collective computation is enabled by information flow between the agents, and it is important to
characterize the nature of this information flow. To this end, we define a graph 4 = (.#, &), where
the edge-set & specifies the sensing/communication model for the collective and characterizes
the information flow between the agents. In the ensuing applications, we often consider ¢ to be
a proximity graph over the set of agents (vertices) .#, given the corresponding set of positions of
the agents {x;}% .

We recall that the (microscopic) configuration of the collective is specified as
X = (x1,...,xy) € QV, and for an N x N permutation matrix P, we take that the configura-
tion (P®1;)X is equivalent to X, since the agents are assumed to be identical. We thereby
look for a permutation-invariant description of the collective, which leads us to specifying its
configuration (macroscopically) as a probability distribution over &, as [y = 1%/2?]:1 Oy, If we
are further given that the positions x; of the agents are independently and identically distributed
according to a (absolutely continuous) probability measure p € Z(Q) (where Z(Q) is the
space of probability measures over Q), it follows from the Glivenko-Cantelli theorem [23] that in
the limit N — oo the discrete probability measure [1Y converges uniformly, almost surely to the
probability measure p. In this way, [iY¥ is seen as a discretization of the underlying measure L.
In particular, this constitutes the sampling perspective, in that {i%¥ is generated by N i.i.d. samples
of the probability measure u. Alternatively, we can view [ as being obtained by quantization
of the measure u, wherein u is discretized over an equitable partition of Q (i.e., the individual
cells are of equal mass) to obtain the discrete measure [i)Y. We explore these ideas in greater
detail later in this chapter, but it suffices to say at present that for a large N number of agents, the
probability measure y approximates closely the macroscopic configuration fiYY of the collective.

We begin by considering a (discrete-time) deterministic update rule for the transport,
specified by a map 7 : Q — Q at time instant &, such that the position update for the i-th agent
is given by x;(k+ 1) = T(x;(k)). While the microscopic configuration undergoes the update

x(k) = (x1(k),...,xn(k)) = (Ti(x1(k)),...,Ti(xn(k))) = x(k + 1), the updated macroscopic
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configuration is obtained as the pushforward of the measure [i¥ (k) by the map Ty, given by

WY (k+1) = Tigliy! (k).

2.3 Iterative proximal descent schemes in the space of prob-
ability measures

In this section, we set up iterative descent schemes in the space of probability measures
Z(Q) to converge to the minimizer of a convex functional. We then obtain descent schemes in
Q that transport probability measures in accordance with the descent schemes in the space of

probability measures, and establish that they result in weak convergence to the minimizer.
Assumption 1. Q C R¢ is the closure of an open, bounded subset of R¢ and is convex.

Under Assumption 1, we have from Lemma 12 that the space of probability measures
P(Q) equipped with the L>-Wasserstein metric is geodesically convex (w.r.t. generalized
geodesics). We now construct an /-smooth and strictly geodesically convex functional F :
Z(Q) — RwithV <§—C> -n=0on dQ (where n is the outward normal to dQ) for all v € Z(Q),
such that u* = argminyec o (q) F (v) is absolutely continuous, and set up the following proximal

recursion in & (Q) to converge to u* from any absolutely continuous py € Z(Q):

1,
—W. F(v). 2.1
M1 eargver%r(lg) 7 5 (M, V) +F (V) (2.1)

Remark 1 (Neumann boundary condition). The Neumann boundary condition on the derivative
of the functional F, V <§—€> -n=0on dQ (where n is the outward normal to dQ), yields a zero-
flux boundary condition in the context of gradient descent w.r.t. F. This ensures conservation of
mass and that the solutions of gradient descent w.r.t. F, which are sequences of measures, are

contained in & (Q) as probability measures over Q.

Lemma 15 (Compactness and convexity of sublevel sets). The sublevel sets of the functional F

are compact and convex.
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Proof. For any u € &2(Q) (with the Wasserstein metric W, on &?(Q)), we have that the sublevel
set S (u)={veZ2(Q)|F(v)<F(u)}is closed, since F is continuous and Z(Q) is closed
and compact (from Prokhorov’s theorem in Lemma 8 and Corollary 2 on the compactness of
Z(Q)), which implies that () is also compact since it is a closed subset of a compact set.
Moreover, for any vy, V) € .7 (), and v, € Z(Q) on the generalized geodesic between
Vo to vy with ¢ € [0, 1] (which follows from Lemma 12), we have from the (generalized) geodesic
convexity of F that F(v,) < (1 —1)F(vy)+tF(v;) < F(u) (since F(vp) < F(u) and F(v;) <
F(u) by definition of .(u)). This implies that v, € . (u) for any ¢ € [0, 1], from which we

infer convexity of .7 (u). O

Corollary 3 (Completeness of sublevel sets). It follows from Lemma 15 that the sublevel sets of
F in the L>-Wasserstein space are complete, in that every Cauchy sequence in a sublevel set of F

is convergent.

Lemma 16 (Strong convexity of objective functional). The objective functional in (2.1) is

(% — l) -strongly geodesically convex in " (Q) for T < 1/1.

Proof. Since F is [-smooth, by applying Lemma 14 we get:

‘A <§2 - gl ’ TV1—>V2 - ld) dvl S lWZZ(vl ’ VZ)‘ (22)

2
Let G(v) = =W (u,v)+F(v) and n = V (‘;—3)‘ . Also, let ¢ = 3 6W25(5’v)
1%

be the Kan-
\%

torovich potential for the transport from v to . We now have:

) 1 1 )
/(ﬂz—nl,Tvl—wz_ld>dV1:/<Vq)z_V¢1_£1+§2,Tv1—>vz_ld>dvl
Q a\7T T

1 . .
= E/S2<V¢27V¢1’TV1*>V27ld>dv1+/svz<§27§1,Tv1*>vZfld>dv1

1

> E/Q<v¢>2—v¢],Tvﬁv2 —id)dvi —IW(vi,v)

= (1 - l> Wi (vi,v2),

T
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where the inequality above follows from (2.2). Moreover, we have used the fact that Vg, — V¢, =
Ty, v, —id, which implies that fQ <V¢2 — Vo, Ty, v, — id> dv; = sz(vl , Vz). Since T < %, we
get that the functional G, which is the objective functional in (2.1), is strongly-convex with

1
parameter - —[. 0

Assumption 2 (Atomless sequence). We assume that for any T < % the sequence {L }ren

generated by (2.1) is such that yy, € 2" (Q) for all k € N.

We remark here that sufficient regularity of the functional F would guarantee validity
of Assumption 2, and we conjecture that this is indeed the case if F is twice continuously
differentiable. Since we do not offer a proof for this claim, we retain Assumption 2 in establishing

the following theorem:

Theorem 1 (Convergence of proximal recursion (2.1)). Under Assumption 2, the proximal

recursion (2.1) converges weakly to U™ as k — .

Proof. It follows from (2.1) that:

1
szz(.uknukﬂ) +F (1) < F (k)

1
= F(tg1) < F () — szz(.ukvukﬂ)

This implies that for p # .1, we have F (1) < F (). Therefore, the sequence {F ()} is
decreasing, and given an initial Lo, the sequence { i }ren is contained in the sublevel set .7 (L)
of F (o). From Lemma 15, we have that . () is convex and compact in the L>-Wasserstein

space (Z(Q),W,), and by Corollary 3, complete. Moreover, we have:

1
szz(uk,ukﬂ) < F(u) — F (Mg 1),
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and by summing over k € {0,...,K}, we get:

K

1
o Y W3 (i 1) < F (ko) = F(ug41)-
=0

Since F (ug+1) < F (o) and is bounded (as the sequence { 1 } ke is contained in the sublevel set
(o) and F is bounded below by F(u*)), we get that limg e Y& W3 (1, Uy v 1) is bounded,
which implies that limg . W} (U, ik +1) = 0. Therefore, the sequence {1 }ren is Cauchy, and
since . (lp) is complete, it is also convergent. Thus we have limg e sz( Uk, 1) = 0 for some
i € 7 (Lo)-

Now, since the sequence {1 }ren is generated by the iterative proximal descent scheme
(2.1), we must have that fi is a fixed point of (2.1). By the strong convexity of the objective
functional in (2.1) and since the functional F is strictly convex in (Z2(Q),W;), with u* as the

only minimizer, we infer that u* is the only fixed point of (2.1) and i = u*. 0

We now consider the fOHOWiIlg proximal recursion in  from an initial condition X € Q:
X, = argmin X, 7"+ Z .

where {g; }xen is a sequence of functions on Q. We now let py be the probability distribution of
the initial condition x( (denoted xo ~ L) and obtain an assignment for the sequence {gj }ren to
target the recursion (2.1). In other words, we are interested in defining the dynamics in € that

would result in the transport of the initial measure Ly according to the recursion (2.1).

Theorem 2 (Target dynamics in Q). The proximal recursion (2.1) from py € 2" (Q) is obtained

as the transport of Wy by (2.3) with xy ~ Uy and the choice g, = g—i

Hiet1

Proof. We rewrite the single-step update in (2.1) from a probability measure € Z(Q) as
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follows, for the purposes of this proof:

1
= in —W2(u,v)+F(v). 2.4
il arg min 2t 5 (W, v)+F(v) (2.4)

It follows from Lemma 16 that the minimizer g™ in (2.4) is unique. Thus, for a one-parameter
family of absolutely continuous probability measures { Ve }ccr generated by a transport vector

field v¢ (according to de Ve +V - (Veve ) = 0), with vo = u, we have:

_ d 1 2
0= % (EW2 (‘U,,Vg) +F(Vg))

e=0
1
= f—L_/Q<V(])#+%'u,V>d,LL+—|—/Q<§,V>d,u+

1
— /Q <;V¢ﬂ+ﬁ# +€,V> d,l.t+

where £ = V <‘g—€> ‘V=u+ and V@y+_,, = id — TH =K with TH —H : Q — Q being the optimal
transport map from ™ to . Since [ (+Vu+_,y+&,v)du™ =0 for all v, it implies that

Vo y+E=0(u" ae. inQ), and we get:

1 L
EV%“”H;:?(“Z_T >+é§:0,
which implies that:

TH M — g 4 1€

Letp = <g—€) ‘v—ﬁﬁ' For any y € Q and T < 1/1, we have a unique y* defined as follows (which

corresponds to the single-step update in (2.3)):

1
+ . )
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If yt € Q, it is a critical point of (2.5) and satisfies y© =y — tV@(y™). Since & = Vo, we
therefore have yt = (id + 7€) ' (y). We note here that when the image of a y € Q under the
argmin map in (2.5) is a critical point in the interior of €, it is also the inverse image of y under
the optimal transport map TH' X,

Now, for a y € Q, consider the objective function in (2.5) B(z) = |y —z|> + (). The
inner product of its gradient at any point z € dQ on the boundary of Q with the outward normal
nto dQatzisgivenby VB -n= (1(z—y)+Ve(z)) -n=1(z—y)-n >0, since Vg -n =0 and
z—y points outward to Q (as z € dQ and y € Qand Qs convex). This implies that there exists
a point 7 in the interior of Q in a neighborhood of z such that () < B(z), which implies that z
cannot be the minimizer. Thus, for any y € €, the minimizer of B(z) = 5-|y — 2> + ¢(z) cannot
lie on the boundary dQ, and must therefore lie in the interior of Q and be a critical point of the
objective function . Now, when y € 0Q, if y* ¢ Q, it must be that y™ =y (otherwise we obtain
a contradiction for the same reason as above, that the inner product of V3 with the outward
normal would be strictly positive) and the argmin map (and the optimal transport map) is an
identity in this case.

It therefore follows that for any y € Q, its image y™ under the argmin map is also its
inverse image under the optimal transport map TH =K. Therefore, we get that the argmin
map in (2.5) is also the inverse of the optimal transport map T# . Thus, we have that the
map TH 7 = id + 7€ is well-defined and so is its inverse, we have that (T“Jr%“): u=
(id+1&), ! 1= u", and (2.4) is the lift to the space of probability measures of (2.5).

We therefore conclude that the proximal recursion (2.1) starting from L is the transport

of L1y by (2.3) with xo ~ L. O

From a computational perspective, we note from Theorem 2 that to implement the proxi-
mal recursion (2.1) by the dynamics (2.3), we need to evaluate at a given time instant k the first
variation g—C at Uy 1, the transported measure at the time instant k+ 1. To circumvent the need to

evaluate the first variation one time step ahead, we alternatively consider the dynamics (2.3) with
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OF

the choice gx = 5,
M

, where for a given time instant &, the function g is obtained by evaluating

the first variation of F at the transported measure L.

Theorem 3. The sequence { U }ren obtained as the transport of measure iy € 2" (Q) by (2.3)

with T < 1/1, xo ~ Hy and the choice g, = g_f/‘ , converges weakly to L™ as k — oo.
H

Proof. By the [-smoothness of the functional F' and Lemma 14, we have:
[ <V (5_F
Q ov

. OF
We have that 7y, |, = id + 7TV (W

T/Q<v(g_§

oF
i1 v
and we therefore have:

5F 5F 1 )
R R > | —— W. .
T/Q <V ( Sv “k+l> 7V ( Sv M() >d;uk+1 = (T l) 2 (auknuk-i-l)

Moreover, by convexity of the functional F', we have:

OF .
F () ZF([.Lk+1)+/ VI = Ty -y —1d ) d gty
Q ov HMiet-1

Subsituting in the above inequality, we get:

_oF
Hye ov

> 7T[.Lk+1—>,uk - ld> dauk-‘rl S lWZZ(:ukmuk-i-l)'
i1

) , which from the above implies:
M

_oF
Hye ov

> >dﬂk+1 < IW3 (e, My 1)-
Hic

F(pe) = F(Mii1) + (% - l) W3 (Ui, 1)

From the above inequality we get that ;| belongs to the F-sublevel set of 1, and consequently
that the sequence {1 }ren is contained in .7 (L), the F-sublevel set of py. Following the same

arguments as in the proof of Theorem 1, we get that the sequence {1y }xen is convergent and
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limg o W5 (g, 1) = O for some fi € .7 (1).

Now, since {utren is a sequence of measures generated by (2.3) with the choice

gk = ‘g—c and initial condition xq ~ Lo, in order to characterize the limit i1, we first formulate

My
the corresponding iterative descent scheme in Z(Q). The descent in & (Q) corresponding to

(2.3) with the choice g; = 2—5 is given by:
Hi

OF

I (2.6)

. |
=arg min —W. ,V)+E
Hir =arg min, o2 5 (M, V) +Ey .

As the sequence { i }ren is generated by (2.6), the limit fi must be one of its fixed points. It

again simply follows from the properties of F' that the objective functional in (2.6) is strongly

convex with E, [g—ﬂ‘ } being convex, and that the only fixed point of (2.6) is u*. We therefore
M

have that 1 = u*. ]
Theorem 3 allows us to consider the transport in &2 (Q) by the following proximal scheme
in Q for minimizing F’:

1
— 3 2 2-7
x —argrzrémzr\x z|*+g(z2), (2.7)

OF

where x ~ ptand g = 57| .
u

2.4 Multi-agent transport

We recall that the configuration of the collective is given by x = (x1,...,xy), with x; € Q
forie€ {1,...,N}. Let i¥ = 4 YN, §,,, be the discrete measure in 2(Q) corresponding to the
configuration x. For a macroscopic description of the transport, we first let the macroscopic

=N

configuration be specified by an absolutely continuous probability measure, and since [L,' is is

not absolutely continuous, we define an absolutely continuous probability measure ﬁf N through
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its density function using a smooth kernel K, as follows:

~

Hx (2.8)

=

Il

1=

=

=

|
=
=

N

where 2 > 0 is the bandwidth of the kernel. We allow ﬁfN to denote both the absolutely
continuous measure and its corresponding density function. We also denote, for x € Q, ﬁfl

simply by fi"". Thus, for x € QV, we have fie" = AT

Assumption 3 (Properties of K). For h > 0 and z € Q, the probability measures ﬁzh defined

using the kernel K as in (2.8), we have:

1. Smoothness: The kernel K(-,h) € C*(Q) for every h > 0.
2. Monotonicity of support: For any z € Q and h; < hy, we let supp (ﬁ;”) C supp (ﬁ?)

3. Containment: For every h > 0, there exists a set Q;, C Q such that for z € &, the support of

the measure ﬁzh satisfies supp(ﬁ?) C Q. Moreover, limy,_,o ), = Q in Hausdorff distance.

4. Total variation convergence: With ./ being the space of measureable functions over Q,

we have limy,_osup re_4 { Jo f(2)K(x —2z,h) dvol(z) — f(x)} = 0.

2.4.1 Discretization of F : Z(Q) - R

Fh’N

‘We now define a function as the discretization of the functional F', for A > 0, as

follows:

FiN(x) = F(aiM). (2.9)

Fh"N

We note that, clearly, is invariant under permutation, in that, for x € QY and P € RV a

permutation, we have F"V(x) = FAN((P® I;) x).

Lemma 17 (Convergence as h — 0, N — o). Under Assumption 3, for x; ~ | independent and

identically distributed, we have limy,_,olimy_,e F™N (x1,...,xn) = F (W), u-almost surely.
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Proof. We have F"VN(x) =F (,ﬂi’ ’N) and that limy,_,o limy_c ,LAL,]Z N — 1 uniformly, almost surely
(u.a.s) by the Glivenko-Cantelli theorem and Assumption 3. Therefore, by continuity of F' we
have:

lim lim F™M(x) = lim lim F(u"V
h1—>ON1ﬁoo ( ) hIAONIHoo (‘U,x )

= lim F(uh")
ﬁ)}?Nﬁu.a.x.u

= F(u), u — almost surely.

On the derivative of F"V

We begin by relating, through the following lemma, the derivative d; F""V of the function

FN to the derivative of the functional F:

Lemma 18 (Derivative of F*N). The derivative of the function F'"N satisfies:

HFNEE) = [ Ve,
supp(1it)

where dii = p!* dvol with p!(x) = K(x — z,h), and ¢"N = g—l‘j |-

Proof. Letx(t) = (x(¢),...,xn(t)) be acurve parametrized by r € R and X(0) = v = (vy,...,Vn).

d
PN (x(0)) =

=

<aiFh7N7 Vi> )

1

and using the fact that F*"N(x) = F (ﬁf N, we also get:

th,N 0)) = Al \V4 hN . dAh
GO =X [ (verve) al



Since the above applies for all v = (vy,...,vy), we get:

OiF™N (x) = /Q V"N apl.

The above can be rewritten as:

QN (1, ) = / VN dfil = / VeV aph,
Q supp([i)

where d[i/" = p!" dvol with p(x) = K(x—z,h), and "N = 5v F grn» which proves the statement

of the lemma. [

Lemma 19 (a-smoothness of F/N). If the function ¢ = is continuously differentiable on

7
Q for all U, then there exists an o0 > 0 such that F™"" is a-smooth.

Proof. We have:

IVF(y) = VE(x)|| = \/ZI&F (i, Y1) — O F (xi x|

- ; /§2V(p§”Nd/,Ly /quX d/,tx
-z

< /Q Vo ()~ Vol (2) | api (o)

2
[ Vol et (i —x0) - Vol ()| it 2

N
+l§{ /Q ‘V(p.é’N(Z‘*‘ (vi—xi)) — V<P§”N(z) ‘ dﬁ;’i (2)

< IWa (N, iy ™) + My — x|

<ofly—x||,

where the penultimate inequality results from the /-smoothness of F and the continuous differen-

tiability of ¢ over compact Q (which implies ¢ has a Lipschitz-continuous gradient). Moreover,
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the final inequality results from the fact that Ws ({2, lj;l M) <y —x|I. O

Fh’N

We now characterize the behavior of the discretization along the boundary through

the following assumption:

Fh7N

Assumption 4 (Boundary conditions). The function satisfies the boundary condition

NF"N(z,E) n(z) =0 forz € dQy and all § € QY.
On the (non)convexity of F""

The function F*N : QN — R is in general non-convex, although it is the discretization of

a strictly geodesically convex functional F : &2(Q) — R. This is because the notion of convexity
of functions over QV, which is the domain of the function F"V is not equivalent to the notion
of geodesic convexity over the space of probability measures over €, in that for x,y € QY with
N, N5x,, Al N6y € Z(Q) being the corresponding discrete measures, the supports of the
L5, and YN

geodesics (when they exist) between ¥V 18, in 22(Q) do not correspond to the

i=l N i=1 NY

straight line segment between x and y in Q. This is a source of non-convexity of FV.

Definition 12 (Cyclical monotonicity). A set I' C Q x Q is cyclically monotone if any sequence
{(xinyi) Y\, with (x;,y;) € T, satisfies:

N

N
Y bi—yil* <Y i —yol*

i=1 i=1
where O is any permutation.

We define a subset A C QN (with § > 0) as follows:

A:{Z:(Zh-..,ZN)EQN |z —zj| > 0, Vi?ﬁj}-
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For every x € A, we now define a set ['x C QN such that for all y € I'x, we have:

- R~ 2
Y i —yil? <Y ki —youl’s
i=1 i=1

for any permutation o. In other words, I'x is the subset of QN such that for any y € I'x, we have
(xi,yi) ET C Qx Q, ie., {(x;,y:)}Y, is cyclically monotone. We now establish through the

following lemma that the set I'x contains an open neighborhood of x:

Lemma 20 (I'x contains an open neighborhood of x). For any x € A, there exists an open

neighborhood N (x) C QN of x such that A (x) C T'y.

Proof. Forx e AC QN lety € OV such that forall i € {1,...,N}, we have y; € Bs(x:), where
Bs/»(x;) is the open &/2-ball centered at x; € Q. Thus, there exists an open neighborhood
N (x) C QN of x, such that y € #(x). Now for any j € {I,...,N} with j # i, we have
lvi—xj| = [yi—xi+xi—xj| > |xi —xj| — |yi —xi| > 6 —0/2 > 6/2, since |x; —x;| >0 asx €A
and |y; —x;| < 6 /2. Thus, among all (non-identity) permutations &, we have:

52 N

1
~ ’xi_yc(')F > > Z i — yil*
N R

1=

Thus, we infer that y € I'y. Since the same holds for any § € .4/(x), we get that 4" (x) CI'x. O

It follows from Lemma 20 that for an x € A with a given d > 0, under an appropriate

choice of & > 0, the supports of the components ﬁft of the measure ﬁ,’f N can be made disjoint.

Lemma 21 (Relaxation to atomless measures). For any X € A and y € I'y, there exists h > 0
such that for 0 < h < h and the probability measures ﬁQ’N,ﬁ;f’N defined in (2.8), the optimal

transport map T-nn _~nn from ﬁ,}f N 1o ﬁ;l N satisfies:
Hx™ —Hy

. ~h
(Tﬁ;;,zv%ﬁhw - ld> (z) =yi—xi, VYz€supp <:ux,-) -

y
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Proof. The proof is based on a generalization of Brenier’s Theorem [87]. We consider convex

functions x; : Q — R fori € {1,...,N} defined by:
1 2
Xi(2) = 5 lz+yi =il

We note that the gradient of ;, Vy;(z) = z+y; — x; defines a map that transports the measure ﬁf}l
to ﬁ;’l simply by translation. Since by the generalized Brenier’s Theorem [87] such a transport
map (defined by the gradient of a convex function) is unique and is also the optimal transport

map, the statement of the lemma follows. [

Lemma 21 essentially establishes that for x € A and any y € I'x, the optimal transport
from ﬁf N to ﬁ)}f Nig simply achieved by the translation of components ,ZL\)Z along the rays y; — x;

to fif! for eachi € {1,...,N}.

Corollary 4 (L>-Wasserstein distance). For any X € Aandy € I'y:
2 (ann N _ Lt 2
W2 (.ux7 uuy7 ) = NZ ’xi_yi| )
i=1

forany 0 < h < h.

With the above results and the convexity of the functional F', we establish the following

comparison lemma:

Lemma 22 (Comparison lemma for F"*V on cyclically monotone sets). For anyx € A, h € (0, 1]

andy € I'y, we have:

F™N (y) > FhV (x) 4 <VFh’N(x),y - x> .
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Proof. From convexity of the functional F and the fact that x € A and y € I'y, it follows that:

F"N(y) = F (™) +/‘ “Vﬂmsz—m>m&W

:F(/jy}(l’N)+Z/Q V‘P£17N,Tﬁf,zv_>ﬁ§z,zv—id>duﬁ

2I|

+ V h’N,TAh.N Ah,N—id>d h
Z supp(iif;) AT i

2

—P@EM Y [ (Ve i) du
i=1 supp(,uk)

/ _veNdult |y —x;
1\ /supp(iift)

<91Fh’N(xi,X—i),)’i —xi> ;

Mz

= F(ie) +

~.

=

—

— Fh,N(X) +

l
thereby establishing the claim. 0

We remark here that F"" is convex in the limited sense established by the comparison
result in Lemma 22, and this does not necessarily generalize to the entire domain QV, due to

which the function F¥ can be non-convex in general.
Estimate on the minimum value of F"V

From the /-smoothness of the functional F, we have:
~ [ ~
P = F(u) < 52 (BN.p).
Moreover, from convexity of F, we get:

F(™) —F(u*) > 0.
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We generalize from the above inequalities, with m > 0:

In particular, if the functional F is strongly convex, we will have 0 < m < [. Since F (ﬁ,i’ ’N) =

F"N(x), we therefore have the following estimate on the minimum value of F/"":

m . 2 (~hN % . h,N * l . 2 (~hN %
— min W ( - )SmmF’ xX)—F < - min W ( - ) 2.10
2 XEQN 2 lu?( lu’ XGQN ( ) (lu“ ) 2 XEQN 2 lu?( ‘u’ ( )

2.4.2 Multi-agent proximal descent

We formulate the proximal descent on the function FV as follows:
- 1 2 | phN
X =arg min —||x—z||“+ F""(z), (2.11)
2eQN 27T
where ||x —z|?> = YV | |x; — zi|?>. We now establish strong convexity of the proximal descent

objective function in (2.11) through the following lemma, under a-smoothness of FV from

Lemma 19:
Lemma 23. The objective function in (2.11) is (% — OC) -strongly convex for T < é.

Proof. From Lemma 19 on a-smoothness of F' hN we have:

(VM (y) = VF" (x),y =x)| < ally—x|
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With GV (z) = 5-|Ix — z||> + FV(z) being the objective function of (2.11), we have:

(VG ()~ GL ()11~ ma)

= <%(z1 —x)+ VF"N(z1) — %(Zz —x) = VF'"N(25) , 2, _Z2>
= <%(zl —1)) —|—VFh’N(zl) —VFh’N(Zz) y Z] —22>

= %Hzl —n|*+ <VFh’N(z1) —VF"N(z,) , 2 —Zz>

1
> ;Hzl —n|*—allzi —z?

1
_ (——a) l2: - 2]
T

thereby establishing the claim. [

Now, with X_; = (x1,...,%_1,Xi41,...,xv) € Q¥ we can write:

1 ¥ 1 ¥
F'™N(xy,...,xn) = N Y PPN (xy, . xy) = N Y PPN (x,x ).
i=1 i=1

The proximal gradient descent (2.11) can be decomposed into the following agent-wise update

scheme:

o1
X" = argmin —|x; — 2> + F"V (z,xT).

: 0 27T

Note that the above scheme requires as argument Xfl.. From a computational perspective, to
implement the above algorithm, every agent i at time instant k requires the positions of the other
agents at time k + 1, which poses a hurdle for implementation. Therefore, to avoid this problem

we instead consider the following proximal descent scheme for every agent i:

1
x = argmin —|x; — z> + F"N (z,x_;). (2.12)

: €0 27

40



It follows from Lemma 23 that the objective function in (2.12) is also strongly convex, and
thereby has a unique minimizer. We now present the following result on the convergence of

(2.12) to the local minimizers of F/»V:

Theorem 4 (Convergence of (2.12) to critical points of F*N). For 1 < %, the sequence
{x(k) }ren generated by the update scheme (2.12) converges to a critical point X* of F hN
that is not a local maximizer, for all initial conditions x(0) € QN. Moreover; if the critical point

x* € A, itis a local minimizer.

Proof. We first consider the objective function in (2.12), 1y, (z) = 217 x;i — 2|2+ F™"N(z,x_;). The
inner product of the gradient of 1 on the boundary dQ with the outward normal i to dQ, is

given by:

with the inequality being strict when x; ¢ dQ. This implies that the x;” € dQ cannot be a

+ _

minimizer if x; ¢ 0Q, and if x; € 9Q, we will have X =

x;. In both cases, we will then have
that the minimizer x;r is also a critical point of the function 1. This allows us to express (2.12)
equivalently by:

xlf’_ =X;— ’L'ath’N(xj_,X_i>. (2.13)

We note that in the limit 7 — 0, we get a gradient flow that can be shown to converge to a critical
point of F"N. We therefore hope that this property is preserved over a neighborhood of 7 = 0. In
what follows, we establish that this is indeed the case and provide a sufficient strict upper bound

on 7 for which the property is preserved.
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From o-smoothness of F"V we get:

2
< S x"—x])

=

I
-

F(xt)— F(x) - <81Fh’N(xl~,x_,~),xi+ —xi>

N[ R

I
1

We can rewrite the above as:

F(x i<81FhN _),x;r—x,->

N
Z<81Fth,, i) — athN(x X_ )x+—x,~>

i
i=1

o
< Zxt —x|%.
< %t x|

We now have — YV | (9 F"N(x",x_;),x} —x;) = 1|x* —x||* and by a-smoothness of F/:V

again that:

< OCHX+ — tz

=

<81Fh7N(X,',X,i) — 81Fh7N(x;“,x,,~),x;L —xi>

i=1

From the above inequalities, we therefore get:

1 3
PR < P (1) I

Thus, for 7 < %, when every agent follows the update (2.12), we get a descent in "V and x*

belongs to the F*N-sublevel set of x. We can express the above inequality for any time instant
k € N as:
1 3oc 2
F(x(k+1)) < F(x(k)) = | == ) [[x(k+1) —x(k)]]".
Summing over k =0,...,K — 1, we get:
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and it follows that:

(k) —x(k—1)|> < (1 _13_a> (F(x(0)) ~ F(x(K))).

M=

k T 2

1

and since the sequence {x(k)}cr belongs to the F/»N-sublevel set of x(0) (for all x(0) € QV),
which is a subset of QV (compact), it is precompact. By the boundedness above, in the limit
K — oo, we get that limg . |x(K) —x(K — 1)||> = 0, which implies that the sequence is Cauchy.
Moreover, since the sequence is contained in a compact QV, which is also complete, we get that

{x(k) }ren is convergent. Let the limit limy_,.. x(k) = x*, and from (2.13) we thereby get:

HFMN () X5) =0, Vi {1, N},

which implies that VF"N (x*) = 0. Therefore, the sequence {x(k)};cn converges to a criti-
cal point of F"" which cannot be a local maximizer since {F(x(k))};en is decreasing and
consequently every neighborhood of x* contains atleast one point with a higher value of F/"".

Moreover, if x* € A, from Lemmas 22 and 20, we get that there exists an open ball

B(x*) € Q" such that for all x € B(x*), we have F(x) > F(x*), which implies that x* must be a

local minimizer. O]

Theorem 4 establishes that the multi-agent proximal descent converges to critical points
of the function F-N , which is a discretization of the functional F, and that those critical points
are not local maximizers. This is a weaker result than Theorem 2, which established convergence
of transport of measures by the scheme (2.7) to the global minimizer u* of F. The weakening
of the guarantee is due to the discretization of F, involved in defining the multi-agent transport
scheme. However, we can still hope to achieve convergence to the global minimizer in the
limit N — oo, thereby guaranteeing best performance asymptotically. In what follows, we show
that this is indeed the case and that we can retrieve the property of convergence to the global

minimizer 4* of F in the limit N — oo of the multi-agent proximal descent.
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N — o and continuous-time limit

We now begin with a macroscopic model of multi-agent transport in continuous-time
under a vector field v € L=([0,T] x Lip(Q)“), where the agent dynamics are given by x;(t) =

V(t,x,-(t)) andxi(O) ~iid Mo, forie {1, . ,N}.

Proposition 1 (Continuity equation as the model of transport in the continuous-time and N — oo
limit). The sequence of solutions {x" = (x1,...,xx)Ynen (With x;(0) ~; ;4 Uo for i € N) to the
multi-agent transport by the vector field v € L*([0,T] x Lip(Q)?) converge to a solution u

(where du(t) = p(t)dvol and u(0) = Uo) of the continuity equation:

0
=5 TV (pv) =0, (2.14)

satisfied in the distributional sense.

Proof. Let the flow corresponding to the vector field v € L=([0,T| x Lip(Q)?) be given by:
9X" (x) = v(1,X"(x)),

with X°(x) = x, and let p1(t) = X} o be the pushforward of iy by the flow at time ¢ € R>(. Now,

with di ,uX ") (2)=x LYy ()(z) dvol(z) (6 here is the Dirac Delta function), we can write:

8p§’ Al
5 ; K(x—x;(t),h)-v(t,x;)

__ /Q V(1,2) VoK (x— 2,h) dil, (2).

We note that, by the Glivenko-Cantelli Theorem, the measure ﬁé\EO) converges uniformly almost

surely to tp. This implies that ﬁi\’(t) converges uniformly almost surely to the pushforward
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p(r) = Xhuo at time ¢. We therefore have:

lim lim pV(¢,x) = lim lim K(x 2 h) diiY \(z)

h—0N—re0 h—0N—se0 x(1)
:%IE})(&‘L&/KX 2,h) diig) (@ >)
=a.s. hm/ K(X—Z,/’l) d,LL(Z‘,Z) (2.15)
h—0JO

=lim [ p(t,2)K(x—z,h) dvol(z)
h—0JQ

=p(t,x).

From the above, we get that for a smooth test function § € C*([0,T] x Q) such that (0) =

{(T), we have:

/OT/—pdvol di =g 15%]313;/[0T/ - 9C 5N dvol dr

— lim lim—/ /z; ol di
h—0N—o0 [0,7]/Q ot

— lim lim / / C(t,x) / ¥(t,2)- VoK (x— 2, h) dl, (z) dvol(x) dt (2.16)
h—QN—oc0 0,T]
= lim lim — / / / P (t,2)ViC(t,x) - v(t,2)K(x — z,h) dvol(z) dvol(x) dt
h—QN—o0 [0,7)
:—/ / V{-vpdvol dt.
0,7]/0
The above is the distributional sense of the continuity equation (2.14). 0

We now obtain the vector field corresponding to the multi-agent transport scheme (2.12)

in the N — o0 and continuous-time limit. We first rewrite (2.12) as follows:

+_argm1n—|x 22+ FhN (2, €)
€0 2T

1

1
)lc,;éx N

XN—Zle, 5 ® 6)6,7
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]iv: I, ]lVSXi is the product measure describing the independent coupling between the

XiFEX
discrete measures %5)@.. From the arguments in the proof of Theorem 4, the above update scheme

where ®

can be expressed equivalently as:

xT=x—1d F"N(xT &)
Ly s, e~al, Ls
X~ = Xi 9 ~ =1, 77y %+
N i=1 )lci;éx N
For x; ~;; 4 1L, we know that limy_c 1lv Zﬁ\': | Ox; = M uniformly, almost surely. Now, in the limit

N — oo and h — 0, with sufficient regularity of the kernel K ensuring uniform integrability of

{Ve"N}, we will have:

lim li FhN = lim li /VW h — vy
lim tim 7" (z,¢) = lim lim | Vo""du, ?(2),

with & ~ @Y | 1%]5)@' and @ = g—’; |, above, and we therefore get:

XiFx

xt=x—1Ve([x"),

x~ .

or equivalently:

1
+ e |2
* _argrzrélg 2T’x o)

(2.17)
X~ U.

We thereby retrieve (2.7) from (2.12) in the N — o and & — 0 limit. We know from Theorem 2
that transport of a probability measure iy by (2.7) (which is identical to (2.17)) is guaranteed to

converge to the global minimizer u* of F.
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Informally, we see that as T — 0 in (2.17), we have x™ — x and we let:

-+

. X" —x
V(x):%l_% . =—Vo(x).

We can therefore expect the solutions to (2.17) converge to the solution of the gradient flow

under the vector field v = —V¢. We now show, in a weak sense, that the above reasoning holds.

Proposition 2 (Continuous-time limit of (2.17)). For every decreasing sequence {T,},cn sat-
isfying 1y < % and limy,_,. T, = 0, the sequence of solutions {x"},cn to (2.17) (with T = 1,)

contains a convergent subsequence, and the limit is a weak solution to the gradient flow given

by:
IX'(x) = Vo, (X' (x)), (2.18)
with X°(x) = x, p(t) = Xiuo and @, = ?3_5 0
u(t

Proof. We begin by noting from (2.17) that 5~ |x™ — x> < @(x) — ¢(x") (where T < I, x ~
and ¢ = g—lj ‘“). Now let {7, },cn be a decreasing sequence such that 7y < % and lim,, e T, =
0. Let {x"} be the sequence of solutions to (2.17) starting from the same initial condition
xo. We note that x" (k) € Q for all n,k € N. We now define continuous curves &, such that

(1) = (1 + 2] - t> (| L))+ (t — L%J) x"(| -] +1). From compactness of Q, we get that

Tn
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the sequence {x"} is uniformly bounded. Moreover, we have for 0 < k’ < k that:

k
" (k) =" (K)] < Y, '(m)—x"(m—1)|
m=k'+1
. 1/2
s( Y \x"(m)—x"(m—l)F) (k—K')"?
m=k'+1
— m( i Lx'l(m)x"(mw)l/z(kk/)l/z
" m:k’—Hzrn
| 1/2 )
n n 2 /
<21 (m;Nz_@z|x (m)—x"(m—1)| > (k—K')

<+/27 (%(xo) — lim <Pm(x"(m))) v (k—K') 2

where ¢,, = ‘;—5 oy w(m) =Tu_14...Toglo and Ty = (id + TanDk_l)fl. From Theorem 2, it
u(m
follows that lim;;,_ye @, = g—ﬁ ‘ = C, a constant function. We therefore have:
u*
" (k) — 2" (K')| < v/210 (go(x0) —C)V/? (k—K') /% (2.19)

It now follows for 0 < ¢’ <t that:

F() - ()| = |#(1) — 2" ( ’ ) X Q;J) _— Q:J + 1> X Q:J + 1) ~P()
<fro-¢([g )|+ ([2) -~ (2] )l (5] ) -7
< X"(t)—x"( Ti )‘+ HJ/I W (m+1) — X (m)| + xQ;JH) —2(f)

L[

< V2% (po(x0) — €)' (1 1) ,

where the final inequality follows from the definition of X" and (2.19). The above inequality holds
for any n € N, and it thereby follows that the sequence {%"} is equicontinuous. Therefore, from

the Arzela-Ascoli Theorem, we have that {¥"} contains a uniformly convergent subsequence,
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and let the limit be the curve {x(t)};cr.,. Moreover, by isolating the uniformly convergent

subsequence and using a smooth test function { € C*([0,7]), we have:

/[0 ﬁx(t) dt = lim ﬁx”(t) dt = lim <C(I+T") — C(t)) (1) dt

1) dt n—eo Ji0,7] dt n=J[0,T] Tn
—lim [ () (X (=) =% (t)> dr
n—oo [Tn,T] Tn

= [ oV d.
(0,T]
where the final equality follows from (2.17). The above is the weak form of the gradient flow
(2.18). ]

We observe that the vector field v = —V ¢ satisfies a zero-flux boundary condition

v-n=Vg@-n=0on JdQ owing to the definition of the functional F.

Definition 13 (Gradient flows in the space of probability measures). For a C' function F :
P(Q) — R, the transport by (2.14) (satisfied in the distributional sense (2.16)) with v =

-V (g—i) is called a gradient flow on F.

The following theorem establishes the asymptotic stability of the gradient flow on the

functional F, with convergence to u* € #(Q), the global minimizer of F as t — co:

Theorem S (Asymptotic stability of gradient flow). The solutions to the gradient flow w.r.t F

converge to |L* in the limit t — oo,

Proof. Let {1 };>0 be an orbit of the gradient flow w.r.t. F in &7(Q). We have:

L= () )
LR

d iy
<0.
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This implies that F (1) < F(up) for all # > 0, and therefore {1 },>¢ is contained in the sublevel
set (o) ={v € P(Q)|F(v) < F(uo)}. From Lemma 15, we have that S(p) is compact in
(Z2(Q),W,), which implies that the orbit {1, },>0 is precompact. Moreover, the functional F
is lower bounded in S(up) by F(u*). By the LaSalle invariance principle for Banach spaces,
in Lemma 6, we therefore have that the orbit converges in (Z(Q),W,) (also weakly, from

Lemma 10) asymptotically to the largest invariant set contained in F~!(0). We have:

F~10) = {u € @(Q)’V (g—D =0, u—ae. inQ},

which implies that the Fréchet derivative of F is zero in the set £~1(0). This corresponds to

the set of critical points of F and from the strict geodesic convexity of F, we therefore get that

F~1(0) = {u*}. O

2.5 Multi-agent coverage control

We now investigate the problem of multi-agent coverage control within the theoretical
framework developed in this section. The multi-agent coverage control problem is characterized
by the objective of deploying a group of agents across a spatial domain to maximize an appropriate
notion of coverage, specified as a locational optimization problem given a target coverage
profile [36]. This is accomplished by distributed algorithms that steer the agents towards the
(often local) minima of the aggregate objective function of the locational optimization problem.
This can alternatively be viewed as a problem of optimally quantizing an absolutely continuous
target probability measure by a discrete probability measure, minimizing a quantization cost,
where the discrete measure is supported on the set of agent positions. The quantization cost
can be formulated as the optimal transport cost between the absolutely continuous probability
measure and the discrete probability measure, and is called the semi-discrete optimal transport

problem [26,66].
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The general theory developed in this paper allows for investigation of the behavior of
the locational optimization algorithms in the limit N — oo, and the convergence to the global
minimizer of the aggregate objective function. This is in addition to the macroscopic perspective
of coverage control offered by analysis within this framework. The order of presentation in this
section is reversed in comparison to the rest of the paper, in that we begin with the discretized
perspective, i.e., widely used aggregate objective functions in locational optimization, and search
for their functional counterparts in the space of probability measures from which they can be

seen to be discretized. The same approach is taken for the locational optimization algorithms.

2.5.1 Aggregate objective functions

In what follows, we study a widely used aggregate objective function for locational
optimization, the quantization energy, interpret it as the optimal transport cost between the target
probability measure and a weighted discrete measure, and investigate its behavior in the limit
N — oo. We then discuss the limitations of this function and seek to mitigate its limitations by
considering an alternative function used in the context of area/weight-constrained locational
optimization. This alternative objective function is again interpreted as an optimal transport cost

and its behavior is investigated in the limit N — oo, and its convexity is established.
Optimal transport cost

We first define the cost of optimal transport between measures ( and v with the unit cost
of transport ¢(x,y) = f(|x —y|), where f : R — R is a non-decreasing differentiable function
with f(0) =0, as:

Cr(u,v) = 1nf/f|x T())) du(x). (2.20)

T:Q—Q
Tau=v

Moreover, if the function f is strictly convex and u € &"(Q), it also follows that there exists a

unique optimal transport map [106] minimizing Cr(u, v) in (2.20). Assuming strict convexity of
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f, we now establish the following result on the strict convexity of Cy(-, u*):

Lemma 24 (Strict convexity of Cr(-,u*)). Fix u* € &(Q) (absolutely continuous) as the
reference measure and let [y, 1y € P (Q). Let Ty« and Ty, be optimal transport maps
from u* to Hy and W* to Wy respectively, corresponding to the optimal transport cost Cy, and let

T, = (1 —0)Ty g + 1Ty, fort € [0,1). For p; = Tiglt*, we have:

Cr(py, 1™) < (1—1)Cp(Ho, ™) +1Cr (o, 1*).

Proof. We have:

r (e, 1 /f Ty (x) —x|)dp™ (x /f (1= 1) Tiroao () + 1Ty (%) = x]) dpt™ (x
— [ 70100 [T =] 1 [T (9 =] ) " ()

/f (1= 1) | Ty (1) = 2] | Ty () — 2] ) dia*(x

where the final inequality is a consequence of the fact that f is non-decreasing. Further, if f is

strictly convex in €, we will have:

Crlpou”) < / [ =00 ([T (6) =x]) 2 (| T () =) | dbt* ()
(1-1) /f | T spig (x) = x]) ™ (x H/f | T s (x) = x]) dp” (x

= (1=1)Cr(to, ™) +1Cy(po, 1L*).

]

The lemma above can be applied to the quadratic case f(x) = x>, where we get the
squared L2-Wasserstein distance and convexity can similarly be shown. In the case of the squared
L?-Wasserstein distance, the interpolants essentially turn out to be generalized geodesics with

u* as the reference measure, and we thereby get (generalized) geodesic convexity. This is noted
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in the following corollary:

Corollary 5 (Strict convexity of squared L?>-Wasserstein distance to u*). The squared L*-

Wasserstein distance functional W22(~, W1*) is (generalized) geodesically strictly convex.
We now establish the following result on the /-smoothness of Cy(-, u*):

Lemma 25 (I-smoothness of Cy(-, u*)). If the function h : RY — R such that h(v) = f(|v|) is
I-smooth, then the functional F(u) = Cr(u, 1), with & being the Fréchet derivative of F at
e P"(Q), satisfies:

: )
‘/Q@m_éuszuﬁm—ldWHz S/Q!Tuﬁul—ld duy,

where Ty, ., is the optimal transport map from [ to Wy w.r.t. the cost Cy.

Proof. Let ¢, = %‘Lm) the Kantorovich potential for the optimal transport from p to p*. We

now have the following relation [106]:

Tyosye = id = (VR) ™' (Vo).

With the above, and from the /-smoothness of /4, we have:

‘/Q <5u1 - éuzﬁ TIJZ‘)lil - id> dip| = '/Q <Vh (id - Tﬂlﬁ#*) —Vh (id - Tﬂzﬁﬂ*) ’TM%M - id> dpy
< /Q (VA (id = Ty ) = VA (id = Tyyop)  Toysp, — i) | dita

< z/Q Ty — id | dpto.

The corollary below follows immediately from Lemma 25:

Corollary 6 (I-smoothness of squared L>-Wasserstein distance to pt*). The functional %WZZ( A

is 1-smooth.
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Quantization energy

We now define an aggregate objective function for the locational optimization prob-

lem [36], also known as the quantization energy, as follows:

/Q min f(|x—xi|)du* (x). 2.21)

i€{l,..,N}

Now, the following lemma establishes the relationship between the aggregate objective function

in (2.21) and the optimal transport cost defined in (2.20):

Lemma 26 (Optimal transport formulation of locational optimization objective). The aggregate

objective function € for the locational optimization problem, as defined in (2.21), satisfies:

Hr(x) = min Cy (ZW,SXI U > Cy (Z,u )6y, ., 1 )

WGR>0 i=1

Proof. Now, let ﬁi\{w = ):fy: | wiby, be a weighted discrete probability measure corresponding to
the set of points {x;}%'_, with corresponding weights {w;}¥,, such thatw; € [0, 1] and YN, w; = 1.

The optimal transport cost between ﬁi\{w and u* is given by:

Co(AY, 1) = _inf /f|x T(x)]) dp*(x),

T: Q—>Q
Typ*=

where the infimum is over the set of maps 7 that pushforward p* to ﬁ,](\{w (we note that since [TL,IZW
has finite support, pushforward maps exist only from p* to ﬁ,](\’w and not the other way around).

The maps 7 : Q — {x;}¥, partition Q into N regions {(#;}Y | of mass u*(#) = w;. Let T*:
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Q— {xi}ﬁ | be the optimal transport map from p* to ﬁi\fw, which allows us to write:

CrEyn) = L inf [ flr=T()] du ()

T: Q—>Q
T#I-L :ux w

= [ =T W) du’ @ 222

/Q min | f (=) ds* ().

ie{l,..

The above inequality is due to the fact that for a family ¢ of bounded functions over Q, we

have infycq [ g(x)dvol(x) > [ mingcy g(x)dvol(x). Since f is non-decreasing, we also have:

[ _min pr—xl) du’ (x z/f|x xil) du* (x),

i€{l,...,N}

where {#;}Y | is such that N “// 0 fori # jand UY | ¥ = Q, is the Voronoi partition of Q.
We now define a map Ty : Q — Q such that Ty (x) = x; for x € ¥#;, with Ty (Q) =

{x1,...,xn}, and we get:

N
Jo =Tl )= X [ (el @)

= [ min  flr— i) du (x).
Q

i€{l,...N}

From (2.22) and the above, we therefore get:

/Q F(x =Ty ()]) dw* (x) < Co (A, 1)

For the particular choice of the weights w; = u*(%;) such that ﬁiv ) = f’: L () Oy, We

also get the reverse inequality:

=T (D) i () = CrB )
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This is because:

N
Cr (Z“*(%)Sxm“*) = ngg /f =T (x)]) dp”(x)

and we therefore get:

ie{1,...N

N
q(;w u) o min (e l) dp’ (3),

which establishes that:

W€R>O i 16{17 7N}

with the minimizing weights w = u*(%;).

min Cy (ZW’ i > /Q min__ f(|x —x;|) du*(x) = H7(x),

O

Lemma 26 establishes the connection between the locational optimization problem and

the problem of semi-discrete optimal transport. Moreover, we also observe the connection to

quantization of probability measures, wherein the aggregate objective function is expressed as

the optimal transport cost between the absolutely continuous target probability measure pt* and a

discrete probability measure. For this reason, the aggregate objective function .77 is also known

as the quantization energy.

Corollary 7 (Aggregate objective function as L>-Wasserstein distance). It follows from Lemma 26

that with a quadratic cost f(x) = x* (and the corresponding aggregate objective function ),

we have:

H5(x) = min W3 (Zw, o 1 )

WERIXO i=1
where the minimizing weights wi = p* (7).
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We now investigate the properties of the aggregate objective function 777 in the limit

N — oo, Recall that we have:

™M=

ji’jv(x) =Cy ( “*<%)5xi’u*> .

i=1

Now let x; ~;; 4 U, Wwhere g € Z2(Q) is any absolutely continuous probability measure

such that supp(it) 2 supp(u*). In the limit N — oo, the weighted measure YN | u*(%)d,,
converges weakly almost surely to p* (this can be seen by evaluating the expectation w.r.t.
N w* (78, of any simple function, in the limit N — o, along with the application of the
Glivenko Cantelli Theorem). Therefore, by continuity of Cy, in the limit N — oo the value
of the aggregate objective function converges to zero almost surely, i.e., limy_e S5 (X) =
limy e C ( N W (%)6y, p*) =Cr(u*,u*) =0 as. In other words, the value of the aggregate
objective function .7} converges almost surely to zero in the limit N — oo irrespective of the
configuration of the points {x; iv: |- While the empirical measure ]%,Zévzl Ox; corresponding to
the points {xi}ﬁ.\’: | sampled 1.i.d. from u converges uniformly almost surely to u (Glivenko-
Cantelli theorem), the quantization energy .77, by converging to zero, does not reflect the
discrepancy between the measures y and p*. The quantization energy .77 therefore suffers from

this deficiency as a candidate aggregate function for coverage control.
Constrained quantization energy

To mitigate the above deficiency, let us define another aggregate function %Zf as follows:

_ 1 &
H4(x) =Cy (N Y 6., u*) . (2.23)
i=1

The function ,%;} is again a commonly used aggregate objective function in the literature, used

in the area (weight)-constrained coverage control problem (where the weights w; = 1/N are
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balanced in the case of (2.23)). This can be seen from the following:

_ 1 & i}
‘%ﬁ‘(x) =Cy <NZ6)€1‘ s U >
i=1

= min = f(lx=T(x)[)du"(x)

T:Q—}{xi}fv:l
T#u*:%zgvzl 6)6,‘
N T:QT%E}{.L {f(|x_T(x)|)d“*(x) ‘ p(T () = %, v i}.

As was the case with #(x), the quantization energy, that it could be decomposed into the sum
of energies evaluated over the Voronoi partition of Q with {xl-}ﬁ.\; | as its generators (we recall
this from the proof of Lemma 26), a similar statement could be made of L%Zf, except that this
case involves a generalized Voronoi partition {%}f\’: |» with Uﬁ\/: Wi =Q, 7% N 7/] =0 fori+# j,

where:
W= {xeQ|f(x—x|)— @ < f(x—x;) — @; },

where {®),..., @y} are chosen such that u*(%#;) = 1/N for all i € {1,...,N}. We refer the

reader to [33] for a detailed treatment of the computation of (@, .., ®y). We can now write:
B N
Hr(x) =) /W Flx—xi|) du*(x). (2.24)
i=1"7i

We again investigate the properties of %;jc in the limit N — c. By letting x; ~; ;4 U,
where L € &(Q) is any absolutely continuous probability measure, in the limit N — oo, we will
have ]%/Zf\]: | Ox; converging uniformly almost surely to ut, and by the continuity of Cr, we will
have:

lim 75 (x) = Cr(u,u*), u—a.s. (2.25)

N—yoo
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2.5.2 Generalized Lloyd proximal descent

We now turn our attention to the generalized Lloyd descent algorithm, which is a gradient
descent algorithm on the aggregate objective function %;} for the quadratic case f(x) = x>. We
begin with its formulation, introduce a proximal descent version and investigate its convergence
to the global minimizer in the limit N — oo.

We now formulate the multi-agent proximal descent on the aggregate objective function

Sy, with f(x) = x%, as follows:
x;" = argmin L o — 2> + Hr(z,X—;). (2.26)
! €Q 27T ’

Theorem 6 (Convergence to centroidal generalized Voronoi partition). The Lloyd proximal

descent (2.26), with f(x) = x2, converges to a local minimizer of J“i;}

Proof. The statement of the theorem follows from Corollary 6 and the application of Theorem 4.

]

It is known that the generalized Lloyd descent algorithm results in convergence to centroidal
generalized Voronoi partitions [33], in which case, the generators {x1,...,xy} of the generalized
Voronoi partition are also the centroids of their respective generalized Voronoi cells. The
centroidal generalized Voronoi partition is, however, not unique, and this relates to the fact
that the convergence is to the local minimizers of f%;}, which is typically nonconvex. From

Section 2.4.2, we have that in the limit N — oo, the proximal descent scheme (2.26) converges to:

1
xt :arglgéisr)1275|x—z|2+¢(z), (2.27)
2 *
with x ~ u and ¢ = %‘;“) is the Kantorovich potential for optimal transport from p to p*.
u

Theorem 7 (Convergence of (2.27)). The sequence { i }ren obtained as the transport of mea-

sure Uy € P"(Q) by (2.27), with xo ~ o, converges weakly to u* as k — oo.
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Proof. The claim follows from Theorem 3, with F(v) = W2 (v, u*) and the strict (generalized)

geodesic convexity of W2 (-, 1*). O

2.6 Summary

In this chapter, we presented a macroscopic description of the behavior of multi-agent
gradient descent algorithms as transport in the space of probability measures, and developed a
multiscale theory bridging the microscopic and macroscopic scales. The chapter also contributes
a framework for developing iterative, gradient-based algorithms for multi-agent transport with
provable convergence, based on descent schemes in the space of probability measures. Within the
above framework, we investigated the behavior of coverage optimization algorithms, particularly
the asymptotic convergence to the global minimizer, in the limit that the number of agents
N — oo,

The material in this chapter is currently being prepared for submission as Multiscale
Analysis of Multi-Agent Transport by Gradient Descent, V. Krishnan and S. Martinez. The

dissertation author was the primary investigator and author of this paper.

60



Chapter 3

Multi-agent optimal transport

In this chapter, we propose and investigate an iterative scheme for large-scale optimal
transport of multi-agent collectives based on a scalable, distributed online optimization. Working
with a reduction of the Kantorovich duality for metric costs conformal to the Euclidean metric,
we note that the Kantorovich potential is almost everywhere differentiable and obtain a bound on
the norm of its gradient. We then obtain an iterative scheme for optimal transport of probability
measures based on Kantorovich duality, showing it to be equivalent to optimal transport along
geodesics. We propose a distributed primal-dual algorithm to be implemented online by the
agents to obtain local estimates of the Kantorovich potential, which are then used as local
objectives in a proximal algorithm for transport. In the continuous-time limit and as N — oo,
we derive a PDE-based flow for optimal transport, and obtain convergence results for an online
implementation of the transport. The material in this chapter contains a novel scalable, distributed
algorithm for multi-agent optimal transport, addressing a longstanding concern in the research

on multi-agent systems.

3.1 Bibliographical comments

The applications of optimal transport in image processing and various engineering do-
mains has motivated a search for efficient computational methods for the optimal transport

problem, and we refer the reader to [100] for a comprehensive account. Entropic regularization
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of the Kantorovich formulation has been an efficient tool for approximate computation of the
optimal transport cost using the Sinkhorn algorithms [37], [39]. Data-driven approaches to the
computation of the optimal transport cost between two distributions from their samples have
been investigated in [82, 114], and with an eye towards large-scale problems in [61], [109], [93].
A related problem of computation of Wasserstein barycenters was addressed in [38]. Optimal
transport from continuous to discrete probability distributions has been studied under the name of
semi-discrete optimal transport, with connections to the problem of optimal quantization of prob-
ability measures, in [26]. While computational approaches to optimal transport often work with
the static, Monge or Kantorovich formulations of the problem, investigations involving dynami-
cal formulations was initiated by [20], where the authors recast the L> Monge-Kantorovich mass
transfer problem in a fluid mechanics framework. This largely owes to notion of displacement
interpolation originally introduced in [87]. The underlying rationale is that the optimal transport
cost defines a metric in the space of probability measures, which allows for the interpretation
of optimal transport between two probability measures as transport along distance-minimizing
geodesics connecting them. [98] and [21] are other works in this vein. The problem of optimal
transport was also explored from a stochastic control perspective in [91] and [30], where the
latter further explored connections to Schrodinger bridges. However, there has remained a gap
in this literature with regard to distributed computation of optimal transport, which arises as a
rather stringent constraint in multi-agent transport scenarios. We note that despite the potential
for the application of optimal transport ideas to the multi-agent setting, it has hitherto largely
remained unsuccessful. The papers [57] and [15] represent attempts in this direction, while
in the first paper the problem is formulated as one of optimal control, the second is placed
in the framework of optimal transport. These works, however, present significant limitations
either because they require centralized offline planning [57], or because of a need for costly
computation and information exchange between agents [15]. This serves as a strong motivation
for the distributed iterative scheme for optimal transport presented in this chapter.

Markov Chain Monte Carlo (MCMC) methods [9, 63, 103] present another framework
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for the problem of rearranging probability measures, and can be traced back to early works by
Metropolis [90] and Hastings [67]. MCMC methods involve the construction of a Markov chain
with the target probability measure as its equilibrium measure, and yield samples of the target
measure as ¢ — o, From a computational perspective, MCMC methods allow for the agents to be
transported independently of one another, which results in a fully decentralized implementation.
However, MCMC methods are inefficient with respect to the cost of transport. On the other hand,
an optimal transport-based approach suffers from the need for a centralized implementation, as
the optimal transport plan is computed using global information of the intial and target probability
measures. This further motivates our search for scalable, distributed iterative algorithms that
occupy the middle ground. We attempt to improve the cost of transport by imposing more
structure to the set of agents in the form of a nearest-neighbor network and using the information
from the neighbors to compute the successive iterates. From a computational standpoint, such
an approach would neither be decentralized to the point of complete independence between
agents as in the case of MCMC, nor would it be centralized as is typical of conventional optimal

transport-based methods.

3.2 On the Monge and Kantorovich formulations of optimal
transport

We begin this section with an overview of the Monge and Kantorovich formulations of
optimal transport, followed by preliminary results used later in the paper.

Let u,v € Z(Q) be absolutely continuous probability measures on Q. Let ¢ : Q x Q —
R be such that for x,y € Q, c¢(x,y) is the unit cost of transport from x to y. We now make the

following assumptions on the cost c:

Assumption 5. The cost c is continuous and is a metric on L conformal to the Euclidean metric

(with strictly positive conformal factor & € C'(Q)).

In the Monge (deterministic) formulation, the optimal cost of transporting the probability
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measure | onto V is defined as the infimum of the transport cost over the set of all maps for
which v is obtained as the pushforward measure of 1, as given below:
Cu(u,v)= _inf c(x,T(x))du(x). (3.1)

T:Q—Q JOxO
Tyu=v

The Kantorovich formulation relaxes the above formulation by minimizing the transport cost
over the set of joint probability measures IT(i,v) C Z(Q x Q), for which p and v are the

respective marginals over Q. The optimal transport cost from u to v is defined as follows:

Ck(u,v) = inf c(x,y) dm(x,y). (32)
mell(w,v) JQOxQ

We now present the following lemma on the existence of minimizers to the Monge and Kan-

torovich formulations and the equivalence between them. We refer the reader to [6] for proofs.

Lemma 27 (Existence of minimizers). Under Assumption 5, there exists a minimizer ©* to the
Kantorovich problem. Moreover, if the measure | is atomless (i.e., L({x}) = 0 for all x € Q),

the Monge formulation has a minimizer T* and it holds that ©* = (id, T* ).

Following Lemma 27, we denote by C(u,v) = Cy (1, v) = Cx (1, v) the optimal trans-
port cost from u to v. We now present the following key result that the optimal transport cost C

defines a metric on the space of probability measures &2 (Q):

Lemma 28 (Corollary 3.2, 3.3 [106]). Under Assumption 5, the optimal transport cost C :
P(Q) x 2 (Q) — Rx defines a metric on Z(Q).
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Kantorovich duality

The Kantorovich formulation (3.2) allows the following dual formulation [117]:

Kuv)= s [ o00dut)+ [ y(avo)
oLl (Q)yeLl!(Q) /@ Q (3.3)

st 0(x)+y(y) <c(x,y), Vx,y € Q.

The maximizers of the above dual formulation are pairs of functions (¢, ), called Kantorovich

potentials, which occur at the boundary of the inequality constraint, and satisfy the equations:

¢(x) = inf (c(r,y) —y(y)), w(y) = inf (c(z,y) —9(2). (3.4)

yeQ

We refer to (¢, ) defined above as a c-conjugate pair, and write Y = ¢¢ to denote that y is the

conjugate of ¢. We therefore have:

00 = inf [etx) = if (clz) - 02) . 65)

yeQ

The Kantorovich duality (3.3) can now be rewritten as:

Kv)= swp [ 00du)+ [ o°Iav(y. (36)
PpeLl(Q) Q Q
We recall the following lemma on the strong duality property of the Kantorovich formulation.

We refer the reader to Theorem 5.10 in [117] for a detailed proof.

Lemma 29 (Theorem 5.10, [117]). Strong duality holds for the Kantorovich formulation. In

other words, the gap between the costs defined in the Kantorovich formulation (3.2) and its

dual (3.3) is zero, i.e.,, C(u,v) = K(u,v).

Under Assumption 5 on the transport cost function ¢, we can obtain a further reduction

of the Kantorovich duality (3.6). The following key lemma allows for such a reduction:
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Lemma 30. Under Assumption 5 and from (3.5), the conjugate of the Kantorovich potential

satisfies ¢ = —¢ and |9 (x) — ¢ (v)| < c(x,y) for all x,y € Q.

Proof. From (3.4), we have:

000 = int ()~ int (c(z.9)~ 9(2) ) = ingsup (e~ clz) + 0(0) )
> inf (c(x,y) —c(z,y) +¢(z)) = yiggfz (c(x,y) —c(z,y>> +¢(2)

yeQ

> —c(x,z) +¢(2),

where we have used the fact that ¢ is a metric to obtain the final inequality (for any y, we
have c(x,y) —c(z,y) = c(x,y) —c(y,2) > —c(x,z), which implies that infycq (c(x,y) —c(z,y)) >
—c(x,z)). Moreover, since the above inequality holds for any x,z € Q, we have | (x) — ¢(z)| <
c(x,2).

Now, when |¢(x) — @(y)| < c(x,y), we have that —¢ (x) < ¢(x,y) — ¢(y), which implies
that —¢ (x) <infy (c(x,y) — ¢(y)) = ¢(x). Equivalently, we obtain the relation ¢ (x) > —¢(x).

Similarly, from (3.4) ¢°(x) = infy c(x,y) — ¢ (y), we obtain ¢°(x) < c(x,y) — ¢(y). By
setting y = x in the above inequality, and using c(x,x) = 0 we get ¢ (x) < —@°(x).

In all, we have that ¢¢(x) = —¢(x) when |¢(x) — ¢ ()| < c(x,y). O

Following Lemma 30, we can now reduce the Kantorovich duality (3.6) to obtain:

K(u,v)= sup Eu[9]-Ev[9],

where Z(Q) ={¢ € L'(Q): [9(x) — ¢(»)| < c(x,y), Vx,y € Q}.

Remark 2. We note from (3.7) that functions ¢ € £(Q) are Lipschitz continuous (since c is
conformal to the Euclidean metric from Assumption 5, and € is compact). It then follows
from Rademacher’s theorem (in Lemma 3) that ¢ is differentiable [1-almost everywhere in Q.

Moreover, its (pointwise a.e.) derivative is equal to its weak derivative, and we interpret the
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derivative of the Kantorovich potential in the weak sense in the rest of the paper. Moreover, we
have that the Kantorovich potential ¢ is differentiable at every x € € that is not a fixed point of

the optimal transport map T* [106].

Furthermore, we would like to obtain a bound on the gradient of functions in the
set Z(Q), with the added assumption that they are everywhere differentiable. To this end,

we characterize the set . (Q)N %! (Q) through the following lemma:

Lemma 31. Under Assumption 5, the set £ (Q)NE (Q) is given by:
Z2QNE Q) ={p e LN(Q)NE'(Q): V9| <EinQ}. (3.8)

Proof. Let ¢ € Z(Q)NE(Q), and x,y € Q with x # y such that the line segment joining x
and y is contained in Q. By the Mean Value Theorem and the definition of .Z(Q) in (3.7), for

some m € [0,1], we get:

90) =9I _ [VO((I —m)x+my)-(y—x)| _ c(x,y)
[y —x] [y —x] T ly=al

With y = x+tv, where v € Z,Q (tangent space of Q at x € Q), in the limit r — 0, we get:

Vo) v _ gy,

V]

where the above inequality holds for all v € T,Q and & is the conformal factor for the metric ¢
w.r.t the Buclidean metric, which implies that |V (x)| < & (x) for any x € Q.
Now, to prove the converse, we suppose that [V (x)| < & (x) for any x € Q. For x,y € Q

with x # y, along the geodesic y (w.r.t the metric c) joining x and y, we have:

1
00)— 0l =| [ Vo) 10) a

< [ £ 10l e =t )

< [ Voo 170l as
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We now define the restricted Kantorovich duality as follows:

K(u,v)= sup  Eufo] —Ey[9], (3.9)
e 2(Q)NT(Q)

where it is restricted in the sense that the constraint set is .2 (Q) N6’ (Q) as opposed to £ (Q)

as given in (3.7).

3.3 Iterative scheme for multi-stage optimal transport

In this section, we establish a framework for multi-stage optimal transport of probability
measures.

Let pp € Z2(Q) be a given initial probability measure and u* € Z(Q) the target proba-
bility measure. Our objective is to optimally transport Ly onto u* by an iterative scheme. To
this end, we begin by constructing a finite sequence { .Uk}kK:1 such that ux = u*, and carrying
out optimal transport in stages {f;_; — ,uk}szl. The net cost of transport along the sequence
would then be given by ZkK:1 C(Mg—1, Ux), the sum of the (optimal) stage costs. We now have the

following lemma on the retrieval of the optimal transport cost:

Lemma 32. Given atomless probability measures Ly, L* € (), the cost of optimal transport

from Uy to U* satisfies:

K
C(uo,p™) = min Y C(ux—1, ) (3.10)

(11 eens ) k=1
mweZ(Q)
Hr=p"

Proof. We begin by noting that there clearly exists at least one minimizing sequence for the
optimization problem (3.10) (the trivial sequence y; = u* for all k = 1,...,7, minimizes the

cost).
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From the Monge formulation (3.1) and Lemma 27, we have:

Cluo,i') = min [ (. T(x)) dyao(v)

Typo=p*

and let 7* be a minimizing map above. Let Tj be the identity map on Q and let {7;}X_, be a
sequence of maps on Q such that Ty o...o Ty = T*, with W, = (T o...0Ty)utlo = Tis - - - Toulo-

Since c is a metric, we have:

K
c(x, T*(x)) < Z c(Tp_10...0Ty(x), Ty o...0Ty(x)).
k=1

It then follows that:

IA
M= 5~ 55—
M~ =

T
{o\

C (o, 1™) ,T7(x)) dpto(x)

c(Tx_10...0Ty(x), Ty o...0Ty(x))duy(x)

~
I
—_

c(Tx_10...0Ty(x), Ty o...oTp(x))duy(x)

c(x, Ti(x))d g1 (x)

[
D>~ TP=
S

C(Mi—1, M)

~
I
_

We also have:

K
c(x,T*(x)) = TminT Y c(Timyo...0Ty(x), Txo... 0 Ty(x)),
Tkl’Q—fZ k=1
Tyo...oly=T*

where the minimum is attained when the point T o. ..o Ty(x) lies on the geodesic from 7;_j0...0

To(x) to T*(x). This can be seen from the fact that for any x,x; € Q, z* € argmin e c(x1,2) +
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¢(z,x2) lies on the geodesic from x| to x,. Thus, we get:

K

Clpo,u*) = min Y Clp1,th)-
k=1

Tgo...oTy=T*

Tl —1=My.

We further note that any minimizing sequence { Nk}szl must be generated by a sequence of
maps {7} }X_, such that for any x € Q, Ty 0...0 Ty(x) lies on the geodesic from T;_j ... o Tp(x)

to 7*(x), which yields (3.10). O

From the set of minimizing sequences characterized by Lemma 32, we are interested in
those sequences for which the individual stage costs are upper bounded by an € > 0. We thereby

consider the following optimization-based iterative scheme to generate a minimizing sequence:

Wer1 €arg min  C(y,v)+C(v,u*
carg min C(uv)+C(v.u) .

s.t. C(u,v) <e,

where the iterative scheme (3.11) additionally satisfies the constraint lim;_,. tty = *. Now,
let 7;" be an optimal transport map from p; to *. We now construct the following optimization-

based iterative process:

x(k+1) € argmigrzl c(x(k),z) +c(z, T (x(k)))
< (3.12)

s.t. c(x(k),z) <e,

where x(k+1) obtained from the above process lies on the geodesic connecting x(k) and 7" (x(k)).
We now have the following lemma on the connection between the process (3.12) and the iterative

scheme (3.11):
Lemma 33. The law of the process (3.12), when x(0) ~ Ly, evolves according to (3.11).

Proof. This result follows from the arguments in the proof of Lemma 32. U
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Following Lemma 33, it is clear that if we can compute the optimal transport map 7;",
then (3.12) defines an iterative scheme for multi-stage optimal transport from an initial pg to p*.

We achieve this equivalently using the Kantorovich duality via the following process:

k+1 i k * .
x(k+1) € argzeltglé)(ljgk)) c(x(k),z) + Ou—p (2), (3.13)

We recall that Bg(x(k)) is the closed e-ball with respect to the metric ¢, centered at x(k). The

following lemma establishes that the processes (3.12) and (3.13) are equivalent.

Lemma 34. The processes (3.12) and (3.13) are equivalent. The equivalence is in the sense that

the sets of minimizers in (3.12) and (3.13) are equal.

Proof. We recall from (3.4) and Lemma 30 that for the transport t; — ©*, and for any x € Q,

we have:

Pu—p (x) = inf c(x,y) + O p* ). 3.14)
yeQ

Also, for any x,y € Q, we have the inequality ¢, ;i (x) < c(x,y) + @y, (y). This implies
in particular that for any transport map 7; from gy to u*, we get @y, —pu+(x) < c(x, Ti(x)) +

Oy —u+ (Ti(x)). It then follows that:

/Q (‘Puzﬁu* (x) = (Puk%u*(Tk(x))) dy(x) = /Q Pu—spd M — /Q Oy —sp-dit”
< [ et Tix) ().

We see that the LHS is the optimal transport cost obtained from the Kantorovich dual formulation,
while an infimum over the RHS w.r.t. 7; would again yield the optimal transport cost from the
Monge formulation and an equality would then be attained. Therefore, we get that the equality is
attained when T = T;", the corresponding optimal transport map from i to u*. Thus, we infer

that @y, i+ (x) = c(x, T;7 (x)) + @ s (T, (x)) Ug-almost everywhere in Q. Since c(x, T} (x)) =
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c(x,z) +¢(z, T, (x)) for any (and only) z on the geodesic from x to 7} (x), we can write:

Oy (x) — Oy (z)+ Oy (z) — Opy—sp* (le< (x)) = c(x,2) +c(z, Tk* (x)),

which implies that:

[‘Puk—m* (x) - ¢uk—>u* (Z) - C(X7Z)] + [‘puk%u* (Z) - ‘puk%u* (Tk* (x)) - C(Za Tlgk (x))}

=0.

Moreover, since the expressions on the LHS are each non-positive, and their sum is zero, we get
that they are individually zero. In other words, for any (and only) z on the geodesic from x to T; (x)
we get @,y (X) — Oy (2) — ¢(x,2) = 0, and these z € Q are in fact minimizers in (3.14).
Therefore, set of minimizers obtained from (3.13) is essentially the segment of the geodesic
from x(k) to T} (x(k)) contained in the ball Bg(x(k)) which is also the set of minimizers obtained

from (3.12), establishing equivalence in this sense between the processes (3.12) and (3.13). [

3.4 Multi-agent optimal transport

Working within the framework established in Section 3.3, we develop in this section the
algorithm for multi-agent optimal transport based on distributed online optimization.

Let {x;(0)}%, be the positions of the N agents, distributed independently and identically
according to a probability measure py. The idea is to transport the agents by the iterative
scheme (3.13) to obtain {x;(k)}Y, at any time k. Let fiy(k) = x LN, 0y,(k) be the empirical
measure generated by the agents {x;(k)}? ; at time k. To this end, we formulate a (finite) N-
dimensional distributed optimization to be implemented by the agents to obtain local estimates
of the Kantorovich potential. We approximate the true Kantorovich potential by a ®¢ : N x
Q — R generated by an (finite) N-dimensional vector ¢ (k) = (¢! (k),...,¢" (k)) € RV, such
that &7 (k, x;(k)) = ¢/ (k) fori € {1,...,N} and &% (k,x) for x € Q\ {x1(k),...,xn(k)} is defined
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by a suitable multivariate interpolation. In particular, let { %;(k) }fV: | be the Voronoi partition of €

generated by {x; (k),...,xy(k)} w.r.t. the metric ¢, and ®? =YV | ¢”(K) (decomposed into a sum

of N functions ¢ ”¥) with supports % (k)). We assume that at time k, the agents i, j corresponding

to neighboring cells #;(k) and (k) are connected by an edge, which defines a connected graph
G(k) = ({xi(k)}Y,,E(k)) (where E (k) is the edge set of the graph G(k) at time k).

Dropping the index k (as is clear from context), the finite dimensional approximation of

the Kantorovich duality (3.7) for the transport between iy and p*, restricted to the graph G, is

given by:

N 1 )
max —-(])’—]E*d)%)
(1.e0Y) ;1 (N wle”] (3.15)

19" — 97| < c(xi,x;), Y(i,Jj)€E.

We call (3.15) a restriction of (3.7) to the graph G because we only impose the constraint ¢’ —
¢/| < c(xi,x;) on neighbors i, j on the graph.

We solve the optimization problem (3.15) by a primal-dual algorithm, and its solution
is used to update the agent positions by (3.13). We take @ here to be a simple function, such
that q)%(x) = ¢ for x € ¥;. The Lagrangian for the problem (3.15), with &7 a simple function

and c(x;,x;) = c;j, is given by:

i $ o (w1 £ (oo

i=1jeH;

The primal-dual (primal-ascent, dual-descent) algorithm (with step size 7) is then given by:

141 = 00— ¥, a1 ()~ 07(0) + (-0,
JEN;
(3.16)
Aij(l+1) = max{O Aij(1) ( |q> }—cu)}, where j € 4.

We note from the structure of the above algorithm that it renders itself to a distributed imple-
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mentation by the agents, where agent i uses information from its neighbors j € .4; to update ¢'
and {A;;} jc_s. The primal algorithm is in fact a weighted Laplacian-based update.

At the end of every step x;(k) — x;(k+ 1) from (3.13), the agent i assigns ¢’ < ¢ (x;(k+
1)) as the initial condition for the primal algorithm (3.16) at the time step k + 1 of the transport.
Moreover, we are interested in an on-the fly implementation of the transport, in that the agents
do not wait for convergence of the distributed primal-dual algorithm but carry out n iterations of

it for every update step (3.13), as outlined formally in the algorithm below..

Algorithm 1. Multi-agent (on-the-fly) optimal transport

Input: Target measure p*, Transport cost c¢(x,y), Bound on step size &, Time step 7
For each agent i at time instant k of transport:

1: Obtain: Positions x;(k) of neighbors within communication/sensing radius r (r < diam(€2),
large enough to cover Voronoi neighbors)

2: Compute: Voronoi cell #;(k), Mass of cell u*(%;(k)), Voronoi neighbors .4;(k)

3: Initialize: @' <~ ®¢ | (x;(k)), Aij < Aij(k— 1) (with ®¢ = 0, A;;(0) = 0)

4: Implement n iterations of primal-dual algorithm (3.16) (synchronously, in communication
with neighbors j € .4)) to obtain ¢'(k), A;; (k)

5: Communicate with neighbors j € .4 to obtain ¢/(k), construct local estimate of @i by
multivariate interpolation

6: Implement transport step (3.13) with local estimate of CIDg (which approximates @y, —+)

3.5 Analysis of PDE model

We investigate the behavior of the multi-agent transport by the update scheme (3.13) by
studying the candidate system of PDEs for the continuous time and N — oo limit. The results

contained in this section are summarized below:

1. The candidate PDE model for transport in the continuous-time and N — oo limit of the
transport scheme (3.13) is derived formally in Section 3.5.1. The transport is described by

the continuity equation (2.14) with the transport vector field (3.17).

2. In Section 3.5.2, we first derive the candidate PDE model (3.20) for the primal-dual

algorithm (3.16) in the continuous-time and N — oo limit. We then establish analytically
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that the solutions to (3.20) converge as t — oo to the optimality condition of the Kantorovich

duality, in Lemma 36.

. Section 3.5.3 deals with the stability of the feedback interconnection between the transport
PDE (continuity equation with the transport vector field (3.17)) and the primal-dual
flow (3.20). Convergence of the probability density (as solutions to the transport PDE) to
the target density in the limit # — oo, provided that the primal-dual flow is always at steady
state, is first established in Theorem 8. On-the-fly implementation is considered next,
and a convergence result is obtained under a second-order relaxation of the dual flow in
Theorem 9. Although the primal-dual flow is asymptotically stable and the transport PDE
under the action of the field (3.17) is asymptotically stable, the stability of the feedback
interconnected system of PDEs, in general, does not follow. This motivates the second-
order relaxation of the dual flow, and we are able to establish asymptotic stability of the
feedback interconnected system through a backstepping control of the dual flow. We
reserve the feedback interconnection of the transport PDE directly with the primal-dual
flow (3.20) for investigated by numerical simulations in Section 4.5. Although we are only
able to obtain analytical stability results for the feedback interconnection with a relaxed
dual flow, we observe convergence in simulation of the original feedback interconnected

system, which motivates us to conjecture that it is indeed stable.

3.5.1 Transport PDE

We recall that the continuous-time evolution of a probability density function is described

by the continuity equation (2.14):

ap+V-(pv) =0,

where v is the underlying transport vector field. In what follows, we derive the transport vector

field which is the candidate for the continuous-time limit of the update scheme (3.13). We
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assume that all the probability measures considered have the same support Q2.
Letx € Q,u € Z(Q)and x* € argminepe(y) ¢(x,2) + @y sp+(z), where x™ is the update

by the scheme (3.13). It then follows that:

(X )+ P (67) < P (v),

where x* € BS(x). We interpret the iterative scheme as a discrete-time dynamical system
with uniform timestep Az between successive instants, and derive the continuous-time limit
by letting Ar = g(€) — 0 (where g : R — R is a monotonically increasing function). We have

+

that ¢, ,,+ is bounded and continuously differentiable, which implies that limg o x™ = x and

lim L, VPuspe (xF) = VPupue(x). Let v(x) = lima,0 1 (x7 —x) (we note that this limit

indeed exists), and we have:

.1 n .1 n
AI:LHOEC(X’X ) < AI;LHOE (‘Puau*(x) — Puspr (x )) ;

and it follows that:

§() [V(x)] < =Vu sy (x) - v(x).

The above inequality is satisfied only if v(x) = —aV@,_,,+(x) when A # 0 (the Lagrangian
dual function corresponding to the constraint |V¢y_,+| < &) and for any o > 0. This follows
from the fact that |V, ,+| = &, as ¢+ is the solution to (3.9) for the transport from p to u*,
satisfies (3.8) and occurs at the boundary of the constraint. Therefore, as At — 0, we have the

candidate velocity field:
where o can be any non-negative function on 2. The implementation of the transport with the
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vector field (3.17) requires the computation of the Kantorovich potential ¢y, .+ at any time 7.
Thus, we set up a primal-dual flow to obtain the Kantorovich potential as the solution to (3.9) (to

which (3.15) is seen as the discrete counterpart as noted earlier).

3.5.2 Primal-Dual flow

The Lagrangian functional corresponding to the restricted Kantorovich duality (3.9) (to
which (3.15) is seen as the discrete counterpart as noted earlier) for the optimal transport from u

to u* is given by:

L6.2) = [ 6lp—p" )~ 5 [ 2(VOP-IEP) G189

where all the integrals are with respect to the Lebesgue measure, and A > 0 is the Lagrange
multiplier function for the constraint [V¢| < & (which corresponds to the set £ (Q) N€ (Q)),

as specified in (3.8), which we have rewritten here as |V¢|? < |&|2.

Lemma 35 (Optimality conditions). The necessary and sufficient conditions for a feasible

solution ¢ of (3.9) to be optimal are:

AV -n=0, (ondQ)
(3.19)
>

0, |Vo|<E&, (Feasibility)

A(|VP|—&) =0 a.e., (Complementary slackness)

where A is the optimal Lagrange multiplier function.

Proof. We consider the Lagrangian (3.18), for which the first variation with respect to a varia-
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tion 0 ¢, is given by:

(55:30)= [ (p-p"30~ [ Av0.v80

= [(p=p"180+ [ V-(V0)56— [ 2V4-no.
where we have used the divergence theorem to obtain the final equality. We have <g—§;, o ¢> =0
for any variation 8¢ around the stationary point (¢,4). Therefore, we obtain —V - (AV§) =
p—p*inQand AV@ -n =0 on dQ. Also, A > 0 is the feasibility condition for the Lagrange
multiplier, |V@| < & is the feasibility condition on ¢ and A (|V@| — &) = 0 is the complementary
slackness condition. These correspond to the necessary KKT conditions, which for this problem

(linear objective function and a convex constraint) are also the sufficient conditions for optimality.

]

We now define a primal-dual flow to converge to the saddle point of the Lagrangian (3.18).
For this, we henceforth consider the functions ¢ and A to be additionally parametrized by time 7.

The primal-dual flow for the Lagrangian (3.18) is given by:

99 =V-(AV9)+p—p°,
Vo -n=0, onodQ,
1
ok =3 [IVeP —IEP]; .

¢(07x) = ¢0(x)7 )L(Oax) = A()(x),

(3.20)

f ifA >0
where [f ]j{ = is a projection operator.

max{0,f} ifA=0

+
We note that d,¢ = g—é and A = [—g—ﬂ . and we have a gradient ascent on L(¢, 1)

w.r.t. ¢ and a projected gradient descent on L(¢, 1) w.r.t. A.

Remark 3 (On the connection between (3.20) and (3.16)). The primal-dual algorithm (3.16)
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is the discretization of the primal-dual flow (3.20) over a graph G (as defined in the previous
subsection) with a step size T. The term — Y. je 4 Aij(1) (9'(1) — ¢/ (1)) in (3.16) is the action of
the weighted Laplacian matrix (with weights A;j(1)) on ¢ (1), which is the discretization over the

graph of the term V - (AV ) in (3.20).

Remark 4 (Existence and Uniqueness of solutions to (3.20)). We first note that (3.20) gener-
ates a strongly continuous semigroup of operators and we interpret any solution of (3.20) as
generated by this operator semigroup. We now consider the evolution of the Lagrange mul-
tiplier function A. Letting Ay =0 and h = % [\V(P\z — 1€ |2];Lr we note that at any x € Q, we
have A(t,x) = [3h(t,x)dT. Thus, a unique solution A exists if h(t,x) = % [[Vo|* - |§|2]j{ is
integrable in time at every x € Q, which depends on the regularity of the solution ¢. However,
we do not apriori characterize or establish the desired level of regularity of the solutions ¢,
but instead assume that A € L*(0,T;L>(Q)) for any given T > 0. For any given T > 0, under
the assumptions that A € L=(0,T;L>(Q)) and p,p* € L*(0,T;L*(Q)), there exists a unique
weak solution ¢ € L*>(0,T;H"(Q)) to the primal-dual flow (3.20) (we recall that we impose
the Neumann boundary condition as V¢ -n = 0 on dQ). The existence and uniqueness results
follow by adapting the arguments presented in [55], Section 7.1 to the current problem (a
homogenous second order parabolic PDE with a Neumann boundary condition). We note that
the solution ¢ completely determines A. To guarantee that A € L*(0,T;L*(Q)) is consistent
with the solution ¢, it may be necessary to add further regularity assumptions on p,p*. However,
further investigation into the regularity of solutions of the primal-dual flow is beyond the scope

of this present work.

Assumption 6 (Well-posedness of primal-dual flow). We assume that (3.20) is well-posed,
with solution (¢, 1) such that ¢ € L*(0,00;H' (Q)) and the Lagrange multiplier function A €

L>(0,00; L=(Q)) and is precompact in L*(Q).

The following lemma establishes the convergence of solutions of (3.20) to the optimality

conditions (3.19):
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Lemma 36 (Convergence of primal-dual flow). Solutions (¢y,A;) to the primal-dual flow (3.20),
under Assumption 6 on the well-posedness of the primal-dual flow, converge to an optimizer (¢, /7L)

given in (3.19) in the L?> norm as t — oo, for any fixed p,p* € L*(Q).

Proof. Let (¢, 1) be an optimizer of (3.19) and let:

V(q),?t):%/Q\q)—(]S\ZdvolJr%/QM—ﬂzdvol.

Clearly, V(¢,A) > 0 for all ¢,A € L?(Q). The time-derivative of V along the solutions of the

primal-dual flow (3.20) is given by:

SL _ SL1T -
<%""‘¢>+<[WL”“’L>

SL _ SL - SL SL1T .
<%’¢_¢>_<ﬁ”l_’l>+<ﬁ+ {_JL’A—O'

Since L is concave in ¢ and convex in A, we get:

1%

. _ . SL L1, -
- _ . . SL L1, -
:L<¢,z>—L<¢,x>+L<¢,A>—L<¢,z>+<ﬁ+ 57, ,A—A>.
We have that L(¢,1) —L(¢,A) < 0and L(¢,A) — L($,A) < 0 (recall that (§,2) is a saddle
point of L). Moreover, by definition, when A(¢,x) > 0, we have [—g—ﬂ: = —ﬁ at (t,x), and
when A (¢, x) = 0 (which implies that A — A < 0), we have [—g—ﬂ: > —g—ﬁ at (¢,x). This implies

that <§—)LL + [—g—ﬂ : A — /_l> < 0 at any (¢,x). We therefore can say that V < 0. Moreover, by
Assumption 6, it holds that the orbit ¢ is bounded in H'! (Q) which, by Lemma 5, is compactly
embedded in L?(Q). It then follows that the orbit is precompact in L?(Q). Moreover, by Assump-
tion 6, we have that A is precompact in L2(€2). We get that V = 0 only at an optimizer (¢, 1),

which implies that the flow converges asymptotically to a (¢, ). O
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3.5.3 Convergence of PDE-based transport

Following the outline from earlier in the section, we now investigate the convergence

properties of transport by the vector field:

However, as discussed earlier, the scenario of particular interest to us is that of an on-the-fly
implementation of the transport, where we do not wait for the convergence of the primal-dual
flow to its steady state to obtain ¢, ;+. This results in a coupling between the transport PDE
and the primal-dual flow, and we investigate the convergence of solutions of this system of PDEs

later in this section.

Lemma 37. The transport (2.14) by the vector field (3.17) is a gradient flow, in the sense of

Definition 13, on the optimal transport cost C(-,u*) : Z(Q) — Rxo.

Proof. From Lemma 29, we have the strong duality K(u,u*) = C(u,u*). The Kantorovich
potential ¢y~ is such that V¢, ;» =V (‘g—ﬁ) (since ¢y .y = ‘g—ﬁ and we refer the reader to
Chapter 7 in [106] for a proof). Therefore, the transport vector field v = —aV¢, ;- yields a

gradient flow on the optimal transport cost C(u, ™). O

Remark 5 (Existence and uniqueness of solutions to the transport PDE). We refer the reader
to [7] for a detailed treatment of existence and uniqueness results for the continuity equation,
for transport vector fields with Sobolev regularity. We make the necessary well-posedness

assumption for our purposes.

Assumption 7 (Well-posedness of gradient flow on optimal transport cost). We assume that
the desired distribution [W* is absolutely continuous (with density function p* in H'(Q)) with
supp(u*) = Q. Further, we assume that (2.14) is well-posed for the gradient flow on the optimal

transport cost, with solution p € L=(0,00; H' (Q)).
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Theorem 8. Under Assumption 7 on the well-posedness of the gradient flow on the optimal

transport cost and for absolutely continuous initial distributions Ly with supp(ly) = Q, the

Ayyu*
Ut
p Vou s (Where ¢y - and

solutions p to the transport (2.14) by the vector field v = —
Au—sy+ are the Kantorovich potential and the optimal Lagrange multiplier function for the

transport |1 — |1*) converge exponentially to p* in the L* norm as t — oo.

Proof. From the optimality conditions (3.19), we have that V- (A,_;;+Vy . u+) = p* — p, which
implies that djp = =V - (pv) =V - (Ay—pu*VOu_u+) = p* — p when p > 0. Moreover, we have

that pp and p* are strictly positive in Q. Therefore, for any ¢ € [0,00] and x € Q, we have
A

n—p* ;

well-defined on Q. Let V : L2(Q) — R be defined by V(p) = 1 [ |[p — p* % dvol, where p is

p(t,x) > 0. Consequently, since p(¢,x) > 0, the transport vector field v = —

the density function of the absolutely continuous probability measure (. The time derivative V,

Ay

under the transport (2.14) by v= — 5

B Q(P =PIV (A Vo).

Further, from (3.19), we get:
y %2
V:—/ lp—p|" =2V,
Q

which implies that V is a Lyapunov functional for the transport by the vector field v =

.
P

V@, u+. Moreover, by Assumption 7, we have that the solution p is bounded in H 1 (Q),

which by the Rellich-Kondrachov theorem 5 is compactly contained in L?(Q). We then infer

Ao
)

that the solution p to the transport (2.14) by the vector field v = — V¢, is precompact,
and therefore by the invariance principle in Lemma 6, converges to p* in the L?-norm in the
limit  — oo, i.€. limy 00 ||p — p*||;2 = 0. Moreover, since we have V = —2V, we note that the

convergence is exponential. [
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Remark 6 (Adaptation to tracking of time-varying target distributions). The exponential con-
vergence result in the above theorem permits adaptation of the transport scheme to multi-agent

tracking scenarios involving target distributions that evolve on a much slower timescale.

We now present an on-the-fly implementation of the transport, where we do not wait for
the primal-dual flow to reach steady state, but instead set the transport vector field as v = —%w),
where ¢ and A are supplied by (3.20). This results in a coupling between the transport PDE (2.14)
and the primal-dual flow (3.20), and we investigate the behavior of the transport in simulation in
Section 4.5.

We now establish the convergence of the on-the-fly transport under the primal flow and a

fixed dual function A > 0, which we define as follows:

2,0 =V-(AV)+p—p",
Vo -n=0, onodQ, (3.21)

A =2(x)>0.

We note that transport under the relaxed primal-dual flow differs from the transport under (3.20)
only in that the Lagrange multiplier function A that weights the primal flow is fixed and does not

vary in time.

Remark 7 (Existence and uniqueness of solutions to on-the-fly transport). We note that (3.21)
generates a strongly continuous semigroup of operators and we interpret any solution of (3.21) as
generated by this operator semigroup. We recall from Remark 4 that a unique weak solution ¢ €

L?*(0,T;H'(Q)) to the primal flow exists if p,p* € L*>(0,T; H'(Q)) and A € L*(Q).

Assumption 8. We assume that the desired distribution U* is absolutely continuous (with density
function p* in H'(Q)) and supported on Q. Further, we assume that the primal flow (3.21) and
the transport (2.14) are well-posed, with solutions ¢ and p such that ¢ € L™(0,00;H'(Q)), and

strictly positive p € L(0,00; H' (Q)).
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Theorem 9 (Convergence of on-the-fly transport). Under Assumption 8, the solutions p to (2.14)
with the transport vector field v = —%ng, with ¢ from (3.21), converge in the L*>-norm to p*
as t — oo, while the solutions to the primal flow (3.21) converge to the optimality condition (3.19)
corresponding to p = p*.

Proof. We first note that since p > 0 from Assumption 8, the transport vector field v = —%Vd)

is well-defined on Q. We now consider the following Lyapunov functional:

_1 2 1 _~%|2
E—2/Q/1|V¢|+2/Q\p p*2,

where all the integrals are with respect to dvol. The time derivative of E under the flow (3.21)

and v = —%Vq) is given by:

Ez/QW¢~V8t¢+/Q(p—p*)8zp-

Applying the divergence theorem and using the boundary condition for the first term, and the

continuity equation (2.14) for the second, we obtain:

E=— [ V-av9)a9— [ (p—p"V-(pv)
—— [IV-(AV9)P - [ V-(A99)(p - p)
Q Q
+ [ (p=p")V-(29)
—— [V (V)P
Q

By Assumption 8 we have that the orbits ¢ and p are bounded in H!(Q) and by Lemma 5
(Rellich-Kondrachov theorem) we have that the orbits are precompact in L?(Q). Now, from the
invariance principle in Lemma 6, we infer that the orbits of the system converge to the largest
invariant set in £~1(0). We have that E = 0 implies ||V - (AV¢)|| 12(@) = 0, from which it follows

by substitution in (3.21) that the transport (2.14) with v = —%V(p yields p —;2 p*, while ¢
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converges to the optimality conditions corresponding to p = p*. O

This leads us to the following algorithm for on-the-fly multi-agent transport under fixed,

positive dual weighting:

Algorithm 2. Multi-agent (on-the-fly) optimal transport with fixed (dual) weighting
Input: Target measure p*, Weights (dual variable) A;;, Bound on step size €, Time step 7
For each agent i at time instant k of transport:

1: Obtain: Positions x;(k) of neighbors within communication/sensing radius r (r < diam(£2),
large enough to cover Voronoi neighbors)

2: Compute: Voronoi cell ¥#;(k), Mass of cell u*(#;(k)), Voronoi neighbors .4;(k)

3: Initialize: ¢’ < ®¢ | (x;(k)) (with D =0)

4: Implement n iterations of primal algorithm (3.21) (synchronously, in communication with
neighbors j € .4}) to obtain ¢’ (k)

5: Communicate with neighbors j € .4} to obtain ¢/(k), construct local estimate of CIDg by
multivariate interpolation

6: Implement transport step (3.13) with local estimate of @i (which approximates ¢, —,+)

3.6 Simulation studies and discussion

In this section, we present simulation results for multi-agent optimal transport in R?,
based on the the iterative multi-stage transport scheme (3.13) (with ¢ being the Euclidean metric
and € = 0.02), where the local estimates of the Kantorovich potential are computed by the
distributed online algorithm (3.16) with a step size T = 1. We also present simulation results for

the PDE-based transport (2.14) under the primal-dual flow (3.20).

20
We considered a bivariate Gaussian distribution with covariance ¥ = and mean

0 2

randomly chosen in [0, 1]? as the target probability measure, and N = 30 agents for the transport.
Figure 3.1 shows the agents along with the corresponding Voronoi partition of the domain, at
three different stages (time instants k = 0,5, 10) during the course of their transport. We observe
that the agents are transported towards the target probability measure and that a quantization of

the target measure is obtained. This is clarified further in Figure 3.2, as described below.
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Figure 3.1. Positions of agents along with the Voronoi partition generated by them at three
different stages (time instants k = 0,5, 10) of transport by the iterative scheme (3.13) with local
estimates of Kantorovich potential supplied by (3.16). Target probability measure shown in
grayscale with a darker shade indicating a region of higher target density. The plots show
convergence in time of the agents to full coverage of the target coverage profile (represented by
the target probability distribution).

As we had noted in the previous section, there exists a fundamental trade-off between
optimality and an on-the-fly implementation of the distributed optimal transport. We sought
to investigate the extent of this trade-off in simulation by running multiple iterations n of the
primal-dual algorithm (3.16) for every iteration of the transport (3.13). The underlying rationale
is that the distributed computation is many times faster than the transport. Figure 3.2 shows the
rate of convergence (w.r.t. the variance in target mass ©*(%;) across the partition) for various

values of n. Figure 3.3 is a plot of the net cost of transport w.r.t. n.
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Figure 3.2. Variance in target mass pt*(%;) across the partition vs time for various iteration
steps n of the primal-dual algorithm (3.16) for every step of the transport (3.13).
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Figure 3.3. Net cost of transport for various iteration steps n of the primal-dual algorithm (3.16)
for every step of the transport (3.13).

Figure 3.4 shows the evolution of the distribution of the agents over time. The grayscale

images show the distribution of the agents in the domain, with darker shades representing higher

density of agents at any given location. The domain is a 50 x 50 grid, and the PDE (3.20)

was discretized over the grid. The initial distribution value was randomly generated (a random
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number was generated by the rand function in MATLAB for each cell of the grid and then
normalized to obtain the probability distribution over the grid). The target density was defined by
a grayscale image, as seen in the final subfigure in Figure 3.4. The cost of transport was chosen

to be ¢;; = 1 between neighboring cells i and j in the grid.

Figure 3.4. Distribution at various stages of the PDE-based transport (2.14) under the primal-
dual flow (3.20). The figure shows convergence in time of the distribution to the target distribution
represented by the final image.

We observe convergence of the on-the-fly transport under the primal-dual flow (3.20).
Although we have established convergence of the transport analytically only under a primal
flow with a fixed dual function, we conjecture that an on-the-fly transport under the primal-dual
flow (3.20) also possesses the asymptotic stability property.

0.03

Time (t)

Figure 3.5. Density error ||p — p*|| 2() Vs time for various multiples 7 of the time scale of
primal-dual flow (3.20) w.r.t the time scale of transport (2.14). The plot shows the rate of
convergence to the optimal transport gradient flow (represented by n = 10).

Figure 3.5 is the plot of the L?-density error e(t) = ||p — p*|| 12() as a function of time,

for various iteration steps of the primal-dual flow (to converge to the optimal gradient flow
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velocity) for every iteration of the transport PDE. We notice a significant improvement in the
tracking performance (as measured by e(¢)) within a few iterations of the primal-dual flow per
iteration of the transport PDE, and the convergence to true optimal transport (in the sense of
decay rate of the error e(t)) is obtained with approximately an order (n ~ 10') of magnitude time

scale separation between computation and transport.

3.7 Summary

In this chapter, we proposed a scalable, distributed iterative proximal point algorithm for
large-scale optimal transport of multi-agent collectives. We obtained a dynamical formulation
of optimal transport of agents, for metric transport costs that are conformal to the Euclidean
distance. We proposed a distributed primal-dual algorithm to be implemented by the agents to
obtain local estimates of the Kantorovich potential, which are then used as local objectives in a
proximal point algorithm for transport. We studied the behavior of the transport in simulation
and presented an analysis of the candidate PDE model for the continuous time and N — oo limit,
establishing asymptotic stability of the transport. We explored in simulation the suboptimality of
the on-the-fly implementation.

The material in this chapter, in full, has been submitted for publication to the SIAM
Journal on Control and Optimization and is under review. It may appear as Distributed Online
Optimization for Multi-Agent Optimal Transport, V. Krishnan and S. Martinez. A preliminary
version of the work appeared in the proceedings of the IEEE Conference on Decision and Control,
Miami Beach, USA, December 2018, as Distributed optimal transport for the deployment of
swarms, V. Krishnan and S. Martinez. The dissertation author was the primary investigator and

author of these papers.
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Chapter 4

Self-organizing multi-agent transport

In this chapter, we adopt a viewpoint outlined in [13], wherein we make an amorphous
medium abstraction of the swarm, which is essentially a manifold with an agent located at each
point. We then model the system using PDEs and design distributed control laws for them.
An important component of this paper is the Laplacian-based distributed algorithm which we
call pseudo-localization algorithm, which the agents implement to localize themselves in a new
coordinate frame. The convergence properties of the graph Laplacian to the manifold Laplacian
have been studied in [19], which find useful applications in this paper.

The main contribution of this paper is the development of distributed control laws for
the index- and position-free density control of swarms to achieve general 1D and a large class
of 2D density profiles. In very large swarms with thousands of agents, particularly those
deployed indoors or at smaller scales, presupposing the availability of position information or
pre-assignment of indices to individual agents would be a strong assumption. In this paper, in
addition to not making the above assumptions, the agents are only capable of measuring the local
density, and in the 2D case, the density gradient and the normal direction to the boundary.

Under these assumptions, we present distributed pseudo-localization algorithms for one
and two dimensions that agents implement to compute their position identifiers. Since every
agent occupies a unique spatial position, we are able to rigorously characterize the resulting

position assignment as a one-to-one correspondence between the set of spatial coordinates and
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the set of position identifiers, which corresponds to a diffeomorphism of the continuum domain.
Based on this assignment, we then design control strategies for self-organization in one and two
dimensions under the assumption that the motion control of agents is noiseless. The extension to
the 2D case leads to new difficulties related to the control of the swarm boundaries. To address
these, we implement a variant of the 1D pseudo-localization algorithm at the boundary during an

initialization phase.

4.1 Bibliographical comments

In the literature, Markov chain-based methods have been widely used in addressing
some of the key theoretical problems pertaining to swarm self-organization. By means of it,
the swarm configuration is described through the partitioning the spatial domain in a finite
number of larger size disjoint subregions, on which a probability distribution is defined. Then,
the self-organization problem is reduced to the design of the transition matrix governing the
evolution of this probability density function to ensure its convergence to a desired profile. A
recent approach to density control using Markov chains is presented in [41], which includes
additional conflict-avoidance constraints. In this setting every agent is able to determine the bin
to which it belongs at every instant of time, which essentially means that individual agents have
self-localization capabilities. Also, the dimensional transition matrix is synthesized in a central
way at every instant of time by solving a convex optimization problem. In [14], the authors make
use of inhomogeneous Markov chains to minimize the number of transitions to achieve a swarm
formation. In this approach, the algorithm necessitates the estimation of the current swarm
distribution, and computes the transition Markov matrices for each agent, at each instant of
time. The fact that every agent needs to have an estimate of the global state (swarm distribution)
at every time may not be desirable or feasible. The localization of each agent still remains a
main assumption. Under similar conditions, one can find the manuscripts [12] and [29], which

describe probabilistic swarm guidance algorithms. In [22], the authors present an approach to
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task allocation for a homogeneous swarm of robots. This is a Markov-chain based approach,
where the goal is to converge to the desired population distribution over the set of tasks.

Many works in the literature use PDE-based methods to model swarm behaviour, where
control action is applied along the boundary of the swarm. Previous works on PDE-based
methods with boundary control include [60], where the authors present an algorithm for the
deployment of agents onto families of planar curves. Here, the swarm collective dynamics are
modeled by the reaction-advection-diffusion PDE and the particular family of curves to which
the swarm is controlled to is parametrized by the continuous agent identity in the interval of unit
length. An extension of this work to deployment on a family of 2D surfaces in 3D space can
be found in [101]. The problem of planning and task allocation is addressed in the framework
of advection-diffusion-reaction PDEs in [49]. In [59] and [57], the authors present an optimal
control problem formulation for swarm systems, where microscopic control laws are derived
from the optimal macroscopic description using a potential function approach. The problem
of position-free extremum-seeking of an external scalar signal using a swarm of autonomous

vehicles, inspired by bacterial chemotaxis, has been studied in [89].

4.2 Problem description and conceptual approach

In this section, we provide a high-level description of the proposed problem and explain
the conceptual idea behind our approach. The technical details can be found in the following
sections.

The problem at hand is to ultimately design a distributed control law for a swarm to
converge to a desired configuration. Here, a swarm configuration is a density function p of the
multi-agent system and the objective is that agents reconfigure themselves into a desired known
density p*. To do this, an agent at position x is able to measure the current local density value,
p(t,x); however, its position x within the swarm is unknown. Thus, given p*, an agent at x

cannot directly compute p*(x) nor a feedback law based on p — p*. To solve this problem, we
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devise a mechanism that allows agents to determine their coordinates in a distributed way in an
equivalent coordinate system.

Note that, given a diffeomorphism ®* from the spatial domain of the swarm onto the
unit interval or disk (i.e. a coordinate transformation), we can equivalently provide the agents
with a transformed density function p*, such that p* = p* o (@*)~!. In this way, instead of p*
the agents are given p*, but still do not have access to ®*. The pseudo-localization algorithm
is a mechanism that agents employ to progressively compute an appropriate (configuration-
dependent) diffeomorphism by local interactions.

In 1D, the pseudo-localization algorithm is a continuous-time PDE system in a new
variable or pseudo-coordinate X which plays the role of an “approximate x coordinate” that
agents can use to know where they are. The input to this system is the current density value
p, see Figure 4.1 for an illustration, and the objective is that X converges to a p-dependent
diffeomorphism. On the other hand, the variable X and the function p* are used to define
the control input of another PDE system in the density p. In this way, we have a feedback
interconnection of two systems, one in X and one in p, with the goal to achieve X — ©®* (the

pseudo-coordinate X converges to a true coordinate given by ®*) and p — p*.

X — ©* (coordinates)

p — p* (objective)

—

O =F(p, X,p")

Figure 4.1. Feedback interconnection of pseudo-localization system in X and system in p in
the 1D case. The function p* is an equivalent density objective provided to agents in terms of
a diffeomorphism ®*. The variables X play the role of coordinates and eventually converge to
the true coordinates given by ®*. Agents use p* and X to compute the control in the equation p.
In turn, agents move and this will require a re-computation of coordinates or update in X. The
control strategy in the 2D case (stages 2 and 3) can be interpreted similarly.

As for the control design methodology, we follow a constructive, Lyapunov-based
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approach to designing distributed control laws for the swarm dynamics modeled by PDEs. For
this, we define appropriate non-negative energy functionals that encode the objective and choose
control laws that keep the time derivative of the energy functional non-positive. This, along with
well-known results on the precompactness of solutions as in Lemma 5, the Rellich Kondrachov
compactness theorem, allows us to apply the LaSalle Invariance Principle in Lemma 6 and other
technical arguments to establish the convergence results that we seek.

In the 1D case, we can identify a set of diffeomorphisms ® associated with any p that
eventually converge to ®*, and simultaneously control boundary agents into a desired final
domain (the support of p*). These are given by the cumulative distribution function associated
with the density function; see Section 4.3.1. The 2D case is more complex, and analogous results
could not be derived in their full generality. Unlike the 1D case, estimating the cumulative
distribution is not straightforward in the 2D case. Instead, we set out to find diffeomorphisms as
the result of a distributed algorithm. Given that the discretization of heat flow naturally leads to
distributed algorithms, we investigate under what conditions this is the case via harmonic map
theory. On the control side, there also are additional difficulties, and because of this, we simplify
the control strategy into three stages. In the first stage, the boundary agents are re-positioned
onto the boundary of the desired domain while containing the others in the interior. Once this is
achieved, the second and third stages can be seen again as the interconnection of two systems in
pseudo-coordinates R = (X,Y) (instead of X) and p, analogously to Figure 4.1. However, we
apply a two time-scale separation for analysis by which coordinates are computed in a fast-time
scale and reconfiguration is done in a slow-time scale, which allows for a sequential analysis of

the two stages. We then study the robustness of this approach.

4.3 Self-organization in one dimension

In this section, we present our proposed pseudo-localization algorithm and the distributed

control law for the 1D self-organization problem.
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For each 1 € R, let M(¢) = (0,L(t)) C R be the interval (with boundary {0,L(¢)}) in
which the agents are distributed in 1D, and let p : R X R — R>( be the normalized density
function supported on M(¢), for all ¢ > 0 (with p(¢,x) > 0, Vx € M(t)), describing the swarm on
that interval. Without loss of generality, we place the origin at the leftmost agent of the swarm.
We also assume that the leftmost and the rightmost agents, / and r, are aware that they are at the
boundary. Let p* : M* = [0,L*] — R~ be the desired normalized density function.

Since a direct feedback control law can not be implemented by agents because they
do not have access to their positions, we introduce an equivalent representation of the density
p*, p*, depending on a particular diffeomorphism @*. First, define ®* : M* — [0, 1] such that
O*(x) = [y p*(X)dx and O*(L*) = 1.

Now, let p* : [0,1] — R+, and 6* € ®*(M*) = [0, 1], be such that:

P (67)=p"((©")7'(6")) = p*(x).

xe[0,L] —& 0" (x)=6%€[0,1]

The function p*, which represents the desired density function mapped onto the unit
interval [0, 1], is computed offline and is broadcasted to the agents prior to the beginning of
the self-organization process. We use p* to derive the distributed control law which the agents

implement. We assume that p* is a Lipschitz function in the sequel.

Assumption 9 (Uniform boundedness of density function). We assume that the density function
and its derivative are uniformly bounded in its support, that is, for p(t,-) and dyp(t,-) there exist
uniform lower bounds d;,D; and uniform upper bounds d,,, D, (where 0 < d; < d,, < oo and 0 <
D; <Dy <o) (thatis, d; < p(t,x) <d, forallt € R>g and x € [0,L(t)] and D; < dyp(t,x) <D,

forallt € R>pand x € (0,L(t))).
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4.3.1 Pseudo-localization algorithm in one dimension

We first consider the static case, that is, the design of the pseudo-localization dynamics
on X of the upper block in Figure 4.1, when the agents and p are stationary. We define

®:M=10,L] —[0,1] as:

CKx):ipr(@d%, @.1)

such that ®(L) = 1. In other words, ® is the cumulative distribution function (CDF) associated
with p. (Note that the domains are static and hence the argument ¢ has been dropped, which will

be reintroduced later.)

Lemma 38 (The CDF diffeomorphism). Given p : M — R, a C! function, the mapping

O : M — [0, 1] as defined above, is a diffeomorphism and ®(M) = [0, 1].

Proof. Since p(x) > 0, Vx € M, it follows that @ is a strictly increasing function of x, and is
therefore a one-to-one correspondence on M. Moreover, O is atleast C! and has a differentiable
inverse, which implies it is a diffeomorphism. Finally, since ®(L) = 1, we have O(M) =

0,1]. O

Our goal here is to set up a partial differential equation with appropriate boundary
conditions that yield the diffeomorphism ® as its asymptotically stable steady-state solution.
We begin by setting up the pseudo-localization dynamics for a stationary swarm (for which
the spatial domain M and the density function p are fixed). Let X : R x M — R be such that

(t,x) — X (t,x) € R, with:

X(1,0)=a(r), X(t,L)=B(), X(0,x)=Xo(x), (4.2)
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where o : R — R is a control input at the boundary x = 0 and 3 : R — R is a control input at the

a);)@) = 0. Letting w = X — ® denote the error,

dw= Lo (axw) ,
p p (4.3)

d d
Ew(t,O) = —w(t,0), Ew(t,L) =—w(t,L), w(0,x)=2Xp(x)—0O(x).

boundary x = L. From (4.1), we observe that d <

we obtain:

Assumption 10 (Well-posedness of the pseudo-localization dynamics). We assume that the
pseudo-localization dynamics (4.2) (and (4.3)) is well-posed, that the solution is sufficiently

smooth (at least €7 in the spatial variable, even ast — o) and belongs to H'(M).

Lemma 39 (Pointwise convergence to diffeomorphism). Under Assumption 10, on the well-
posedness of the pseudo-localization dynamics, and Assumption 9 on the boundedness of p,
the solutions to PDE (4.2) converge pointwise to the CDF diffeomorphism © defined in (4.1),

as t — oo, for all C? initial conditions X

In this case, the swarm is stationary, which implies that the distribution p is fixed (and so
is its support M), and the uniform boundedness assumption 9 simply becomes a boundedness

assumption.

Proof. We prove that the solutions to the PDE (4.2) converge pointwise to the diffeomorphism ®
by showing that w — 0, as t — oo, pointwise for (4.3). For this, we consider a functional V, given

by (integrations are with respect to the Lebesgue measure):

1 S T TS
V—Z/Mp|w|+2/Mp|axw|.

The time derivative V is given by:

V= /M pw(Aw) + /M %(axw)(a,axwy
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Here, replace dyw in the first integral with the dynamics in (4.3), and then use 9,0, = 0,d; in the

second integral together with the Divergence Theorem in Lemma 1. We obtain:

V= wax(axw> -/ ax<‘9xw) o+ % o
M P M p p
:_/ l‘axwlz_/ l ax<axw>
M P MPp P

(After the second equal sign, apply again the Divergence Theorem on the first integral of the

previous line, and replace d,w from (4.3).) Substituting from (4.3), we have:

o fr 3 ()
Mp Mp p

Clearly, V < 0, and w(t,-) € H'(M), for all . Moreover, since V(t) < V(0) and since p is

2

uniformly bounded according to Assumption 9, we have that w(z,-) is bounded in H!(M).
Moreover, by the Rellich-Kondrachov Theorem of Lemma 5, H' (M) is compactly contained
in L>(M). Then it follows that the solutions w(t,-) are precompact. Thus, by the LaSalle
Invariance Principle of Lemma 6, the solution to (4.3) converges in L?>-norm to the largest invari-
ant subset of V~1(0). Note that V = 0 implies fM‘%walz = 0. Thus, lim,_e fM‘%|8xw]2 =0.
Since p is bounded (supp < <), we have lim,_mﬁwawa < limy—se0 fMll)|8xw\2 =0,
which implies limy_se [y, |w|*> = lim, e ||axw||§2(M) = 0. Now, lim _|w(tx)| =
limy e |w(t,0) + [5dow(t,)] < lime|w(z,0)] + [5ldow(t,)| < limye|w(z,0)| +
VL) || 9wt M2y = 0 (since limew(t,0) = 0 and limy—e [[dw(t, )| 241y = 0)
Thus, lim; . w(t,x) = 0, for all x € M. Therefore, the solutions to (4.3) converge to w =0

pointwise, as t — oo, from any smooth initial wg = Xy — ©®. [

We now have that the solution to the pseudo-localization dynamics converges to the
diffeomorphism O in the stationary case. For the dynamic case, we modify (4.2) to account

for agent motion. Let X : R x R — R be supported on M(z) = [0,L(¢)] for all # > 0. Using the
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relation X = 9,X +vd, X, where v is the velocity field on the spatial domain, we consider:

dt
94X = Lo, (axx) OX.
P\ p

X(t,0)=0, X(t,L(t) =), X(0,x)=Xo(x).

4.4)

In the dynamic case, and w.l.o.g. we have set o (z) = 0 for all 7 > 0, for simplicity. We will
use the above PDE system in the design of the distributed motion control law, redesigning the
boundary control 8 to achieve convergence of the entire system. We now discretize (4.4) to
obtain a distributed pseudo-localization algorithm. Let X;(r) = X (¢,x;), where x; € M(t) is the
position of the i agent. We identify the agent i with its desired coordinate in the unit interval at
time 7, i.e., ®(r,x) = 0 € [0, 1], where O(t,x) = [5 p(,X)dx from (4.1), which now shows the
time dependency of p. In this way, p(z,x) = d,0(t,x). It follows that d(-) = dg(-)d0 = dg(+)p.
Therefore, %)8,6(-) = dy(-). From (4.4), we have:

dXx 1 o X LD ¢
7 o X +vd X Py Ok ( o ) de (89X) 502 4.5)

dx . Xi(t+1)-Xi(r)

Now, we discretize (4.5) with the consistent finite differences 7+ =~ Ar

°X o Xie1—2Xi+Xi
and 56 N ey

limag_s0 ’% = %), Now, with the choice 3Ar = (A6)?, and from (4.4), we obtain for

ie S\A{lr}:

(that is, we have that limAtﬁow = ‘fl—}f and that

Xi(t_|_1):%(Xi_l(t)—f—Xi(Z)‘f’Xi—H(t))? 4.6)

X()=0, X(t)=P(t), X(0)=1Xo.

Equation (4.6) is the discrete pseudo-localization algorithm to be implemented synchronously
by the agents in the swarm, starting from any initial condition Xy. The leftmost agent holds its
value at zero while the rightmost agent implements the boundary control 3. In the following

section we analyze its behavior together with that of the dynamics on p.
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4.3.2 Distributed density control law and analysis

In this subsection, we propose a distributed feedback control law to achieve p — p* and
w — 0, as t — oo, through a distributed control input v and a boundary control . We refer the
reader to [81] for an overview of Lyapunov-based methods for stability analysis of PDE systems.

From (2.14) and (4.4), we have the dynamics:

ap = —x(pv),

1 X
oX = —0, ( al ) —vd X, 4.7
P p
X(,0)=0, X(t,L())=pB@t), X(0,x)=Xo(x).
This realizes the feedback interconnection of Figure 4.1.

Assumption 11 (Well-posedness of the full PDE system). We assume that (4.7) is well posed,
and that the solutions (p(t,-),X(t,-)) are sufficiently smooth (both int and x € [0,L(t)]), satisfy
Assumption 9 on the uniform boundedness of p and o.p, and are bounded in the Sobolev

space H'((0,1/d;)).

We also assume that the agent at position x at time ¢ is able to measure p(z,x). However,
the agents in the swarm do not have access to their positions, and therefore cannot access p*(x),
which could be used to construct a feedback law. To circumvent this problem, we propose
a scheme in which the agents use the position identifier or pseudo-localization variable X to
compute p* o X (z,x), using this as their dynamic set-point. The idea is to then design a distributed
control law and a boundary control law such that p — p* o X and X — ©®*, as t — oo, to obtain
p — p*o®" = p*. Recall that the function p* is computed offline and is broadcasted to the
agents prior to the beginning of the self-organization process, and that p* is assumed to be a

Lipschitz function. Consider the distributed control law, defined as follows for all time ¢:

oxp* X
v(l‘,()):(), axV:(p_p*OX)—p<pf5*oX)ax( P )7 (4.8)
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together with the boundary control law:

X(£,0) = 0, ﬁ,:k(2-ﬁ(r)—%m). 4.9)

We remark again that the agents implementing the control laws (4.8) and (4.9) do not require
position information, because for the agent at position x at time ¢, p(¢,x) is a measurement,

X (t,x) is the pseudo-localization variable, through which p* o X(#,x) can be computed.

Theorem 10 (Convergence of solutions). Under the well-posedness Assumption 11, the so-
lutions (p(t,-),X(t,-)) to (4.7), under the control laws (4.8) and (4.9), converge to (p*,0%),
p — p* in L*> — norm and X — @* pointwise as t — oo, from any smooth initial condition (po,

Xo).

Proof. Consider the candidate control Lyapunov functional V:

1 L) w2 1 L) 2 1 2
vz—/ p—p*oX| a’x+—/ p|wl2dx+ = [w(L(t))[2
2 Jo 2 Jo 2

Taking the time derivative of V along the dynamics (4.7), using Lemma 2 on the Leibniz integral

rule, and applying Corollary 1 on the derivative of energy functionals, we obtain:

,_ M0 (dp  d(pToX) L I
V_/o (p—poX)(dt—dt>dx+2/O lp—p*oX| 0w dx

L(1)

L(t) L(1)
* Pwarwder;/o (8tp)IWI2dx+%p\w\2v dw(L(©))

L
. +w(L) ”

Now, ili—’t) = dp +vdyp = —pdyv (since dp = —d,(pv), from (4.7)), and Jw = %8)( (%fw) —
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voyw. Thus, we obtain:

L(1)
V= / —poX) [ paxv—axp*lax(axx)]dx+l/ |p—p*oX|28xvdx
p P 2.Jo

dw(L(1))
dt

+w(L)

L(t)

L(1) L(t)
+/ WO <8xw> dx — pywoew d. —1/ A (pv)w|? dx—i—1p|w|2v
0 P 0 2 Jo 2 0

Now, using the above equation, applying the Divergence theorem (1.1) (integration by parts) and

rearranging the terms, we obtain:

) 1 /L@ P’ X
Ve [ (p=prox) [(p+p*oX)(9xv)+ )i)p ax( p )] “

2 Jo
wow Liz)
P

L(1) 1 )
+ pyworw dx + §p|w| v
0

L(1) L(t) 2 L(t)
—/ O] dx — pywow dx—lpv|w|2
0 0 2

p 0 0

L(r) W
() 200,

0

Since w(0) = 0, the above equation reduces to:

. 1 Lo 0 X
V=—= (p—p oX) [(p—l—p*oX)(axv)—}— xp ——d ( )} dx
2Jo p p

L(1) | dow|? d ohw
_ /0 S et w(L) (Ew@(rm ; )

From (4.8) and (4.9), we have dy,v = (p — p*oX) — %ax (a" ) and

dw

(% o)
—— = — w
L(1) p

)

L(r)

dt

and we obtain:

. 1 L@ . i oewl?
Vet [l proxpac [T g ki
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Clearly, V <0, and p(t,-),w(t,.) € H'((0,1/d;)), for all . By Lemma 5, the Rellich-Kondrachov
Compactness Theorem, the space H'((0,1/d;)) is compactly contained in L>((0,1/d;)), and the
bounded solutions (by Assumption 11) in H!((0,1/d;)) are then precompact in L>((0,1/d;)).
Moreover, the set of (p,X) satisfying Assumption 11 is dense in L?((0,1/d;)). Then, by the
LaSalle Invariance Principle, Lemma 6, we have that the solutions to (4.7) converge in the %

norm to the largest invariant subset of V~!(0). This implies that:

lim ||p(z,-) — p* o X (1, ')||L2((0,L(t))) =0,

[—yoo
. 0w :
Tim || ) lz2(0,6)),0) =0, limw(z,L(z)) = 0.
Thus, we have:
Ow
lim || —= =0 = lim||dw],2 =0.
==l e Nz e e O]

Using the Poincaré-Wirtinger inequality, Lemma 4, again, we note that this implies lim,_,c ||w —
JE Wl 0.2y = 0- We have limy o | fo w] = | [0 5 dow] < L()>2(10ewl| 2 0.201)) = O-
which implies that lim,_e fOL ")y = 0 and therefore limy e [Wl12(0,24y)) = 0. Thus, we
get limy o [W(t, )| g1 ((0.24))) = 0, or in other words, w —p1 0. Now, lime|w(t,x)| =
limy e [w(t,0) + [y dw(t,)] < limye|w(z,0)] + [5ldow(t,)| < limye|w(z,0)] +
VL) [w(t, )| g ((0.(r))) = 0, which implies that w — 0 pointwise. Given that w =X — ©, we
have lim; . X (¢,-) — ©(t,-) = 0. Let lim; . L(¢) = L and lim, ., ®(t,-) = O(-), which implies
that X — @ pointwise.

From the above, we have lim, . ||p(z,:) — p* o C:)||L2((07L(,))) = lim; e ||p(t,) — p* o
X(t,)+p oX(t,)) = p 0@l 2((0.L(ry)) < limymee [Ip(t,7) = "0 X (1, )l 2((0.£0r))) T 1P 0 X (1)
—p*o 0| 12((0,(r))) = O (this follows from the assumption that p* is Lipschitz, since ||p* o X —
p* 002 < c||X — ]|, for some Lipschitz constant ¢). Thus, we have p — > p* 0 ®.

Now, we are interested in the limit density function p = p* 0 ®, and by the definition of @
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we have O(x) = [ p. We now prove that this limit (p, ®) is unique, and that (§,0) = (p*,®*).
From the definition of ®, we get %(x) = p(x) = p*(B(x)) > 0, VO(x) € [0,1]. We therefore

have:

@(x) * -1
x = /0 (p"(6))"" db.

Recall from the definition of p* and (4.1) that p* o ®*(x) = p*(x), and %@* (x) =p*(x) =

p*o®*(x), which implies that % = p*(6*) > 0, where 6* = ®*(x). Therefore:

©"(x) * —1
x:/O (p"(6))"" do.

From the above two equations, we get:

O(x) "(x)
[ iy tao = [ o) s,
0 0

for all x, and since p* is strictly positive, it implies that ® = ®*, and we obtain p = p* 0@ =
p*o®* = p*. And we know that p —,> p*0® = p* 0 ®* = p*. In other words, p converges

to p* in the L? norm. O
Physical interpretation of the density control law

For a physical interpretation of the control law, we first rewrite some of the terms in a

suitable form. From (4.7), we know that:

lax <ax_X> — a_X_'_vaxX — d_X.
P P ot dt

The second term in the expression for dyv in the law (4.8) can thus be rewritten as:

P <axx> 1 LdX 1 dp

X — a — = .
pp+poX) "\ p (p+poX) P ar ~ (ptproX) di
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Now, from above and (4.8), we obtain:

_x_*o_x 1 dp*
Vi) = [ (p—p X)‘A(p+ﬁox>m. (“.11)

Equation (4.11) gives the velocity of the agent at x at time 7. Now, to interpret it, we first consider
the case where the pseudo-localization error is zero, that is, when X = ®*. This would imply

that p* o X = p* 0 ®* = p*, ‘é—f = dd&t* = (0, and we obtain:

e = [(p-p"). (4.12)

The term [ (p—p*) =[5 P — Jo p* is the difference between the number of agents in the interval
[0,x] and the desired number of agents in [0,x]. If the term is positive, it implies that there are
more than the desired number of agents in [0,x] and the control law essentially exerts a pressure
on the agent to move right thereby trying to reduce the concentration of agents in the interval
[0,x], and, vice versa, when the term is negative. This eventually accomplishes the desired
distribution of agents over a given interval. This would be the physical interpretation of the
control law for the case where the pseudo-localization error is zero (that is, the agents have full
information of their positions).

However, in the transient case when the agents do not possess full information of their
positions and are implementing the pseudo-localization algorithm for that purpose, the control law
requires a correction term that accounts for the fact that the transient pseudo coordinates X (z,x)

cannot be completely relied upon. This is what the second term [ ( L__dp

pT*oX)W in (41 1) corrects

for. When this term is positive, that is, [ m% > 0, it roughly implies that the “estimate”
of the desired number of agents in the interval [0, x| is increasing (indicating that an increase in

the concentration of agents in [0, x] is desirable), and the term essentially reduces the “rightward

pressure” on the agent (note that this term will have a negative contribution to the velocity (4.11)).
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4.3.3 Discrete implementation

In this section, we present a scheme to compute p* (the transformed desired density
profile) and a consistent discretization scheme for the distributed control law. We follow that
up with a discussion on the convergence of the discretized system and a pseudo-code for the

implementation.
On the computation of p*

We now provide a method for computing p* from a given p* via interpolation. Let the
desired domain M* = [0, L*] be discretized uniformly to obtain M} = {0 =x,...,x, = L*} such
that x; —x;_1 = h (constant step-size). Note that m is the number of interpolation points, not
equal to the number of agents. The desired density p* : [0,L*] — R~ is known, and we compute
the value of p* on M} to get p*(x1,...,x») = (p},...,p,,). We also have @*(x) = [y p*du,
for all x € [0,L*]. Now, computing the integral with respect to the Dirac measure for the
set Mj, we obtain @) (x1,...,X,) = (6},...,0,), where 6; = 0 and 6 = %Z’;zl(p;‘_] +pj)h,
fork=2,...,m (note that 0 = 6; < 0; < ... <6, <1andlimj,_,06,, =O*(L*) = 1). Now, the
value of the function p* at any X € [0, 1] can be now obtained from the relation p*(6,") = p;, for

k=1,...,m, by an appropriate interpolation.

(Pf,~~,PZ)==p*(9f,~'792)
p*
/ P*H

®* * *
(X1yeesXm) »(0],...,65)

Discrete control law

A discretized pseudo-localization algorithm is given by (4.6). We now discretize (4.8)
to obtain an implementable control law for a finite number of agents i € .%, and a numerical
simulation of this law is later presented in Section 4.5.

Leti € .\ {l,r}. First note that dyv = (dgv) (0:®) = (dgv) p (where v =

0=0(x) 0=0(x)
v(®(x))). Using a consistent backward differencing approximation, and recalling that A6 = €,
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we can write:

Vi—Viol _ Vi—Vi]

Ae _pi e )

(Ow)i = pi

where p; 1s agent i’s density measurement.

From Section 4.3.1, recall the consistent finite-difference approximation:

1 X 1
l_)ax ( P ) .% ?(Xi—l —2Xi—|—Xi+1).

1

With k¥ = %, from (4.8) and the above equation, we obtain the law for agent i as:

— (X 2 *(Xis1) — P (Xie
Vi:Vi—1+pl PX) K* P en) = Kin) (X1 —2Xi+Xig) (4.13)
2Kp; pi(pi+p*(Xi)) Xiv1—Xi1

with v; = 0. The computation in v can be implemented by propagating from the leftmost agent to
the rightmost agent along a line graph ¥;,, (with message receipt acknowledgment). Note that
this propagation can alternatively be formulated by each agent averaging appropriate variables
with left and right neighbors, which will result in a process similar to a finite-time consensus
algorithm. Now, the boundary control (4.9) is discretized (with J;8 ~ %fﬁm), with the
choice k = % to:

4—-2¢ 1

Ble+1)=PB(r) +kAt(2 = B(r) =2k (B(r) = X,—1(¢))) = —5—B1) + 3 X1 (1) (4.14)

On the convergence of the discrete system

The discretized pseudo-localization algorithm (4.6) with the boundary control law (4.9),

can be rewritten as:

X(t+1) =X(t)—%LX(t)+u(t), .15)
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where X (t) = (X;(t),...,X,(t)), L is the Laplacian of the line graph %;,. and the input
u(t) = (0,...,0,5(2—B(t))). This discretized system is stable and we thereby have that the
discretized pseudo-localization algorithm is consistent and stable. Thus, by the Lax Equivalence
Theorem [112], the solution of (4.15) converges to the solution of (4.4) with the boundary con-
trol (4.9) as N — oo. Due to the nonlinear nature of the discrete implementation of the equation in
p, we are only certain that we have a consistent discrete implementation in this case (no similar

convergence theorem exists for discrete approximations of nonlinear PDEs.)

Algorithm 3. Self-organization algorithm for 1D environments

1: Input: p*, K (number of iterations), Ar (time step)

2: Requires:

3:  Offline computation of p* as outlined in Section 4.3.3

4:  Initialization X;(0) = Xo;, vi =0

5:  Leftmost and rightmost agents, [, r, resp., are aware they are at boundary
6: for k :=1to K do

7 ifi =1/ then

8: agent / holds onto X;(k) = 0 and v;(k) =0
elseif agentie {/+1,...,r—1} then
10: agent i receives X;_1 (k) and X1 (k) from its left and right neighbors
11: agent i implements the update (4.6)

12: else if i = r then

13: agent r receives X,_ (k) from its left neighbor
14: agent r implements the update (4.14)

15: fori:=/tordo

16: agent i computes velocity v; from (4.13)

17: agent i moves to x;(k+ 1) = x;(k) 4 vi(k)At

4.4 Self-organization in two dimensions

In this section, we present the two-dimensional self-organization problem. Although our

approach to the 2D problem is fundamentally similar to the 1D case, we encounter a problem
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in the two-dimensional case that did not require consideration in one dimension, and it is the
need to control the shape of the spatial domain in which the agents are distributed. We overcome
this problem by controlling the shape of the domain with the agents on the boundary, while
controlling the density function of the agents in the interior.

Let M : R = R? be a smooth one-parameter family of bounded open subsets of R,
such that M(r) is the spatial domain in which the agents are distributed at time ¢ > 0. Let
p:RxR?— R>( be the spatial density function with support M(z) for all ¢ > 0; that is,
p(t,x) >0,Vx € M(t), and t > 0. Without loss of generality, we shift the origin to a point on
the boundary of the family of domains, such that (0,0) € dM(r), for all z. Let p* : M* — R+
be the desired density function, where M* is the target spatial domain. From here on, we view M
as a one-parameter family of compact 2-submanifolds with boundary of R?. Just as in the 1D
case, the agents do no have access to their positions but know the true x- and y-directions.

In what follows we present our strategy to solve this problem, which we divide into
three stages for simplicity of presentation and analysis. In the first stage, the agents converge to
the target spatial domain M* with the boundary agents controlling the shape of the domain. In
stage two, the agents implement the pseudo-localization algorithm to compute the coordinate
transformation. In the third stage, the boundary agents remain stationary and the agents in the
interior converge to the desired density function. This simplification is performed under the
assumption that, once the agents have localized themselves at a given time, they can accurately
update this information by integrating their (noiseless) velocity inputs. Noisy measurements
would require that these phases are rerun with some frequency; e.g. using fast and slow time

scales as described in Section 4.2.

4.4.1 Pseudo-localization algorithm for boundary agents

To begin with, we propose a pseudo-localization algorithm for the boundary agents which
allows for their control in the first stage. To do this, we assume that the agents have a boundary

detection capability (can approximate the normal to the boundary), the ability to communicate
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with neighbors immediately on either side along the boundary curve, and can measure the density
of boundary agents.

Let Mo C R? be a compact 2-manifold with boundary d M and let (0,0) € dMj. To local-
ize themselves, the agents on dM( implement the distributed 1D pseudo-localization algorithm
presented in Section 4.3.1. This yields a parametrization of the boundary I" : dMy — [0, 1), with
I'(0,0) = 0, such that the closed curve which is the boundary dMj is identified with the interval
[0,1). We have that, for y € [0,1), T~!(y) € dMy. For y € [0, 1), let s(7) be the arc length of the
curve d Mo from the origin, such that s(0) = 0 and limy_,1 s(y) = /. We assume that the boundary
agents have access to the unit outward normal n(7) to the boundary, and thus the unit tangent
s(7)-

Let g : [0,]) — R~ denote the normalized density of agents on the boundary, such that
we have fol q(s)ds = 1. Now the 1D pseudo-localization algorithm of Section 4.3.1 serves to
provide a 2D boundary pseudo-localization as follows. Note that @ = ﬁ, and (dx,dy) = sds,
which implies (dx,dy) = a0 y) s(y)dy. Therefore, we get the position of the boundary agent at

Y, (x(7),5(7)), as (x(y),y(y)) = fo G ( ¥)dY, and the arc-length s(y) = f dy, which is

discretized by a consistent scheme to obtain:

1
(xi,7i) = ~Ay (Sk S"“) ,  forie dMy, (4.16)
2 dk  9k+1

and we recall that the agents have access to g and s. The computation of (x;,y;) can be imple-
mented by propagating from the agent with ¥ = 0 along the boundary agents in the direction as
% — 1, along a line graph %, (With message receipt acknowledgment). Note that this propaga-
tion can alternatively be formulated by each agent averaging appropriate variables with left and
right neighbors, which will result in a process similar to a finite-time consensus algorithm.
This way, the boundary agents are localized at time t = 0, and they update their position

estimates using their velocities, for t > 0.
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4.4.2 Pseudo-localization algorithm in two dimensions

In this subsection, we present the pseudo-localization algorithm for the agents in the
interior of the spatial domain. We first describe the idea of the coordinate transformation (diffeo-
morphism) we employ and construct a PDE that converges asymptotically to this diffeomorphism.
We then discretize the PDE to obtain the distributed pseudo-localization algorithm.

The main idea is to employ harmonic maps to construct a coordinate transformation
or diffeomorphism from the spatial domain of the swarm onto the unit disk. We begin the
construction with the static case, where the agents are stationary. Let M C R? be a compact,
static 2-manifold with boundary and N = {(x,y) € R?|(x —1)? +y? < 1} be the unit disk. The
manifolds M and N are both equipped with a Euclidean metric g =h = 4.

First, we define a mapping for the boundary of M. Let I": dM — [0, 1) be a parametriza-
tion of the boundary of M, as outlined in Section 4.4.1. Let £ : M — N be any diffeomorphism

that takes the following form on the boundary of M:

E(T(y)) = (1—cos(2my),sin(277y)), ye0,1), 4.17)

and we know that T 1[0,1) = oM.
Now, from Lemma 7, on harmonic diffeomorphisms, there is a unique harmonic dif-
feomorphism, ¥ : M — N, such that ¥ = & on dM. We know that, by definition, the mapping

Y = (y, y,) satisfies:

Al//] = 0, .
forre M,
Ay, =0, (4.18)
Y =¢, ondM,
where A is the Laplace operator. Let ¥* be the corresponding map from the target domain M* to

the unit disk N. Now, we define a function p* : N — R~ by p* = p* o (¥*)~!, the image of the
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desired spatial density distribution on the unit disk, which is computed offline and is broadcasted
to the agents prior to the beginning of the self-organization process. We later use p* to derive the

distributed control law which the agents implement.

We now construct a PDE that asymptotically converges to the harmonic diffeomorphism,
which we then discretize to obtain a distributed pseudo-localization algorithm. We use the heat
flow equation as the basis to define the pseudo-localization algorithm, which yields a harmonic
map as its asymptotically stable steady-state solution. We begin by setting up the system for a
stationary swarm, for which the spatial domain is fixed.

Let M C R? be a compact 2-manifold with boundary, N be the unit disk of R?, and

R = (X,Y): M — N. The heat flow equation is given by:

8,X:AX, o
forre M,
oY = AY, (4.19)
R=¢&, ondM.

The heat flow equation has been studied extensively in the literature. For well-known existence

and uniqueness results, we refer the reader to [48].

Lemma 40. [Pointwise convergence of the heat flow equation to a harmonic diffeomorphism]
The solutions of the heat flow equation (4.19) converge pointwise to the harmonic map satisfy-

ing (4.18), exponentially as t — oo, from any smooth initial Ry € H' (M) x H' (M).

Proof. Let ¥ be the solution to (4.18), which is a harmonic map by definition. Let R = R — ¥ be
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the error where R = (X,Y) is the solution to (4.19). Subtracting (4.18) from (4.19), we obtain:

a[X - AX, o
forre M,
;Y =AY, (4.20)
R=0, ondM.

The Laplace operator A with the Dirichlet boundary condition in (4.20) is self-adjoint and
has an infinite sequence of eigenvalues 0 < A; < A; < ..., with the corresponding eigen-
functions {¢;}%, forming an orthonormal basis of L?(M) (where ¢; € L*>(M) and A¢; = A;¢;
for all i, with ¢; = O on the boundary) [55]. Let the initial condition be Xy = Y~ a;i¢; and
Yo = Y21 bi¢; (where a; and b; are constants for all 7). The solution to (4.20) is then given
by X (t,r) = Y72 aje M ¢;(r) and ¥ (¢,r) = ¥, bie % ¢;(r). Since A; > 0, for all i, we obtain
lim, .. X (t,r) = 0 and lim;_,. ¥ (t,r) = 0, for all r € M. Therefore, lim; . R(¢,r) = ¥(r), for

all r € M, and the convergence is exponential. [

We now have a PDE that converges to the diffeomorphism given by (4.18) for the
stationary case (agents in the swarm are at rest). For the dynamic case, and to describe the
algorithm while the agents are in motion, we modify (4.19) as follows. Let R = (X,Y):
R x R? — R. We are only interested in the restriction to M(¢), R| M(r)> at any time 7, so we drop
the restriction and just identify R = R\M(;)' Using the relation % =0, X+VX-v, where vis a

velocity field, we obtain:

a[X — AX - VX . V, o
forr e M(z),
Y =AY —VY -v, (4.21)
R=¢&, ondM(t).
We now discretize (4.21) to derive the distributed pseudo-localization algorithm. Now, we have

p : R x R? — R~ with support M(t), the density function of the swarm on the domain M(t).
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We view the swarm as a discrete approximation of the domain M (¢) with density p, and the PDE
(4.21) as approximated by a distributed algorithm implemented by the swarm.

Here, we propose a candidate distributed algorithm, which would yield the heat flow
equation via a functional approximation. Our candidate algorithm is a time-varying weighted
Laplacian-based distributed algorithm, owing to the connection between the graph Laplacian

and the manifold Laplacian [19]:

Xi(t+1)=Xi()+ Y, wi(0)(X;(r) = Xi(0)), (4.22)

JEA(t)
and a similar equation for Y. We show how to derive next the values for the weights w;;(f) € R,
for all 7. First, the set of neighbors, j € 4;(t), of i at time 7, are the spatial neighbors of i in M (¢),
thatis, Ai(t) = {j € 7 ||r;(t) —ri(t)|| < €} = Be(r;(t)). Using X;(r +1) — X;(t) = ‘fi—f&, for a

small o7, we make use of a functional approximation of (4.22):

X st — / oy TS (X (18 = X(11)) P )dp (4.23)

where dv = p d is a density-dependent measure on the manifold, and the weighting function
w satisfies w(t,ri(t),r;(t)) = w;j(t), for all i,j € . We note that the summation term in

(4.22) is a special form of the integral in (4.23) with a Dirac measure dv supported on the set

1

{ry(¢),...,rn(¢)} at time ¢t. Now, with the choice w(z,r;,s) = Tova PSR
e (sl )

and for very small €

(making @ (&?) terms negligible), (4.23) reduces to:
dX
— 0t = aAX
dt ass

where a = ;- JBe(ryy) (8 —Ti(t)) - (s —ri(z))dt is a constant. Now, with the choice 67 = a, we
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obtain:

dX o0X
_ = VX =AX
dt ot v ’

which is the PDE (4.21). Let d(t,r(t)) = [p () P(f,8)d1t and di(t) = |Ai(1)], for i € 7.

Substituting w;;(t) = w(t,r;(t),r;(t)) = oo ))lp(l SaE = a0 rlj(t)) ~ djl(t)’ in (4.22), we get the
. £ rj t ) )

distributed pseudo-localization algorithm for the agents in the interior of the swarm to be:

1

Xi(t+1)=X(t) + —

je;V;(t) dj(t)
1

Yi(t41) =Yi(r) +j€§i,(t) m(yj(t) —Y(1)).

(X;(1) — Xi(1)),
(4.24)

For the agents on the boundary dM(t), we have:

R; = (X;,Y) =&,

where §; = £ (ri(t)), for r;(t) € dM(t). Note that the discretization scheme is consistent, in that
as the number of agents N — oo, the discrete equation (4.24) converges to the PDE (4.21). In this
way, from (4.24), the pseudo-localization algorithm is a Laplacian-based distributed algorithm,

with a time-varying weighted graph Laplacian.
4.4.3 Distributed density control law and analysis

In this section, we derive the distributed feedback control law to converge to the desired
density function over the target domain in the two-dimensional case. The swarm dynamics are
given by:

dp=-V-(pv), forreM(),
(4.25)

gr=v, ondM(t).
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Assumption 12 (Well-posedness of the PDE system). We assume that (4.25) is well-posed, and
that its solution p(t,-) is sufficiently smooth and is bounded in the Sobolev space H' (U;M(t)),
the components of the velocity field v are bounded in the Sobolev space H' (U;M(t)) and of the

parametrized velocity on the boundary are bounded in the Sobolev space H'((0,1)).
In what follows, we describe the control strategy based on three different stages.
Stage 1

In this stage, the objective is for the swarm to converge to the target spatial domain M*.
Letr*: [0,1] — dM* be the closed curve describing the desired boundary. Let e(y) =
r(y) — r*(7) be the position error of agent y on the boundary, where r(7) is the actual position of
agent Y computed as presented in Section 4.4.1. We define a distributed control law for swarm

motion as follows:

v=_Y2 forr € M(t),

P (4.26)
ov=—e—v, ondM(t).

Theorem 11 (Convergence to the desired spatial domain). Under the well-posedness Assump-
tion 12, the domain M(t) of the system (4.25), with the distributed control law (4.26) converges

to the target spatial domain M* as t — oo, from any initial domain My with smooth boundary.

Proof. We consider an energy functional £ given by:

1 ’ 1/ ’
E=— - .
2/8M(z)|e| Jr2 8M(t)|V|

Its time derivative, E, using (4.26), is given by:

E= e v+ V-atV:/ (e—i—v)-&,V:—/ Iv|2.
aM(r) aM(r) aM(r) IM(1)

Clearly, E < 0, and considering a parametrization of dM(t) by the interval [0,1), we have
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v(t,-) € H'((0,1)) and bounded. By Lemma 5, the Rellich-Kondrachov Compactness theorem,
H'((0,1)) is compactly contained in L?((0,1)) (and we also have that H'((0,1)) is dense in
L?((0,1))). Thus, by the LaSalle Invariance Principle, Lemma 6, we have that the solutions
to (4.25) with the control law (4.26) converge in the [*-norm to the largest invariant subset

of E~1(0), which satisfies:

Lim [v]llz2(ameyy = 05 Tim S[[[¥]l[12(aprry) = limy o ¥ v =0.

The set E~1(0) is characterized by the first equality above and the second equality is further
satisfied by the invariant subset of £~ (0). We know from (4.26) that d;v = —e — v on dM(t),
which upon multiplying on both sides by v, integrating over dM(¢) and applying the previous
equality on the integral of v-d,v, yields lim; e [,y €V =0. Now, we have 10:v|? = le|* +|v]*+
2e-v, which on integrating over dM(t) yields lim; e |[|0: V][l 12(9p1(r)) = limy—eo [[[€][ 2(am1(e)) -
By multiplying d,;v = —e — v on both sides by d;v, integrating over dM(t), and using the

Cauchy-Schwarz inequality, we obtain:

. 2 . .
D A A L

< lim [[{e[[| 2 amr(o)) 119 ¥Il 2 (amar)) = }gglo|||9tv|||iz(aM(t))

In this way, the Cauchy-Schwarz inequality becomes an equality, which implies that
limy o0 [51,) [l€][0 V| — (—€) - v] = O (since the integrand is non-negative and its integral is
zero, it is zero almost everywhere), thus lim;_,. dyv = —lim;_... e almost everywhere (a.e.) on
the boundary, and, in turn, implies that lim;_,.. v = 0 a.e. on the boundary (since d;v = —e — v
and lim; .. d;v = —lim,_,..e). From here, and owing to the Invariance Principle, we have

lim; ;o d;v = 0 = lim,_,. € a.e. on the boundary. Thus, we have that lim,_,.. M (t) = M*. O
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Stage 2

Here, the agents in the swarm implement the pseudo-localization algorithm presented in
Section 4.4.2. Since the agents are distributed across the target spatial domain M*, implementing
the pseudo-localization algorithm yields the coordinate transformation W* characteristic of the
domain M*. We therefore have d,%* = 0, which implies that % =0V + V(P )v=V(¥)v,

which will be used in Stage 3.
Stage 3

In this stage, the boundary agents of the swarm remain stationary and interior agents
converge to the desired density function.

Consider the distributed control law, defined as follows for all time ¢:

‘Cll_j =—pV(p—p'o¥P*)+(v-V)v+Av—v, forre M*,
4.27)

v=0, on dM*,

where % at r € M 1s the acceleration of the agent at r, the control input. Using the relation

4 = 9, +v-V, it follows from (4.27) that ;v = —pV(p — p* o ¥*) + Av —v.

Theorem 12 (Convergence to the desired density). The solutions p(t,-) to (4.25) for the fixed
domain M*, under the distributed control law (4.27) and the well-posedness Assumption 12,

converge to the desired density distribution p* in the L>-norm as t — oo,

Proof. We consider an energy functional E given by:

1 1
E—=_— % \P*2 _/ 2.
2| p=pow s [

Using Corollary 1, to compute the derivative of energy functionals, we obtain E (letting V =
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(dx,dy)) as follows:

: dp d(p"o¥") 1/ ) /
E= —pop) (2 )4 o —pf oW PV -0
/M*(p p'o )<dt 7 ty ), PP e ¥ Vvt | oy

- dW* 1
:—/ (p—p"o¥") (pV'v+Vp*~ = )—i—/ ]p—p*o‘P*[ZV-V—i—/ V-0V
M .

= ; (p —(p* oW )V v — /(p pF oW )Vp*. +/ V-0V,

where, to obtain the third equality, we expand the square |p — p* o ¥*|? in the second integral of

the second equality. Since v =0 on dM* and from Section 4.4.3, we have 21~ = V(¥*)v, we
obtain:
.1 -
E—~ V(pz—(p*o‘P*)z)-V—/ (p—p oW )Vp - (Vv + [ v-ov.
2 Jm M M

We have V"V = V(7 o), and V(p? — (p* o¥")2) = (p — p* 0¥ )V (p + p" o W) + (p+

p o ¥ )V(p — p* o W*). Thus, we get:
1 * * * * 1 * * * *
=5 | op o WV(p—p oW ) v s [ (p—p oWVt p o)y
2 S+ 2 S

_/ (p—p o TIV(p o) v+ [ v-dv.
M* M*

We therefore get:

E= [ pV(p—po¥") v+ v-a,v:/ v-(pV(p—p o ¥P*)+ o).
M M M

From (4.27), we have ;v = —pV(p — p* o ¥*) + Av — v, and we obtain:

R L LA A
M* M* M*

Clearly, E <0, with p(¢,.),v € H 1 (M*) and bounded (by Assumption 12). By Lemma 5, the

Rellich-Kondrachov Compactness theorem, H' (M*) is compactly contained in L?(M*) (and we
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also know that the set of all (p,v) satisfying Assumption 12 is dense in L?(M*)). Thus, by the
Invariance Principle, Lemma 6, we have that the solution to (4.25) converges in the [*-norm to

the largest invariant subset of £~1(0), which satisfies:

1 2
[Vl gy = 0, §8l|||v|||Lz(M*)=/M*v-a,v:o. (4.28)

The set E~1(0) is characterized by the first equality above and the second equality is further

satisfied by the invariant subset of £~1(0). We know from (4.27) that
ov=—pV(p—p o¥")+Av—yv, (4.29)

which substituted in (4.28) yields [.pv-V(p —p*o¥*) = 0. Now, from (4.29),
we obtain [[v][2) = fore PV(P — p* 0 W+ fype [V +2 iy pv- Vip — p* 0 W) =
Jy- 10V(p — p* 0 ) that is. V1]l 2ure) = 110V(p — p* 0 ¥¥)]l2(4s-)- By multiply-
ing (4.29) by d,v on both sides and applying the Cauchy-Schwarz inequality, we can
also get that [[[9V[7 ) = = fy= POV - V(p — p* 0 ¥*) < [y [9VPV(p — p* 0 ¥¥)| <
1191 20004 IPV (P = P* ¥ ) (| 1201y = Il 9V ||i2(M*). Thus, the Cauchy-Schwarz inequality is
in fact an equality, which implies that ;v = —pV(p — p* o ¥*) almost everywhere in M*, which,
from (4.29) implies in turn that v = 0 a.e. in M*. It thus follows that d;v =0 and V(p — p* o W*) =
0 a.e in M*, and therefore p — p* o W* is constant a.e. in M*. Using the Poincare-Wirtinger in-
equality, Lemma 4, we obtain that ||(p — p* o W*) — (p — p* o ¥* )i+ || < C||V(p — p* o ¥*)|| =0,
where (p — p* o W* )y = Mf}_ﬂfM*(p —p*oW"). Since [i.p = [yp = [P 0¥ =1, we

have that (p — p* o¥*)y = 0, and therefore [|p — p* o ¥*| 23y = 0. ]
Robustness of the distributed control law

The self-organization algorithm in 2D has been divided into three stages, where asymp-
totic convergence is achieved in each stage (with exponential convergence in the second stage).

We now present a robustness result for convergence in Stage 3 under incomplete convergence in
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the preceding stages.

Lemma 41 (Robustness of the control law). For every 8 > 0, there exist T, T»h < oo such

that when Stages 1 and 2 are terminated at t| > T and t, > T, respectively, we have that

limy e | 0(t,) =PIl 20010, < O

Proof. In Stage 1, it follows from Theorem 11 on the convergence to the desired spatial domain
that lim;_,.. M(¢) = M*. Then for every € > 0, we have T} < oo, such that dg (M (t),M*) < g for
all # > Ti, where dp is the Hausdorff distance between two sets. (Note that any appropriate notion
of distance can alternatively be used here.) Let Stage 1 be terminated at ¢; > 77, which implies
that the swarm is distributed across the domain M (7). In Stage 2, it follows from Lemma 40
on the convergence of the heat flow equation to the harmonic map, that for a domain M(z;), we
have that lim;, R(t,-) = ¥yy(,,) pointwise, where Wy;(,,) is the harmonic map from M(t;) to N
(the unit disk). Then, for every & > 0, we have a T < oo, such that ||R(z,-) — ¥yl < &
for all + > 75. Let Stage 2 be terminated at , > 7>, which implies that the map from the
spatial domain to the disk is R(#,,-). In Stage 3, it follows from the arguments in the proof of
Theorem 12 (on the convergence to the desired density function) that lim, . p(¢,-) = p*oR(t2, ")
a.e. in M(t1) if the map at the end of Stage 2 is R(#,, ). We characterize the error as lim, . ||p —
P 2y = P70 R(22,-) = P* ¥ | 2aa 1)) = 1P R (22, ) = p* 0 Whgsy) + P* 0 W) — P70
Y 2y < P70 R(t2,-) = p* o Wraey 2 (aaeyy) + 117 0 Paagey) — P 0 ¥l 2 (ar(sy))- Recall
that [|R(#2,-) — W) |l < €2, and since p* is Lipschitz, we can get the bound |[p* o R(2) —
P o))y < 61 = c& (where c is the Lipschitz constant times the area of M(#1)).
The harmonic map also depends continuously on its domain [68], which yields the bound
W) — ¥ < &3, since dyy (M(#1),M*) < €;. Thus, we get another bound ||p* o¥yy;,) — p* o
| 2(m(ry)) < 62 = ce3, and that [|p — p*|[ 2s(r,)) < 61 + 62 = 8. Therefore, going backwards,
for all & > 0, we can find 7} and 75 such that the density error is bounded by &, when the Stages 1

and 2 are terminated at #{ > T and t, > T respectively. ]
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4.4.4 Discrete implementation

In this section, we present consistent schemes for discrete implementation of the dis-
tributed control laws (4.26) and (4.29), where the key aspect is the computation of spatial
gradients (of p in Stage 1, and of p, ¥* and the components of velocity v in Stage 3). The
network graph underlying the swarm is a random geometric graph, where the nodes are dis-
tributed according to the density function over the spatial domain. According to this, every agent
communicates with other agents within a disk of given radius (say r) determined by the hardware
capabilities, which reduces to the graph having an edge between two nodes if and only if the
nodes are separated by a distance less than ». We recall the earlier stated assumption that the

agents know the true x- and y-directions.
On the computation of p*

We first begin with an approach to compute offline the map p* via interpolation. Let
the desired domain M* € R? be discretized into a uniform grid to obtain M} = {ry,...,r,}
(the centers of finite elements, where r;y = (xi,yx)). The desired density p* : M* — Ry is
known, and we compute the value of p* on M; to get p*(ry,...,ry) = (P],...,P,). We also
have W*(x,y) = (X*,Y*) € N, for all (x,y) € M*. Now, computing the integral with respect to
the Dirac measure for the set M, we obtain ¥*(ry,...,r,) = (¥7,...,¥;,). The value of the
function p* at any (X,Y) € N can be obtained from the relation p*(W¥7,...,¥;,) = p*(r1,...,Tnm)

for k =1,...,m by an appropriate interpolation.

\{]*
(rp,...,0p) > (PT,..., )

Commutative diagram
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Discrete control law

As stated earlier, for the discrete implementation of the distributed control laws (4.26)
and (4.29), the key aspect is the computation of spatial gradients (of p in Stage 1, and of p,
W* and the components of velocity v in Stage 3). In the subsequent sections we present two
alternative, consistent schemes for computing the spatial gradient (of any smooth function, with
the above being the ones of interest), one using the Jacobian of the harmonic map and the other

without it.
Computing the Jacobian of the harmonic map

Let J(r) = V¥(r) be the (non-singular) Jacobian of the harmonic diffeomorphism ¥ :
M — N. When the steady-state is reached in the pseudo-localization algorithm (4.24) (i.e.,

Xi(t+1)=Xi(t) = i and Y;(t + 1) = Yi(t) = y}), we have, Vi € .7

Y owi—w)=0, ¥ —(y-y3) =0,
JEN T jeNs

where i is the index of the agent located at r € M and ./ is the set of agents in a disk-shaped
neighborhood Bg(r) of area € centered at r. Rewriting the above, we get, Vi € .9
P Zjee/%dij‘»"lj ;L Zje%dij‘l’g

vi= L e (430)

1 1
Zjemd_j Zje/l{d_j

We assume that the agents have the capability in their hardware to perturb the disk of communi-
cation B¢ (r) (by moving an antenna, for instance). The Jacobian J = VW , where ¥ = (y1, y»)
is computed through perturbations to .4; (i.e., the neighborhood Bg(r)) and using consistent

discrete approximations:

y1(r+oyer) — yi(r)
Oy ’

Vi (r+ 6xe;) — yi(r)
ox ’

Y & Iy ~
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and similarly for y,. Now, yi(r+ éxe;) is computed as in (4.30) for .4/ dx the set of agents

in Be(r+ dxe;) and y(r+ Oyey) from Be(r+ dye).
Computing the spatial gradient of a smooth function using the Jacobian of ¥

Let V = (Jx,dy) and V = (dy,,dy, ), where ¥ = (W1, y,). We have dy = (9, y1)dy, +
(0xy2)dy, and dy = (dyy1)dy, + (O ¥2)dy,. Therefore, V. =J'V. For a smooth function
f:M — R, we have, Vf =J'Vf, and the agents can numerically compute V by:

()~ g dih () Ly fok
R e /i IS v — v

where i is the index of the agent located at r € M and .4} is the set of agents in a ball B¢ (r).
Computing the spatial gradient of a smooth function without the Jacobian of W

In the absence of a Jacobian estimate, we use the following alternative method for
computing an approximate spatial gradient estimate of a smooth function. This is used in Stage 1

of the self-organization process.

Let f(r) be the mean value of f over a ball B (r):

1 1
fr) =~ )fdli%mej'

& Be(r e

We have:

10f _1f(r+8xe)) —f(x) 1 Joe(ersen S~ Jp.ry fdH

gdx € Ox € Sx -
Similarly,

19f 1f(r+dye)—f(x) (of
edy € Oy - '
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In all, for any scalar function f, each agent can use the approximation:

| (9f af\\ 1 /9f of
(Vf)i~ <<8x>’ <8y>> e ((9)678)7>’ (4.31)

to estimate of the gradient V f.
On the convergence of the discrete system

We have noted earlier that the pseudo-localization algorithm (4.24) satisfies the consis-
tency condition in that as N — oo, Equation (4.24) converges to the PDE (4.21). The pseudo-
localization algorithm is also essentially a weighted Laplacian-based distributed algorithm that
is stable. Thus, by the Lax Equivalence theorem [112], the solution of (4.24) converges to the
solution of (4.21) as N — oo. However, for the distributed control laws in Stages 1-3, we are
only able to provide consistent discretization schemes. The dynamics of the swarm (4.25) with
the control laws (4.26) and (4.27) are nonlinear for which is no equivalent convergence theorem.
Further analysis to determine convergence is required, which falls out the scope of this present

work.

4.5 Numerical simulations

In this section, we present numerical simulations of swarm self-organization, that is, of

the control laws presented in Sections 4.3.2 and of Section 4.4.3.

4.5.1 Self-organization in one dimension

In the simulation of the 1D case, we consider a swarm of N = 10000 agents, the desired

density function is given by p*(x) = asin(x) +b, wherea =1— 5% and b = 1, x € [0,Z]. We
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Algorithm 4. Self-organization algorithm for 2D environments

Z A A ol

Input: M*, p* and k1, k», K (number of iterations for each stage), At (time step)
Requires:
Offline computation of p* similar to the outline in Section 4.3.3
Boundary agents are aware of being at boundary or interior of domain, can
communicate with others along the boundary, can approximate the normal
to the boundary, and can measure density of boundary agents,
Agents have knowledge of a common orientation of a reference frame
Initialize: r; (Agent positions), v; = 0 (Agent velocities)
Boundary agents localize as outlined in Section 4.4.1

: Stage 1:
: for k:=1tok; do

if agent i is at the interior of domain then
compute v;(k) = —% (k) from (4.26)
move r;(k+ 1) = r;(k) + v;(k)Ar
else if agent i is at the boundary of domain then
compute v;(k+ 1) = v;(k) — (r;(k) —r} (k) 4+ vi(k))Ar from (4.26), and move r;(k+ 1) = r;(k) + v;(k) At

: End Stage 1

: Stage 2:

: Boundary agents map themselves onto unit circle according to (4.17)
: fork:=1tok; do

for agent i in the interior do
compute X;(k+ 1), Y;(k+ 1) according to (4.24)

: Stage 3:
:fork:=1toKdo

for agent i in the interior do
compute v;(k+ 1) = v;(k) + (—p;(k)(V(p — p* o ¥*)); (k) + (vi(k) - V)v;(k) — v;(k))Ar from (4.27) ,
with (V(p — p* o W"));(k) as in (4.31)
update r;(k+ 1) = r;(k) + v;(k)At
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use a kernel-based method to approximate the continuous density function, which is given by:

S for0<x<1,
o= p (=m0l gy )

=4 0, forx>1,

is a flat kernel and c¢; € R~ is a constant [31]. We discretize the spatial domain with Ax = 0.001
units, and use an adaptive time step. The self-organization begins from an arbitrary initial density
distribution. Figure 4.2 shows the initial density distribution, an intermediate distribution and the
final distribution. We observe that there is convergence to the desired density function, even with

noisy density measurements.

1.4
1.2}
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Figure 4.2. Density p(x) plotted against position x at different instants of time.

4.5.2 Self-organization in two dimensions

In the simulation of the 2D case, we first present in Figure 4.3 the evolution of the
boundary of the swarm in Stage 1, where the swarm converges to the target spatial domain M*
from an initial spatial domain. The target spatial domain, a circle of radius 0.5 units, given

by M* = {(x,y) € R?|(x —0.6)? +y*> < 0.25}, with the desired density function p* given by

* _ 1
p*(x,y) = ((x70.4)2+—y2)0‘3-

We present in Figures 4.4 and 4.5 the result of implementation of the pseudo-localization

algorithm with the steady state distributions of W* = (y}, y5) respectively. We note that the
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Figure 4.3. Evolution of the swarm boundary in Stage 1.

steady state distribution W* as a function of the spatial coordinates (x,y) in this case is linear.
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Figure 4.4. Steady-state distribution of 7.
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Figure 4.5. Steady-state distribution of 5.

Next, we focus on Stage 3 of the self-organization process, where the agents already
distributed over the target spatial domain, converge to the desired density function. The initial den-

sity function of the swarm is uniform, and the distributed control law of Stage 3 in Section 4.4.3
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is implemented. Figure 4.6 shows the density function at a few intermediate time instants of
implementation and figure 4.7 shows the spatial density error plot, where e(p) = [y, |p — p*|*

is the spatial density error. The results show convergence as desired.
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Figure 4.6. Evolution of density function in Stage 3.
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Figure 4.7. Spatial density error e(p) = [;,« [p — p*|? vs time,

4.6 Summary

In this chapter, we considered the problem of self-organization in multi-agent swarms

in one and two dimensions. The primary contribution of the work is the analysis and design
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of position and index-free distributed control laws for swarm self-organization, aided by a
distributed pseudo-localization algorithm for the assignment of agent identifiers.

The material in this chapter, in full, is a reprint of the material as it appears in the publi-
cation Distributed Control for Spatial Self-Organization of Multi-Agent Swarms, V. Krishnan
and S. Martinez, SIAM Journal on Control and Optimization, 56(5), pp. 3642-3667, 2018.
A preliminary version of the work appeared in the proceedings of the International Sympo-
sium on Mathematical Theory of Networks and Systems, Minneapolis, USA, July 2016 as
Self-Organization in Multi-Agent Swarms via Distributed Computation of Diffeomorphisms, V.
Krishnan and S. Martinez. The dissertation author was the primary investigator and author of

these papers.
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Chapter 5

State estimation for tracking and naviga-
tion

In this chapter, we begin with the well-studied notion of strong local observability of
nonlinear, discrete-time systems and investigate its relationship to the optimization-based state
estimation problem. To handle uncertain initial conditions and the possible non-uniqueness
of solutions to the estimation problem, we adopt a generalized problem formulation over the
space of probability measures over the state space. More precisely, we define the MHE as a
proximal gradient descent in the space of probability measures, with a non-convex, time-varying
cost function. This distributional setting serves as a unifying framework for moving-horizon
estimation and allows us to develop different classes of moving-horizon estimators by simply
varying the metric used to define the proximal operator, and to obtain implementable filters by
Monte Carlo methods. We then consider the Wasserstein metric and the KL-divergence, which
yield the more familiar MHE and a particle filter, respectively. Following this, we present an
analysis of the convergence and robustness properties of these estimators in the distributional
setting, under assumptions of strong local observability. Further, we modify the distributional
optimization problem via an entropic regularization to derive conditions that guarantee a desired

level of differential privacy for these filters.
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5.1 Bibliographical comments

The origins of MHE can be traced back to the limited memory optimal filters introduced
in [76]. In principle, its optimization-based formulation enables it to handle nonlinearities and
state constraints much more effectively than other known methods. This, coupled with the
adoption of increasingly powerful, inexpensive computing platforms has brought new impetus
to the adoption of moving-horizon estimation in various data-driven applications. Theoretical
investigations on MHE have broadly been directed at their asymptotic stability [3,102,121] and
robustness [73,77,94] properties. These properties have primarily been built upon underlying
assumptions of input/output-to-state (I0SS) stability, which is adopted as the notion of detectabil-
ity, wherein the norm of the state is bounded given the sequences of inputs and outputs. However,
alternative foundations for the stability results in other classical notions of observability, such
as strong observability [95], have remained unexplored. The connection between nonlinear
observability theory and estimation problems runs deep, see [83] and more recently [115], and it
is worthwhile to explore this connection in the context of optimization-based estimation methods
such as moving-horizon estimation.

Another important consideration in the MHE problem is the cost of computation. The
problem formulation more commonly involves solving an optimization problem at every time
instant, with the state estimate and disturbances as decision variables in the optimization, where
the dimension of the problem scales with the size of the horizon. This approach, in general, tends
to be computationally intensive, which poses a hurdle for implementation in real-time. This has
motivated the search for fast MHE that implement one or more iterations of the optimization at
every time instant. Recently, in [4], [5], the authors develop such a method for noiseless systems
and provide theoretical guarantees on convergence. However, these works assume the convexity
of the cost function, which is restrictive for general nonlinear systems, and not well connected to
notions of observability.

The problem of state estimation is fundamentally about dealing with uncertainty, mani-
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fested as uncertainty in the initial conditions and/or in the evolution of the system in the presence
of unknown disturbances. This is appropriately formulated in the space of probability measures
over the state space of the system. Advances in gradient flows in the space of probability
measures [8], [107], and the corresponding discrete-time movement-minimizing schemes [99]
present powerful theoretical tools that can be applied to recursive optimization-based estimation
methods such as moving-horizon estimation, and can serve as a unifying framework for their
design and analysis.

In many applications, the measurement data is acquired from particular individuals or
users, which introduces new ethical concerns about data collection and manipulation, highlighting
an increasing need for data privacy. Such is the case in home monitoring and traffic estimation
(with vehicle GPS data) applications, to name a few. Differential privacy [46] has emerged
over the past decade as a benchmark in data privacy. The typical setting assumes independence
between the records in static databases; however, basic existing mechanisms fail to provide
guarantees when correlations exist between the records in the database. This is the case when
data is employed by a state estimation process whose output is then released: there is a dynamic
system from which a time series of sensor measurements is obtained, and the measurement data
and the released estimates are correlated.

In [43,44], the authors generalize the definition of differential privacy to include general
notions of distance between datasets and design differentially private mechanisms for Bayesian
inference. In [85, 113], the authors investigate privacy-preserving mechanisms for the case where
correlations exist between database records. Privacy-preserving mechanisms for functions and
functional data were investigated in [65]. The work [97] studies the problem of differentially-
private state estimation, introducing the formal notion of differential privacy into the framework
of Kalman filter design for dynamic systems. The authors of [56] consider the problem of optimal
state estimation for linear discrete-time systems with measurements corrupted by Laplacian noise.
A finite-dimensional distributed convex optimization is considered in [96], where differential

privacy is achieved by perturbation of the objective function. We refer the reader to [34] for a
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broad overview of the systems and control-theoretic perspective on differential privacy.

5.2 Observability, Estimation and Differential Privacy

The notion of observability used in this paper is intricately related to solutions of inverse

problems, with an associated notion of well-posedness that is introduced below:

Definition 14 (Well posedness [78]). Let 2" and % be normed spaces, and P : & — % a

mapping. The equation P(x) =y is called well-posed if:
1. Existence: For everyy € %, there is (at least one) x € X~ such that P(x) = y.
2. Uniqueness: For everyy € %, there is at most x € 2~ such that P(x) = y.

3. Stability: The solution x depends continuously on y, that is, for any sequence {x;} C X

such that P(x;) — P(x), it follows that x; — x.

We now introduce the notion of lower semicontinuity of set-valued maps, which underlies

some of the results on optimization-based state estimation in this paper.

Definition 15 (Lower semicontinuity of set-valued maps). A point-to-set mapping H : % C R =
RY is lower semicontinuous at a point & € % if for any x € H(o) and sequences {o;} C %,
{x;} CR? with {o;} — &, {x;} — x such that x; € H(q) for all i, it holds that x € H(«). If H

is lower semicontinuous at every & € %, then H is said to be lower semicontinuous on % .

In this paper, we consider systems of the form:

X1 = f (o, i), 5.0)

Yk = h(xg) +vi,

where f: XX W — Xand h: X =Y, wy € W is the process noise, v, € V is the measurement

noise at time instant k, and X C R, Y c R, W c RW _and V C R%,
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Assumption 13 (Lipschitz continuity). The functions [ and h are Lipschitz continuous,

with || f (vt wi) — £ (e, w2) || < ¢ g —xa |+ lwi —wall and [|A(x1) = h(x2) | < exllxi —xa .

Assumption 14 (Noise characteristics). The noise sequences {wy }ren and {vi}ren are i.i.d
samples from distributions @ and v (with supports in W and V). The sets W and V are bounded,

with |wi| < W and |v¢| < V. Moreover, we assume that Eg|wi] = 0 and Ey [vi] = 0.

We also introduce the following autonomous system corresponding to (5.1):

X1 = f(-xkuo) = fO(xk)’ (5.2)

Vi = h(xk).

With a slight abuse of notation, for any x € X, we let Xr(x) =
(h(x),ho fo(x),...,ho fOT (x)), the sequence of outputs over a horizon of length 7 + 1

for the system (5.2) from the state x € X. Similarly, for the system (5.1), we let:

Q(x,w;.j) = (h(x),ho f(x,w;),....,ho f(... F(f(x,wi), Wit1),...,w)),

for some sequence of process noise samples {wy}, where w;.; = (w;,...,w;).

The theoretical results in the moving-horizon estimation literature have largely been
derived in the setting of input/output-to-state (IOSS) stability, as in [73, 77, 102] to name
a few, which is a notion of norm-observability, see [71], wherein the norm of the state is
bounded using the sequences of inputs and outputs. However, there are other classical notions of
observability based on the notion of distinguishability, which generalize the approach taken to
linear systems. For a detailed treatment, we refer the reader to [95] and [2]. In this paper, we
explore the connection between the classical notion of strong local observability and moving-
horizon estimation.

We now introduce the notion of strong local observability used in this paper:
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Definition 16 (Strong local observability). The system X defined in (5.2) is called strongly locally
observable if there exists a Ty € N such that for any given yr = X7 (x) € Y/ and T > Ty, we
have that X7~ (yr) is a set of isolated points, and, in addition, 21,~'(y1) = X1, (y2), for

ally; = Xr,(x) and y» = Z1,(x), and Ty, T > Ty. We call Ty the minimum horizon length of L.

The above definition is equivalent to the definitions contained in [2,95], which has been
restated it in a manner suitable for the optimization-based estimation framework considered here.
For systems with process noise, of the form €2 in (5.1), we introduce the notion of almost

sure strong local observability.

Definition 17 (Almost sure strong local observability). The system Q defined in (5.1) is called
almost surely strongly locally observable if there exists a T" € N such that, given a process
noise sequence Wo.r—1 € W, for T > T", any yo.r = Quor (x) € YT+ and T > T, we

have that QV_V(}.P | (Yo.7) is a set of isolated points almost surely. More precisely, the set of noise

—1

wor_ (Yor) is not a set of isolated points, is of measure zero.

sequences Wo.T—1 for which

Moreover, we call T" the minimum horizon length of Q.

We now present a fundamental result that characterizes strong local observability via a

rank condition.

Lemma 42 (Observability rank condition [95]). The system X is locally strongly observable with
minimum horizon length Ty if and only if Rank(VEr(x)) = dim(X) for all T > Ty and x € X.
The system C is almost surely locally strongly observable with minimum horizon length T" if

and only if Rank(VQy,.,_,(x)) = dim(X) almost surely for all T > T" and x € X.
We now present an example to illustrate these concepts.

Example 1. Consider a system with the state space X = (0,0), with xx1.1 = fo(xx) and yy = h(xy),
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such that:

3x, forx € (0,ar — €],

Jo(x) = 4 y(x) forx € (am—¢€,an+ €],

2x+arm, forx € (am+¢g,),
\

for some a € N, € small and a smooth function 'y such that y(aw —€) =3(an —€) and y(an+€) =
2(am+ €) + am. Moreover, let the output h(x) = sinx. We note that Vh(x) = cosx which implies
that Vh((2m+ 1)mt/2) = 0 for all m € N. Applying Lemma 42 for this system, we can infer
that for a = 2, we get that the minimum horizon length Ty = 3. This is because the system
becomes strongly locally observable at x = /2 only over a horizon of length Ty = 3, that
is VEL(/2) = 04y for k € {0,1,2}. This is a case of a one-dimensional system which is
strongly locally observable with a minimum horizon of length Ty = 3. With larger values of a,

the minimum horizon length is further increased.
We make the following assumption in the rest of the paper:

Assumption 15 (Strong local observability). 1. The system X in (5.2) is strongly locally ob-

servable with minimum horizon length Ty.

2. The system Q in (5.1) is almost surely strongly locally observable with minimum horizon

length T".

The KL-divergence from p; to i is given by:

Di(plle) = | toe (43 ) awu o

)
= /gg p1(x)log <Z; gﬁ;) dvol(x).
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The max-divergence between (| and U is defined as:

oe (59

We refer the reader to [62] for a detailed overview of the relations between the various metrics

Dmax (.ul 5 .UZ) = Sup
xed

and divergences in probability spaces.
We define an estimator & : % — (%) as a function that accepts as input data y from

the metric space % and releases as output &’[y|, a probability measure over the space 2.

Definition 18 (Differential privacy). Given 6, an estimator & is €-differentially private if for any
two 8-adjacent measurements y1,y, € % (that is doy (y1,y2) < 8), and any measurable A C %,

we have &[y1](A) < ef&[y2](A).

Note that the condition dy (y]',y4') < 0 is a generalization of the notion of adjacency to
arbitrary metric spaces that we adopt in this paper. We now have the following lemma on the

connection between the notions of differential privacy and max-divergence introduced above:

Lemma 43 (Differential privacy and max-divergence). An estimator & is €-differentially private

ilf Dmax (€' [y1], & [y2]) < € for any yi,y2 € & with dgy (y1,y2) < 0.

Proof. Clearly, if for any y1,y, € % with doy (y1,y2) < 6, we have Dax (&[yv1],&[y2]) < €, then:
£€> Dmax(éa[yl]aéa[yZ]) = sup

sup o (05 )
oz (515

This implies that for any x € 2", we have p;(x) < e®ps(x), from which differential pri-

>

vacy follows. Now, for any A C 2", we have &[y"](A) = [, pi1(x)dvol < [, e®pa(x)dvol =
e® [, p2(x)dvol = e*&[y}](A), which implies that & is e-differentially private. It is easy to

verify the forward implication holds. 0
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Thus, e-differential privacy essentially imposes an upper bound on the sensitivity of the

estimate generated by & (in the sense of the max-divergence Dpy,x), to the measurement.

5.3 Optimization-based state estimation

We now begin by addressing the state estimation problem for the autonomous system X,

and develop a recursive moving-horizon estimator for it.

5.3.1 Full-Information Estimation (FIE)

Let {)’k}ke{o}uN be a sequence of measurements generated by the system X.
Let {0,...,T} be a time horizon such that 7 > T, the minimum horizon length of the sys-
tem X, and denote yo.7 = (yo,...,yr). The problem of estimation essentially aims at characteriz-
ing 7! (yo.7), which is an inverse problem, and optimal estimation formulates this problem as
an optimization. Assumptions 13, and 15, on Lipschitz continuity and strong local observability,
respectively, ensure that the inverse problem is locally well-posed as in Definition 14.

To formulate the inverse problem as an optimization, consider a convex func-
tion Jr(yo.r,-) : Y1 — Ry such that Jr(yo.7,&) = 0 if and only if & = yo.r. Moreover,
let im7 e J7(Yo.7, 27 (x)) = o0 if x ¢ X7~ !(yo.7) for T > Ty. Now, the problem of interest

becomes:
xo € argminJr (yo.r,Zr(x)). (5.3)
xeX

In the above, yq.7 is the data in the estimation problem, which is given. Since the objective is to
solve the original inverse problem, and we would like to use gradient descent-based methods,
we would like for every local minimizer of J7(yo.7, 27 (x)) to belong to the set X7 ! (yo.7), or,
in other words, that every local minimizer is also global. We therefore make the following
additional assumption on the system X and the choice of Jr. For a conciseness of notation, in

the following assumption and lemma, we let J7(-) = Jr(yo.7, ), suppressing the data yo.7 in the
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notation where useful, and is understood from context.

Assumption 16 (Lower semicontinuity of sublevel sets). We assume that, for all T >
To, the convex function Jr : Yt — R is such that the set-valued map Fx(a) =
Yro! (Y§§+l(a) ﬂZT(X)> is lower semicontinuous, where ygﬂ (@) ={Ec Y |Jr (&) <
o}.

The above assumption ensures that the function Jr (yo.7, X7 (-)) satisfies the condition

for the local minimizers to be global (Theorem 1 from [122]). The following lemma provides a

sufficient condition for it to hold.

Lemma 44 (Second-order sufficient condition for lower semicontinuity). Assumption 16 holds
if for any x € X such that V (Jr(yo.r, L1 (x))) = 0 we have Jr(yo.r, L1 (x)) = O, or the following
condition holds when Jr (yo.r,X7(x)) # 0 for any v € R%, v = 0:

<VZZT [v,v](x), VJr

w)> < D (HGSSJT

Xr (x)) ’

The final inequality in Lemma 44 merely states that those critical points at which the cost

IVEr ]|

where Hess Jr is the Hessian of Jr.

function does not reach the global minimum value are local maximizers.
We are now ready to present the following theorem that establishes the equivalence

between the inverse problem of characterizing the set ! (yo.7) and the optimization (5.3).

Theorem 13 (Inverse as minimizer). Under Assumptions 15 and 16, for any T > Ty, it holds

that z € X7 Y(yo.r) if and only if 7 is a minimizer of J7 (yo.r, X1 (-)).

Proof. 1f z € 277! (yo.r), we have that ho f¥(z) = yj for all k € {0,...,T}. It now follows
that J7(yo.r,Zr(z)) = 0. Since, J7(yo.7,X7(z)) > 0 by definition, we infer that z is a global

minimizer of J7(yo.7, X7(+))-
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Suppose that z is a local minimizer of J7(yo.7,Zr(:)). By Assumption 16 and Theo-
rem 1 in [122], we get that the local minima of Jr(yo.7,X7(-)) are also global, which implies

that J7 (yo.r,Z7(z)) = 0, and therefore £7(z) = yo.7. 0

Theorem 13 suggests that the state estimates for the system X can be obtained by mini-
mizing Jr (yo.7,Zr(+)) over a horizon of length T > Tj. This is also called the full information
estimation (FIE) problem in the optimal state estimation literature [73, 102], as it works with the
entire sequence of output measurements over the horizon {0,...,T}.

Now, from Assumption 15 and Theorem 13, we have that Yol (yo.7) is a set of isolated
points which are minimizers of J7(yo.7,Z7(+)). It then follows that X7~ !(yo.7) is the set of
stable fixed points of the negative gradient vector field of Jr(yo.7,Zr(+)). We let %) be the basin
of attraction of this set. Moreover, we note that f*(X7~!(yo.7)) is the set of stable fixed points
of the negative gradient vector field of Jr (Ykik-i—Ta fk oZT(-)), and we let %} be the basin of
attraction of 27! (yxx17). We have used above the fact that 27! (yerr7) = f5(Zr 1 (yor))s
which follows from the definition of strong local observability.

We now lift the FIE problem (5.3) to the space of probability measures over X, as a

minimization in expectation of the estimation objective function:

in E.Jr(vor. (-], 54
uoearguerflgljr(lx) u[T(Yo.T, (+))] (5.4)

The above formulation allows us to capture information about the (probably many) optimal
estimates through a probability measure Ly, and help encode distributional constraints, which
will be considered in a forthcoming publication.

In the following, we develop recursive moving-horizon estimators that generate se-
quences { i }xen of probability measures in &?(X) as estimates. We then obtain practically

implementable estimators using Monte Carlo methods to sample from the measures L.
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5.3.2 Moving-Horizon Estimation (MHE)

In the previous section, we presented a formulation of the full information estimation
(FIE) problem for the autonomous system X, which uses the entire measurement sequence
over a horizon of length T > Ty. However, the minimum horizon length 7j may be large,
which would make the estimation computationally intensive. Moreover, we would like to
progressively assimilate the incoming measurements online. We therefore adopt a moving-
horizon estimation method which, at any time instant K + N, uses the output measurements from
the horizon {k+1,...,k+ N} (of length N < Tp), and the state estimate at the time instant k — 1,
to obtain the state estimate at instant k, recursively.

We let G (z) = Jn—1 (Yk+1:4+n: Zn(2)) be the objective function over the horizon {k +

1,...,k+ N}, at the time instant k + N, where Yy 1608 = (Vi1 -5 Viin)-

Assumption 17 (Moving-horizon cost). We make the following assumptions on the cost func-

tion G;(V :
1. the cost G;CV is [-smooth,

2

2. it holds that |Gy, | (fo(z)) — GY (z)| < L||VGY (2)
3. the previous constants are such that [L < %,

4. for any two 8-adjacent measurements y,§ € Y1, such that |y —§|| < & and with
corresponding costs GY and ékN, fork €{0,...,T} and N < T —k, we have ||V(GY —

GV)(x)|| <18 for all x € X.

We now formulate the general moving-horizon estimation method as follows:

carg min D(u, _+IEGN,
Mk g, min (W, fortti—1) + NEy [GY] 55

given Ly € Z(X),
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where D : Z(X) x Z(X) — R is a placeholder for a metric, divergence or transport cost
on Z(X). We obtain implementable observers from the above formulation by sampling from the
measures, by Monte Carlo methods. As discussed in the ensuing sections, using the 2-Wasserstein
distance W, yields the more familiar MHE formulation, whereas with the KL-divergence we
obtain a moving-horizon particle filter. Hence, this formulation is proposed as a distributional
unifying framework for moving-horizon estimation, where different estimators are generated by
different choices of D.

We now introduce the following asymptotic stability notion for estimators that will be

used in investigating the properties of the estimators we design.

Definition 19 (Asymptotic stability of state estimator). We call an estimator of the form (5.5) an

asymptotically stable observer for the system ¥ if the sequence of estimates { L }ren is such that

My oo e (Z7 ! (Yiekir)) = 1 for T > T,

5.4 A W,-Moving-Horizon Estimator

In this section, we derive a moving-horizon estimator, which we refer to as the W,-MHE,
to generate a sequence of probability distributions {u }ren. This is based on the one-step
minimization scheme of [107] in &(X) w.r.t. the Wasserstein metric W,, which we extend to the

moving-horizon setting. For every k > 0, consider:

1
)EWZZ(HafO#.uk—l) +nEyu [GY],
(5.6)

given oy € Z(X).

« € arg min
H gue@(x

We let % be the support of p, with £y C %), where % is as defined earlier in Section 5.3.1.

5.4.1 Sample update scheme for W,-MHE

We now derive a sample update scheme for W,-MHE, which also yields an implementable

filter for the W,-MHE formulation.
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We note that any local minimizer y of (5.6) is a critical point of the objective functional,

and, therefore, it satisfies:

o 1
c= a [(EWQZ(.UafO#Uk—I) +nEy [Gﬂ)]

K=y

= ¢k+TIG2]7

where ¢ is the Kantorovich potential [107] associated with the transport from . to fostli_1,
and c is a constant (from the constraint [xdu(x) =1, for p € (X)), due to which the first

variation is defined up to an additive constant). From the above equation, we now obtain:
Vr(x) + NV GY (x) =0.

The gradient of the Kantorovich potential ¢, defines the deterministic optimal transport map 7;
(note that this notation is not to be confused with that of the time horizon T) w.r.t. the W,-
distance from i to foullx_1, which determines V¢ (x) = x — kal (x) (where y = Ti foulli—1)-

We therefore get:
x=T, ' (x) - nVGY (x). (5.7)

The above equation allows us to design an implementable filter for the W>-MHE (5.6). We
let z; ~ L, that is, z; € J#; is sampled from the distribution ;. From (5.7), it holds that z; =
kal (zx) — NVGY (z). Since (kal)#.uk = foulk—1, we let Tk’1 (zx) = fo(zx—1), a sample of the

distribution fostlx—1, and we obtain the following recursive estimator:
= folz—1) VG (%), k>0. (5.8)

We now note that the estimate z; in (5.8) corresponds to a critical point of the following
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minimizing movement scheme:

1
ZkGargmm§Hz—fo(Zk—l)||2+nGiv(Z), k>0,
2 (5.9)

z0 ~ Ho € Z(X).

Lemma 45 (Strong convexity). For 1 < I, the objective function in (5.9) is strongly convex,

and therefore proxy gy (fo(x)) is a singleton for any x € X.

Proof. Let O(z) = %HZ—fO(Z)HZ + NGY(z). We have VO(z1) — VO(z2) = z1 — 22 +
n (VGY(z21) —VGY(z2)). It now follows that (VO(z;) — VO(z2),z1 —22) = |21 — 2o|* +
n <VG§€V(Z1) — VGg(Zz),zl —zZ>. From Assumption 17-(1), on the moving-horizon cost, we
now get (VO(z;) — VO(z2),21 —22) > (1 —1nl)||z1 — z2||%, and since 1l < 1, we infer that @ is
strongly convex, and therefore has a unique minimizer. Thus, prox, o (fo(2)) = argmin, O(z) is

a singleton. [

We note that the minimization (5.9) defines a proximal mapping w.r.t. the Euclidean

metric, which we represent in a compact form using the proximal operator as:

zx = prox, v (fo(zk—1)), k>0,
G (5.10)

20 ~ Ho € Z(X),
where supp(uo) = %o C 6.

5.4.2 Asymptotic stability of W,-MHE

We present the asymptotic stability result for W,-MHE in this section, before which we
introduce the following assumption on positive invariance of the discrete-time dynamics defined

by the map prox, g © f.

Assumption 18 (Positive invariance). We assume that there exists o > (1 —+/1—2IL)I~ such

that for all m € (0, @), we have proxy gy (f(€r-1)) € G
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The above assumption ensures that under the discrete-time dynamics defined by the
map prox ey o f, any sequence starting in the basin of attraction € of X7~ !(yo.r) remains
within the basins of attraction €, of L7~ (Yi:ka7) at the subsequent instants of time k € N.

We are now ready to present the asymptotic stability result for W>-MHE:

Theorem 14 (Asymptotic stability of Wo,-MHE). The estimator (5.6), under Assumptions 15

1—v1-=2IL 1 ) ,
———  ,min|{ «, () is an asymptotically stable

to 18, with a constant step size 1| € ( /

observer for the system L.

Proof. By Assumption 17-(1), on the moving-horizon cost, and Lemma 13, we have:

G (fo(zk=1)) — GF (z) — (VG (zk) Sfolzk—1) — %)

l
< EHfo(Zk—l)—ZkHz-

Substituting from (5.8) into the above, we get:

Gy (folz-1)) = G (1) = nIIVGE (a0 ]

<122 IVG @) P
It now follows that:
6¥(a) = G a0) —n (1= 30 ) IVGY Gl
From Assumption 17-(2), on the moving-horizon cost, we have:

Gt (2k) < G-y (zk—1) + LIVG (za1) |

[
“n(1-5n) V6@l
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Summing the above inequality from k =1 to K, we get:

I\ & -
n (1 - 5”) Y VG @)IP =L Y IVGL )
k=1 k=1

< G} (20) — G¥ (zk).

From here, we obtain:

n(1-50) 1] L ivatteor?
k=1

< G (20) — Gk (zx) +L| VG (z0)

< G (20) +LIIVGY (0>
Since N € (ﬁ, %) , we have that n (1 - %n) — L > 0 and therefore, taking lim-
its in the previous inequality, we deduce that the series is summable. The latter implies
that lim_,. VG (z¢) = 0, and from (5.8), we have that lim_c. || zx — f(zk—1)|| = 0.

It now follows, by definition, from the above that:

lim VG ™ (z) = Hm V(T (Yersr, Zr(2))) =0,

k—yoo

over a horizon of length T 4 1 (with T > Tp). We now have that the initial condition zg €
o C 6o and Assumption 18 ensure that z; € %, the basin of attraction of f* (X7~ (yo.r))
and from the fact that limg_,ce V (J7 (Y7, 27 (2¢))) = 0, we infer that {z;} converges to the
local minima of J7 (yx.x+7,Z7(+)). By Theorem 13, it now follows that {z;} converges to the
set X “Nyierrr). Therefore limy_yo d (24, 27~ (Yikrr)) = O.

Moreover, since limy_.d(zt, 27 ' (Yiaer)) = O for all zog € %, it follows
that limy_,e-#; = X7 ' (Yersr). We know that supp(u;) = #, and therefore we get

that limy_yeo g (Z7 7" (Yeksr)) = 1. -
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5.4.3 Robustness of W,-MHE

We now characterize the performance of the estimator (5.6) on the system Q in (5.1).
Since the true process and measurement noise sequences remain unknown, we are interested in
the robustness properties of the estimator (5.11), in the form of an upper bound by the norms of
the disturbance sequences on the estimation error.

We begin by constructing a reference estimator that recursively generates the estimate
sequence, given the true disturbance sequences {wy }ren and {vi }ren, as follows:

- R - =N
c —W. , _ E, |G s
A arg min 5 (W, foufik—1) +NEy [GY ]

(5.11)

given fip € Z(X).
where, we employ for conciseness W = Wiy —1 = Wi,- -, Wian—1) and vV = Vi gy =
(Vi1 -, Vien ), s0 that GY (z) = GY (2, W, V) = Iv—1 (Ve 148 Qwipon 1 (2) + Vit 1264 ) - Note

that G = GY | We let .7}, be the support of I, with %) C %), where the definition

w=0,v=0"

of 6 is similar to that of %} but taking the noise {w;} and {v;} into account.

Assumption 19 (I-Smoothness w.r.t. disturbances). We assume that |[VGY (z) — VGY (z)|| <

Lol| (WickN—15 Vi 1:k4) || for all z € X

Following the proof of Theorem 14, under the same set of underlying assumptions, we
infer that the reference estimator (5.11) is almost surely an asymptotically stable observer for the
system €, given a particular realization of the disturbances {wy }ren and { vy }ren-

We now present the following theorem on the robustness of the estimator (5.6), charac-
terized by a bound on the error in the estimates generated by (5.6) with respect to the estimates

generated by the reference estimator (5.11):

Theorem 15 (Robustness of Wo-MHE). Under Assumptions 13, 15, 17, and 19, given the estimate

sequences { L } ren generated by (5.6) and { iy }ren generated by the reference estimator (5.11),
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2)
with to = flo, we have Wa (U, fix) < -5WCr + nl“z,)N(W +V)Cy, for all k € N, where C, =
f ‘r

a

o

k C(fl) ¢
28:1(17711)-

Proof. The estimator (5.11) yields the following reference recursive scheme:
ZkZf(fk—lawk—l)—nVny(Zk), (5.12)

where the above is derived similarly to the noiseless case. Let {z }ren and {Z }ren be the

estimate sequences generated by (5.8) and (5.12) respectively, with zg = Zg, for which we have:

2k — Zill

= || fo(zk—1) = fZr—1,wk—1) = VG (z) + nVGY (Z0) |
= [ folzk—1) = fo(Zk—1) + fo(Zk—1) = f(Zk—1,wk—1)
—NVGY (%) + VG (z) VG (%) +nVGY (@) |

< W laor =zl + ¢ wet ||+ i e~z

+ Lo || (WeekN—15 Vi 1:6+8)

where the final inequality follows from Assumptions 13, 17, and 19, on the several Lipschitz

properties of f the gradient of G¥, and G;(V , respectively. Further, since 11/ < 1, we obtain from

149



the above that:

llzk — Z|

1
= <1_—nz) (e s = 2l i

A0 || (Wheks-N—15 Vit 1:%4+8) |])

M \ X 2) M \°

c c k ¢y
S = S
< | L _ o
S\ 1o Iz0 = 2ol + cl ; Wi
m \*
Nly f
+ Y | (Wk—t41:k—04-N > Vi—t42:k—t+-N+1) |
C(l)gi1 1—nl
=
(2)
c L, VN
<L we+ 1Y w v
0 0
f f

) Q)

We note that if -7 < 1, we have that limy_,., G = 1 ; y is finite, and therefore, ||z — Z| is
_n _Cf

bounded as k — co. We note here that even when zy # Zo, the effect of this initial discrepancy

vanishes as k — oo,

Now, let Ty, : #; — .#; be a map such that for sequences {z; } and {Z;} generated by (5.8)
and (5.12) respectively, with zg = Zo, we have Ti(zx) = Zx. It then follows that Tjuuy = fix.. Now,

from the above, and by definition of the 2-Wasserstein distance, we have:

Waluo i) < ([l @) Pama) )

2) 2

c L
< / %WCH—” (\)/_(W+V)Ck du(z)
€X | ¢ c

f

(S

~

2
) nl,v/N

< LWC](—F -

0 Kt (W +V)Cy.

I
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5.5 A KL-Moving-Horizon Estimator

In this section, we derive a moving-horizon estimator, which we refer to as KL-MHE, to
generate a sequence of probability distributions { t; }ren. Using the KL-divergence Dy, as the

choice of divergence in the moving-horizon formulation (5.5), we obtain:

€ in D _ E, [GY
Hy arguefré;f(lx) kL (1 || fortti—1) +NEy [GY] 513

given p € Z(X).

We note that any local minimizer p of (5.13) is a critical point of the objective functional,

and, therefore, it satisfies:

Y

H=H

o
= 5a [DxL (| foutte—1) +NEy [GY]]

where c is a constant (from the constraint [xdp(x) =1, for p € #(X), due to which the first

variation is defined up to an additive constant). From the above, we get:

_ Pk N
e=tog (-2 ) (94 m ),

where for any ¢ € {0, 1,...}, p, is the density function corresponding to the measure ;. There-

fore, the corresponding recursive update scheme for the density function is given by:

P (x) = cx (foupr—1(x)) exp (-1 G (%)) , (5.14)

where c; is the normalization constant. We note that the above is a particle filter formulation,
with the horizon cost GkN defining the weighting function. Implementable filters are obtained by
a Sequential Monte Carlo method, see [45]. We now present the asymptotic stability result for

KL-MHE:
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Theorem 16 (Asymptotic stability of KL-MHE). The estimator (5.13), under Assumptions 13

to 16, is an asymptotically stable observer for the system ¥L.

Proof. We know that for any map .7 and measure {1, we have that d Zy1 (x) = dp (T -1 (x)). It

then follows from (5.14) that:

Pr(x) = cxpr—1(fy ' (x)) exp (—nGY (x)) .

We now rewrite the above as:

Pr(fo(x)) = cxpr—1 (x) exp (—1 G} (fo(x))) -

Repeating the above process k times, we obtain:
k SN
Pi(fo(x)) = Cepo(x)exp | =0 Y G{' (fo(x)) | »
(=1

where Cp = ci¢r_1...c1 is the normalization constant. If x ¢ ! (yo.r), we have
limy o0 i (fX(x)) = 0, since Y5_, GY (f§(x)) — oo as k — oo for all x ¢ T~ !(yo.r) (by defi-

nition of the cost function, the sum diverges over an infinitely long horizon). Thus, we get:

kli_I;lOHk (fé( (ZT71<YO:T))> = ]}i_I;IOHk (Zr N (yrasr)) = 1.

5.6 Differential privacy

In this section, we discuss the mechanism for encoding the desired level of differential
privacy in moving-horizon estimators. We then apply this mechanism to the two estimators

presented in the previous sections, the W,-MHE and KL-MHE. We conclude the section with a
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discussion on differential privacy of the estimators over a time horizon.
Given the framework (5.5), we encode differential privacy by an entropic regularization

of the estimation objective function, as follows:

i D _ E, [GY
erafguenéy(lx) [skD(1, foutte—1) + sknEy [G |
~(1=s0)8" (W) (5.15)

given Ly € Z(X),

where sy € [0, 1] is a tunable time-dependent parameter and .%; is the support of foutly 1 (with 7
being the support of (y). Moreover, $4(u) = [, plog(p)dvol, where A C X and du = p dvol.
We note that when s; = 1, the above formulation reduces to (5.5) and when s; = 0, it is equivalent
to an entropy maximization problem, yielding a uniform distribution over the set f(#;_1) as the
solution. Clearly, the uniform distribution is insensitive to the measurements, and therefore offers
maximum privacy, while being of no value to the estimation objective. The ensuing analysis in
this section is directed at determining upper bounds on the parameter sequence {s }ren such that
the MHE offers e-differential privacy. We rewrite the optimization problem (5.15) for s € (0, 1]

as follows:

Mk € argugrr;in [D(1t, fouttk—1) +NEy [GY ]

7 (%)
_ (1 —Sk) S%k(u)} , (5.16)

Sk

given oy € Z(X),

Lety,§ € Y/ N+ be two §-adjacent measurement sequences as in Definition 18, over a hori-
zon {0,...,T + N}, such that ||y — §|| < 6 and let {u; }ren and {fix }ren be the sequences
of estimates derived from (5.16). In the following, we determine conditions on {s; }rcn that

guarantee differential privacy for each of the estimators derived in previous sections.
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5.6.1 Differentially private W,-MHE

We now design a differentially private W>-moving-horizon estimator. We begin by

considering:
- 12 N
= _ E
Mic € arguen;r(lX) [2W2 (1, fortie—1) +NEy |G} ]
_(l—sk>5%k(“)y (5.17)
Sk
given o € Z(X),
for s € (0, 1].

The following theorem provides a sufficient upper bound on s7 such that the entropy-

regularized W,-MHE in (5.17) is er-differentially private at a time instant 7.

Theorem 17 (Sensitivity of Wo-MHE). Given two d-adjacent measurement sequences'y,y €

YTV under Assumption 17, we have that the estimates generated by (5.17) sat-

isfy Dmax (Ur, fr) < €7 if st < &r <£T +c§diam(ji/o) <n13 +c§diam(<%/o)q(5)>) , where q :

R>0 — R is a class- ¢ function that satisfies g(0) = 0.

Proof. Let G;{V and Gvfcv be the estimation objective functions at time instant k, corresponding to
the measurement sequences y and y respectively, and let u;, and L be the respective estimated
probability measures, with pg, px the corresponding density functions. From (5.17), we get
that for all k € {0,...,T}, W, being the local minimizer is also a critical point of the objective

functional. We therefore obtain:

Oe(x) + GV (x) + (ﬂ) log(py(x)) = ¢,
Sk

where ¢y, is the Kantorovich potential associated with the transport from u to foxlr—1 and c is a
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constant. It now follows that:

Vo) + 960+ (1) Vioglpo ) =o.

Sk
Similarly, we have:

1—
Sk

VL) + 960+ (1) VioglFon =o.

Taking the difference between the above two equations:

% {log (Zi)} (x) = — (1 iksk) [V(q)k — 0r) (%)

+V(GY -G ()]

We have that V@ (x) = x— Tk_l (x), where 1 = Ty (foullx—1 ). This implies that V(g — @) (x) =
—(T,7 " (x) = T, ' (x)). However, T, (x),T, ' (x) € fo(H_1) = f(#p), and therefore ||V (¢ —
&) (x)|| < c?diam(%)q@), for all x € fX(.#5) and some class-#" function g. We let g charac-
terize the dependence of ¢ on the measurement sequence, and we get that ||V (¢ — @) (x)|| =0
for all x € X, when § = 0. Moreover, by Assumption 17, we get |[V(GY — GV)(x)|| < I8.

Therefore, we obtain:

H {log( )”' (1_Sk) (chdiam(A6)a(8) +16) . (5.18)

We also have that for any x € f(%):

log(g—’;>()_1g(Pk>() )
+/ {bg( )} (y()) - y(r)dt, (5.19)

where ¥(0) = x and y(1) = x. Since py and py are continuous, with [, (Ao (pk — px) = 0 (since
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P (o) Pr = f 7( pk = 1), there exists an ¥ € f5(.) such that p;(¥) = py(¥), which implies

that log (p ") (x¥) = 0. From (5.18) and (5.19), for a straight line segment Y, we therefore obtain:

s ()

. ( Sk )(c';diam(%)q(a)ws)x

1—Sk

c’}diam(%fo),

where we have used the fact that fol 17(2)|dt = ||x — x| < diam(f& (%)) < c’]idiam(,/“i{)). Thus,

fork=T, we let:

Pr ST T 1-
I L < d J0)q(8) +10
og(m)w _(I_ST)@ iam(#0)q(8) + 1) x
ch»diam(Ji/o)
SSTa
from which we obtain that:
er

st <

)

<£T + C;diam(%) <nl§ + c?diam(%)q((S)))

and since ‘log< >(x)‘ < gr for all x € fI (), we have that SUPce 4T ()

e (57)] -

]

(‘0 ‘O?l‘o
~

max ([.LT, .U'T)

As noted earlier, Theorem 17 provides a sufficient upper bound on sy for differential
privacy of the estimate at 7. The goal, however, is to guarantee the desired level of differential
privacy over a time horizon {0, ...,T}. The key issue here is that the recursive update scheme
of the estimator introduces a dependence between the estimates at different time instants. This
essentially means that imposing an upper bound on sensitivity for the marginal distributions g
individually, without regard to the dependence between these distributions, may not be sufficient.

Therefore, to guarantee the desired level of differential privacy over the time horizon, we must
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impose an upper bound on the sensitivity of the joint distribution 6 € 2 (X7 *+1), where the
estimates U are the marginals of o over X.
The following theorem provides a sufficient upper bound on {s;}/_, such that the

entropy-regularized Wo-MHE in (5.17) is e-differentially private over a time horizon {0,...,T}.

Theorem 18 (Differentially private Wo-MHE). Given two 0-adjacent measurement se-

quences'y,y € YN under Assumption 17, we have that the estimates generated by (5.17)

. ~ T A k
satisfy Dmax (0,0) <€ if Y)_, <1i—ksk> cp < m

Proof. Let szv and 6’,2’ be the estimation objective functions at time instant k, corresponding
to the measurement sequences y and y respectively, and let 6 and G be the respective joint
probability measures over the horizon {0,...,7T}. With a slight abuse of notation, we allow &

and o to also denote the joint density function. We now have:

G(Xo,xl,. .. ,)CT) = po(X())G(Xl,.. . ,)CT|X()>

= po(x0)p1(x1]x0)p2(x2]x1) . .. pr (X7 [X7-1),

where py(xx|xx—1) is the marginal density at x; at time instant k, given that the distribution at
time instant k — 1 is concentrated at x;_;. Moreover, we note that the W,-MHE (5.17) yields a
Markov process, which allows us to express Py (xXg|xk—1,- - -,X0) = Pr(xk|xk—1). Now, pr(xx|xx—1)

is the density corresponding to the measure obtained by the following:

: 12 N
Hi € afguefflg;f(lx) [§W2 (15 9y _y)) + NEp Gy]

()]

where (95 is the Dirac measure concentrated at {. From the above, we get that for all k €

{0,...,T}, W, being the local minimizer is also a critical point of the objective functional.
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Applying similar steps to those in the proof of Theorem 17, we obtain:

g (2 ) (e

< (1 i ) 18¢kdiam(Ap).

Now, we have:

log (%) (oek k1)

By taking

T
18diam () Y ( ok )c; <e,

we obtain the following inequality:

T
Z Sk k< &
=\ 1-s.) 7~ 18diam(Ap)’

and that Dy« (0,0) < €

T
<y (1 Sk >l5c_’;diam(%).

]

We note that for a given €, the upper bound on the sequence {s; } decreases with 8. In

other words, guaranteeing €-differential privacy w.r.t. measurement sequences that are farther

apart requires the addition of more noise and a greater loss in estimation accuracy. This is

because the weighting on the entropic regularization term in the estimation objective increases

when sy is reduced. The same is the case when & is reduced for a given &, which corresponds to

a more stringent privacy requirement.
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5.6.2 Differentially private KL-MHE

We now design a differentially private KL-moving-horizon estimator. We begin by

considering the entropy-regularized KL.-MHE formulation, given by:

. D B £, [GY
m argug%g)[ kL (W]l foutte—1) + NEy [GY ]
- (1 —sk) S%(u)] 7 (5.20)

Sk

given Uy € Z(X),

for s € (0, 1]. The corresponding recursive update scheme for (5.20) is given by:

P () = ci (forpr—i (x))% e M9CK ), (5.21)

which will be derived in the proof of Theorem 19 below.
The following theorem provides a sufficient upper bound on s; such that the entropy-
regularized KL-MHE in (5.20) is er-differentially private at a time instant 7', while ignoring the

correlations between the estimates U across time.

Theorem 19  (Sensitivity of KL-MHE). Given two  §-adjacent  mea-
surement  sequences y,y € Y!™NTL  under  Assumption 17, we  have

that  the  estimates  generated by  (5.20)  satisfy  Dmax (Ur,lr) < é€r

if Yo (MMes) < e (27] maXxge (.. 7} (Ock—i—lcl}(Sdiam(%))) , where
Proof. Let G;(V and é;(v be the estimation objective functions at time instant k, corresponding to
the measurement sequences y and y respectively, and let u; and i, be the respective estimated

probability measures, with py, px the corresponding density functions. From (5.20), we get

that for all k € {0,..., T}, W, being the local minimizer is also a critical point of the objective
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functional. We therefore obtain:

o) 1—
5 Dxr (1| foute—1) + NEu [GY] — (Tsk) S%‘(H)}

Hic

= Cp,

from which we derive that:

Pk v 1— st -
o (fo#pk1> W)+ Gl + (T) log pi(x) = G-

The above equation can be rewritten as follows:

() = cx (forpr—i (x))* e MG )

= cx (pr—1(fy ! (x)))sk o~ MkGY (),

where ¢y, is the normalization constant. We therefore obtain:

P fo(x)) = cx (Pt (x)) % e MHGE ol
Expanding the above, we get:
pr(f(x)) = Cr (po ) Himr 5 ¢~ Tk (TMest) G (A5 )
where Cr = cic;...cr. Similarly, we have:
pr(fI (x)) = Cr (Po(x)) % =1 Zie (M) GY (U5

where 67 =C1Ca...cr and po = Py, as we assume that the estimator starts with the same initial f.
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From the above two equations, we obtain:

1og(p )<f0< )) = log (%)

—nZ (H) (6¥ - &Y) ).

The max-divergence between yr and U7 can be upper bounded now by:

g (22) 47 )

< |log <g )‘—i—xiu%n]; (Hs,)
(e -a) )]

<2swpny (Q) (c) - &) ()|

XEHX) k=1

Dmax (,U-T ) .u'T) = Sup
XEH

where the final inequality is due to the following (note that we use the fact that p = p, as

mentioned earlier):

u(g)

Joce (9o ()Tt @M Xy (Tit) GY (55

= |1 _
og Jeeg (Po(x ))HkT:lSke*n L (T 1) G (f§ (%))

e*nzk (Hsz ) f5(x)
)|

e lek 1 H,Tksl) x))

< sup |log
XEH

<spny (H) (a¥ —55!) (F5)|.

XEHX) k=1
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We now have, forall k € {1,...,T}:

(G &) () = (GN - GN) (%)
+ [V (- &) tno) - i
where ¥%(0) = & and (1) = f&(x). From Assumption 17, we have HV (Gﬁcv - éf) (é)H <1s.

Moreover, let & € fX(.#) such that ‘ (G;(V — 52’) (gk)‘ = min g ) ‘ (G;(V - 52’) ‘ = oy, and we

obtain:

(GY =) (50| < o+ 18diam (£ (40))

< oy + Ic;8diam ().

This yields the following inequality:

T ~
2supn Y. Hs,) (a¥-aY) (fEw)]

X€EXY k=1 \i=k

T T
<my (Hs,-) (o4 + 1k Sdiam(45) )
k=1 \i=k
T T
<2 ]? (Ock—f—lcdelam K0 > ; (Hs,-) .

We now let:

T [T
an]flx (Ock-l—lc -Odiam (%) ) Z (H ) <er,

k=1

which yields the bound

T [T
er
; (Hc ) 21 maxy (ak +1ck 5d1am(</"i/0)>
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and we get Dyax (Ur, tr) < €r. O

We note here that, in practice, with the choice of a sufficiently large domain %, we
can ensure that o = ming ) ) (Gﬁ;’—éﬁj) (5)‘ =0 for all k € {0,...,T}. This is ow-
ing to the fact that for a large enough .%o, we will have ming F4(H0) <G§(V — é{c‘] ) (£)<0<
maxe () <G§€V — éf(v ) (5 ). Moreover, since the function Gf(v — 62\, 1s continuous, there must
therefore exist a point £* such that (Gﬁc\' -GV ) (E") =0.

As with the W,-MHE, we now characterize the differential privacy of the KL-MHE over a
horizon {0,...,7}. We recall that the KL-MHE yields a sequence of distributions { i }]_, over
the time horizon. Differential privacy over the horizon requires an upper bound on the sensitivity
of the joint distribution ¢ over the horizon, where L is the marginal of ¢ at the time instant k.
As before, with a slight abuse of notation, letting ¢ also denote the joint density function, we

have:

G(Xo,xl,. .. ,)CT) = po(X())G(xl,.. . ,XT|X()>

= po(x0)p1(x1|x0)p2(x2|x1) ... pr(xr|x7—1).

From the above, we infer that to estimate the sensitivity of the joint density function, we must
estimate the sensitivity of the conditionals py(x;|xx_1). The conditional py(x|x;_1) at any time
instant k, is obtained from the coupling between the marginal distributions t; and ;.

We now obtain an upper bound for the case where the marginals y; are independently
coupled. In other words, we suppose that:

o (x0,X1,---,X1) = Po(x0)0 (X1, .. .,XT|X0)
(5.22)

= po(x0)p1(x1)p2(x2) - .. pr(x7).

Theorem 20 (Differentially private KL-MHE). Given two &-adjacent measurement se-

quences y,y € YN under Assumption 17 and the independent coupling (5.22), we
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have that the estimates generated by (5.20) satisfy Dmax (0,0) < € if Z/{:l Zé‘zl (Hi'(:l s,-) <
-1 ~
€ <2n maxy ((xk—i—lc;‘ﬁdiam(%/o))) , where oy = min&ef{;(%) ‘ (G;(V - G;(V) (é)‘

Proof. Let G;{V and 6;:’ be the estimation objective functions at time instant k, corresponding
to the measurement sequences y and y respectively, and let 6 and G be the respective joint
probability measures over the horizon {0, ..., T}. With a slight abuse of notation, we allow ©

and o to also denote the joint density function. From (5.22), we get:
c
I (;) N I
() o = Eon ()
which implies that:

rnax Dinax .uk> .uk

IIM'\J

From the proof of Theorem 19 on the sensitivity of KL-MHE, we further get:

~

max Z max .uka .uk

T k [k
<2n max (ock—i—lcf(‘jdlam (#0) ) Z Z (Hs,-) .
i=l

k=11=1

Therefore, it holds that Dy« (0, 0) < € if:

Ly

€
k=11=1 ( =1 ) 21 maxy (Ock + 1k 5d1am(%)>
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5.7 Simulation results

In this section, we present results from numerical simulations of the estimators studied in
this paper. The simulations were performed in MATLAB (version R2017a) on a 2.5 GHz Intel
Core 15 processor.

We considered the following nonlinear discrete-time system:

x1(k+1) =x (k) + txa(k),

_r xl(k)
T er (K)[? + 2 (k)

y(k) = x1 (k) + v,

)Q(k—l— 1) :Xz(k)

+ W,

with T = 0.1, wy and vy are i.i.d disturbances, sampled uniformly from the intervals [—0.1,0.1]
and [—0.15,0.15] respectively.

We first present the simulation results for Wo-MHE. We ran 30 trials of the estimator (5.9)
on the same measurement sequence, with randomly generated initial conditions and over a
time horizon of length 7 = 100. The length of the moving-horizon was chosen to be N = 10.
Figure 5.1 contains the plots of the mean of the estimates along with the true states. The root mean
squared error (RMSE) for the mean state estimate sequences were found to be z;RMSE = 0.0856
and z,RMSE — 0.0846 for the estimates of x; and x», respectively. The average time for computing
the state estimate through the minimization (5.9) using the fminunc function in MATLAB was
observed to be fcomp = 0.0124-0.02s.

We then implemented the estimator (5.13) with 30 samples, over a time horizon of
length 7 = 100. The length of the moving-horizon was chosen to be N = 10. Figure 5.2
contains the plots of the mean of the estimates along with the true states. The root mean
squared error (RMSE) for the mean state estimate sequences were found to be z; RMSE = 0.1073
and z,RMSE — (0.1144 for the estimates of x; and x», respectively. The average run-time for the

minimization (5.13) by a resampling method was observed to be comp = (4.8+£0.4) x 10 %s.
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Figure 5.1. Mean state estimates from 30 trials of W2-MHE

In simulation, with 30 samples, we find that the W,-MHE performs better with respect
to the root mean squared error, while the KL.-MHE is much faster. The performance of the
KL-MHE is determined by the richness of the sample set and effectiveness of the resampling
procedure, choices that depend on context and experience. In this manuscript, we did not
attempt to investigate improvements in performance with respect to these choices. The perfor-
mance of W>,-MHE does not necessarily improve with the richness of the sample set, but for
systems for which X7~ !(yo.7) is not a singleton, a richer sample set allows for a more complete
characterization of the set of feasible estimates.

Figure 5.3 illustrates the typical trade-off between accuracy and privacy in moving-
horizon estimation. We considered constant weights s; = s for the entropic regularization terms
in (5.17) and (5.20). The values of s were chosen such that they satisfied the bounds specified in
Theorems 18 and 20 for e-differential privacy of the estimators over the horizon. In Figure 5.3,
we plot the RMSE (for the estimates of the state x1) for Wo-MHE, averaged over the 30 samples,
specifying the accuracy, for different values of €, the privacy parameter. We recall that a higher

value of € indicates a less stringent privacy requirement. We notice that the the accuracy of the
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Figure 5.3. RMSE in estimates of state x| for W,-MHE, averaged over 30 samples for different
values of €
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estimators improves with an increase in the privacy parameter.

5.8 Summary

In this chapter, we laid out a unifying distributional framework for moving-horizon
estimation. We clearly established the connection between the classical notion of strong local
observability and the stability of moving-horizon estimation, for nonlinear discrete-time systems.
We then proposed a differentially private mechanism based on entropic regularization and derived
conditions under which e-differential privacy is guaranteed at any given time instant and over
time horizons.

The material in this chapter, in full, has been submitted for publication to the IEEE
Transactions on Automatic Control and is under review. It may appear as A Distributional
Framework for Moving Horizon Estimation: Stability and Privacy Considerations, V. Krishnan
and S. Martinez. A preliminary version of the work appeared in the proceedings of the American
Control Conference, Philadelphia, USA, July 2019 as On Observability and Stability of Moving-
Horizon Estimation in a Distributional Framework, V. Krishnan and S. Martinez. The dissertation

author was the primary investigator and author of these papers.
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Chapter 6

Robustness of multi-agent networks

In this chapter, we study a critical node set identification problem for large-scale spa-
tial networks with an associated weight-balanced Laplacian matrix. By considering a graph
embedding technique, we reduce the problem to spatial networks with uniformly distributed
nodes and nearest-neighbors communication topologies. Then we consider a special case of
a hole-placement problem, which consists of identifying the optimal location of the center of
a ball in the domain that minimizes the smallest positive eigenvalue of the Laplace operator
for the residual domain. With the help of the Min-max theorem, we formulate our objective
as an infinite-dimensional, non-convex and nested optimization problem. This limits our goal
at the outset to achieving convergence to a local optimum. Since the solution is hard to obtain
analytically, we develop an algorithmic approach to such problem. First, we consider the inner
optimization or eigenvalue problem, whose KKT points include the eigenvalues of the Laplace
operator. We then provide a closed-form expression for the projected gradient flow in a Banach
space for this problem that converges to the set of KKT points. Exploiting further the special
properties of these dynamics, we prove that the only locally asymptotically stable equilibrium
point for the dynamics is the second eigenfunction of the Laplace operator. Moreover, since the
other KKT points are saddle points that are non-degenerate, we infer almost global asymptotic
stability of the second eigenfunction. Building on these results, we then design a novel hole-

placement dynamics for the nested-optimization problem, and prove its local asymptotic stability
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to strict local minima. Finally, we provide a characterization of critical balls in the interior of
the domain, and study the limiting case when its radius approaches zero. We conclude that the
location of such critical nodes is at the nodal set of the second eigenfunction of the Laplace

operator, which has an intuitive geometric interpretation in some cases.

6.1 Bibliographical comments

We first review some works that present combinatorial approaches to the problem of
critical node identification. In [1,10, 111, 116], the authors investigate the problem of identifying
nodes whose deletion minimizes some network connectivity metric. An alternative approach
to improving network robustness involves incorporating redundancy in the network by adding
nodes and links, also called network augmentation [54]. In [47], the authors study the problem
of network design as a function of the comparative costs of augmentation and defense against
attack/failure.

The approximation of large networks by weighted graphs over a continuum set of infinite
cardinality appears in previous literature. In this way, in [86] large networks are approximated by
the so-called graphons, which result from the limit of convergent sequences of large dense graphs.
Extending this idea to spatial networks, where the nodes are embedded in a domain Q € RY, the
nodes can be thought to be indexed by their positions x € €2, and interactions restricted between
the nearest spatial neighbors. Combining these notions in the context of network consensus
dynamics, the object of interest is the continuum counterpart of the graph Laplacian, the Laplace
operator on the domain. Theoretical results concerning the convergence of the graph Laplacian
to the Laplace operator can be found in [17] and [18], which motivates the approach adopted in
this paper.

There have been severals attempts to investigate problems linking the shape of a domain
with the sequence of eigenvalues of the Laplace operator, for various boundary conditions,

although those related to the critical subset identification are fewer in number. The work [69]
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contains an overview of the literature on extremum problems for eigenvalues of elliptic (e.g.
Laplace) operators. In [79], the authors consider the problem of placing small holes in a domain to
optimize the smallest Neumann eigenvalue of the Laplace operator (but with Dirichlet boundary

condition on the hole).

6.2 Problem Formulation

We begin this section with the necessary background for setting up the critical node
identification problem addressed in this paper. We begin by explaining how we employ a graph
embedding along with a continuum approximation to go from the graph Laplacian to the Laplace
operator on the domain. Using the Min-max theorem, we are then able to characterize the second
eigenvalue of the Laplace operator corresponding to the algebraic connectivity of the graph. We
finally point out to a connection to agreement algorithms in networked systems.

Let G = (V,E) be a weight-balanced directed graph such that [V| = n, and w;; be the
edge weight corresponding to (i, j) € E. Amap x:V — Q C R", is called a graph embedding
(N < n and Q bounded), if x; =x(i) € RN is the (spatial) position assigned to node i € V, and
the map x preserves some proximity measure on the graph G. There exists a vast literature on
graph embeddings [64,110], of which we adopt the notion of the structure-preserving embedding.
Starting with the unweighted, undirected graph corresponding to G (where the weighted directed
edges in G are replaced by unweighted undirected edges), a structure preserving embedding can
be constructed such that any node j which is a neighbor of i in the graph G is within a ball of radius
h centered at at x; in the embedding. Once the graph is embedded in Q C RY, we view the nodes V
as having been sampled from an underlying distribution u € & (Q) (with density function p,
such that dpu = pdvol). It is always possible to obtain the weighted adjacency matrix W = [w;;]
of the digraph G as the discretization of a smooth weight function #" : Q x Q — R>, such
that w;; = #'(x;,x;). The weight function %" encodes the weights and directionality of the

edges, and since the number of nodes V is finite, such a smooth weight function always exists.
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Let ¢ : Q — R be a real-valued function on Q and ¢¢ : V — R such that ¢¢ = ¢¢(i) = ¢(x;). We
define the % -weighted average variation in ¢ around a point x € Q, averaged over a ball By (x)

of radius /2 > 0 and centered at x as follows:

1

e AR OREOI)

We see next that the weighted Laplace operator on Q can be obtained as the limit of a % -weighted
average variation as 1 — 0. We first let w(x) = #/(x,x) and Vw(x) = 3( # + ,#)(x,x), and

we obtain the following by means of a Taylor expansion:

c 1

lim ) /B ) (00) ~ 900)du0)

1
=—-V.-(wpVo),
5 (wpVe)

where c is a constant. The graph Laplacian matrix L(G) corresponding to G can now be viewed
as the discretization of the (negative) w-weighted Laplace operator —%V -(wpV). Alternatively,
the w-weighted Laplace operator can be viewed as an approximation of L(G), with closer
approximations obtained as n = |V| — oo and h — 0.

In addition, approximating the Laplacian matrix L(G) by the Laplace operator on Q
requires the specification of a boundary condition. This condition is obtained by observing
that 1, € Null(LT (G)), that is, (1,L(G)¢¢) =1, L(G)¢? = 0 for any ¢?. In the continuous
setting, this translates into the Neumann boundary condition V¢ -n = 0 on dQ. This can
be seen from an application of the Divergence theorem, that is, <1, ,%V : (pr(p)> = Jo %V-
(wpVo)du = [,oawpVe-ndS =0 (if V¢ -n = 0). Thus, the Neumann boundary condition is

imposed as the natural boundary condition here.

Remark 8 (Problem reduction to uniformly spatially embedded graphs). Based on the previous
considerations, and without loss of generality, in the following we focus on networks that

are spatially embedded in an open bounded domain Q according to a uniform distribution
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(the distribution W is uniform above) and such that the underlying graph is undirected and
unweighted. Note that the following derivations are analogous for the case of a non-uniform U
and weight-balanced directed graph: all results carry through by keeping the weights w and p

in the weighted Laplace operator.

The Laplace operator A with the Neumann boundary condition, has an infinite sequence
of eigenvalues 0 = A <1, <... <A, < ..., whose corresponding eigenfunctions {y;}3> | form
an orthonormal basis for LZ(Q), [55]. Using the Min-max theorem [55] for the operator A, one

can determine:

(V. AY) 120

MH(Q)= inf ———"
& ve{u it (V. ¥) 20

) (6.1)
where {y1}t = {y € H'(Q) |y # 0, [owi1w dv =0}, and y; is constant, the eigenfunction
corresponding to A; = 0. This implies {y;}+ = {y € H!(Q)| [, ¥ dv = 0}. Thus, using the
Divergence theorem, applying the Neumann boundary condition, and normalizing the functions,

we obtain an equivalent reformulation of (6.1) as:

(Q)=  inf / IVy|2dv. (6.2)
yer'(Q), JQ
Jo wdv=0,
Jo lyPPdv=1

Remark 9 (Connection to agreement algorithms). The second eigenvalue is also of relevance
to Laplacian-based agreement/consensus algorithms in networked systems, as it governs the

convergence rate of these algorithms.

We now define the notion of criticality adopted in this manuscript. We define critical
nodes as those nodes in the graph whose removal results in the maximum deterioration in
algebraic connectivity for the residual network, making them the most crucial nodes to be
protected.

More precisely, this amounts to identifying a set K* C Q of given measure |[K*| =c¢ >0
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such that A, (Q\ K*) is an infimum. The problem of identifying the critical nodes, K*, can be

formulated as:

K* carg inf  inf / Vydv.
KCQ, yeH'(Q\K), JQ\K
IKI=¢ Jo\x wdv=0,

Jok [WPdv=1
We restrict the search to a class of subsets K = B,(x) = {y € Q| |y —x| < r} C Q, open balls of
radius r (such that |B,(x)| = ¢). This reduces the search space to Q, = {x € Q|dist(x,dQ) > r},

and the problem is reformulated as:

x* € arg inf inf / IVyl|dv. (6.3)
x€Q, el (Q\B,(x)), JQ\B,(x)

Jo\B,(x) WdV=0,
Jogy () |WPdv=1

which we refer to as the hole-placement problem in the sequel.

Remark 10 (Generalization using multiple balls). We note that any compact subset K C Q can
be covered by a finite number m of open balls of a given radius r, and with arbitrary precision
(as r — 0 and m — ). Given a finite collection {B,(x;)}!"_| of open balls, we can then formulate
the above optimization w.r.t. (x1,...,Xy), the positions of the m open balls. For simplicity, we

just focus on the one-ball case.

6.3 Functional optimization to determine the most critical
nodes

Here, we present our main results and algorithms to determine the most critical nodes in
the network, in a functional optimization framework. To do this, we begin with the eigenvalue
problem (6.2) (which is the inner optimization problem in (6.3)) for D, a fixed domain, and design
a projected gradient flow to converge to a local minimizer of the problem. This algorithm will

help us build subsequently the dynamics that can be employed to solve the full hole placement
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problem (6.3) in an algorithmic manner. The analysis of the projected gradient flow will also be

instrumental in evaluating the properties of the second dynamics.

6.3.1 Projected gradient flow to determine 1,(Q2)

In what follows, we study the eigenvalue problem (6.2), characterize its critical points,
construct and analyze a novel projected gradient flow to converge to the infimum. We write the
optimization problem (for the smallest positive eigenvalue of the Laplace operator on a domain D

with a C', Lipschitz boundary) as:

inf / IV,
veH! (D)JD

s.t /|I//|2=1, /I;I:O,
D D

Vy-n=0o0ndD.

Let #p = {w € H'(D)| o |w> =1, , ¥ =0,Vy -n=0o0n aD} and J(y) = [, |Vy . We

can now express the above problem as infy.c o, J(W).

Lemma 46 (Minimizer of J(y)). The eigenfunctions of A(D) are the critical points of the func-
tional J(y), and the second eigenfunction W, of A(D) is the only minimizer of the functional J ()
in /p. Moreover, the critical points of J(y) are non-degenerate, i.e., the Hessian of J(y) is

non-singular at the critical points.

Remark 11. The content of this Lemma follows from the Min-max theorem [55], and we provide
below an alternative proof. We explicitly compute the analytical expression for the Hessian of the
objective function J(y) in the proof of Lemma 46, which allows us to infer the non-degeneracy
of the saddle points of J(y) which is useful in establishing almost-global convergence of the

projected gradient flow that follows.

Proof. The first variation of the Lagrangian L(y,4,%) =J(y)+ 4 (1— [, |¥*) + x [p v. at

a critical point y* is zero (where [, |y >=1and |, p ¥ = 0 are the constraints, as ¥ € ./p
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and the Neumann boundary condition is assumed implicitly.) Thus, for any oy € Ty+%p
the tangent space of .¥p at y*, we have <g—5/,6y/>(l//*,l*,x*) =2[,Vy* - V(dy) —
2A* [pwrow+x* [pow = =2 [H(Ay* + A y* — %X*) oy =0, for any oy (note that the
Neumann boundary condition was used in obtaining the equation.) Additionally, we also

have <§—§,5A> (W A%, x") =1 [, |w*[2 =0, and <§_JIE’8%> (W*, A%, 1) = [ W = 0. Thus,

the critical points of the objective functional y* € .#p are characterized by:
% * X 1 *
Ay* + A y" — X = 0.

Integrating the previous equation over D and using the Neumann boundary condition, we

obtain x* = 0. Therefore, the critical points y* satisfy:
Ay* + A" y* =0. (6.4)

Let y(x,€,1), x € D, be a smooth two-parameter family of functions in .¥p with

Jpw(x,e,m) =0 for all € and 1. The first variation of J at € = 0, 1 = 0 is given by:

ﬂ
o€

(w)=2 [ Vy-9vy =2 [ Vy-vaew.

e=0,
n=0
We let deW|e—o,n—0 = X and dy Y|e—oy—0 = Y. The second variation of J at € =0, 1 =0 is
given by:

82J
Sn5e XY =2 [ Viony) - Vaey) +2 | Yy -V(arew)

=2 [ V(@gy) V(@) -2 [ Ay(@ney)

_ z/ vx-vy—z/ AY(new).
D D
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Evaluating the second variation at a critical point y(x,0,0) = y*, and from (6.4), we obtain:

82J
onoe

(X,Y) 2/ VX VY 421" /1// (Inev). 6.5)

Since y(x, €,1) is a smooth two-parameter family of functions in .%p, we have [, |w(x,€,1)[> =

1 for all €,n, which implies that [, y(dey) =0 and [, dnydey + [ W(hey) = [ XY +
Jp W(9hey) = 0. Substituting in (6.5), we obtain:

82J

5u5e ——(X,Y) 2/VXVY 20* /XY

In particular, for X # 0, this implies:

527
onoe

(X,X):2/ |VX\2—2/1*/ IX|2
D D

) (555 ).

We also have that [, y(x,€,n) = 0, which leads to [, d:y = [, X = 0. From (6.2), we have

(6.6)

2
that inf | x_ fl; 'E(X'i — A, which implies that if A* > A, in (6.6), by the definition of infimum,

there exists an X such that 571 5 - (X,X) < 0. Therefore, the only critical point for

e=0,1=0
which 5‘;—25]8 (X,X) > 0 is the second eigenfunction y* = y,. Note that, for this case,
e=0,1=0
6?125 - (X,X) =01if and only if X = ky». Since [, y» X =0, it must be that k = 0, and
e=0,n=0

(X,X) > 0at y* = yy. Therefore, the second
e=0,n=0
eigenfunction y5; is the only minimizer of the functional J(y) in ./p.

therefore X = 0. Thus, for all X # 0, 517 5 :

It further follows from the above argument that the Hessian 8(31 5E

is non-degenerate (or
e=0,n=0

(X,X) = 0 at the critical points
£=0,n=0
of J(y) if and only if X = 0. O

non-singular) at the critical points of J(y), that is, 5 7 5
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We now provide a novel closed-form expression for a projected gradient flow to con-
verge to the minimum value of J(y) in .p. For smooth one-parameter families of functions

{w(t,x) }ier., (With x € D), the derivative of the objective functional J is given by:

d

SOl =2 [ vw-v@aw =2 [ duav)

We obtain a gradient flow by setting d; v = Ay. We project this flow onto the tangent space of
the set .p. For y € ./p, we require that (y,d;y) =0 and [, d;y = 0, which are satisfied if

(this will be shown in Proposition 3):

(Ay, y)
|wl|?

gy =Ay— v =Ay—(Ay,y) vy,

since ||y|| = 1 for v € .p. Further, using J(y) = — (Ay, y), we get the projected gradient

flow:

qy =Ay+J(y)y. (6.7)

The equilibria y* of (6.7) satisfy Ay* +J(y*)y* = 0 and the Neumann boundary condition
Vy* =0 on dD. Clearly, J(y*) is an eigenvalue, and so let A* = J(y™). It is also clear that the
equilibria of the projected gradient flow are also the critical points of the functional J over the

set p.

Proposition 3 (Convergence of gradient flow). The set ./p is invariant with respect to the
flow (6.7), and the solutions to (6.7) in .%p converge in an L* sense to the set of equilibria
of (6.7). Moreover, the only locally asymptotically stable equilibrium in ./p for (6.7) is the

second eigenfunction ;.

Proof of Proposition 3. Recall that /p = {y € H'(D)| [, |w|* =1, [, ¥ = 0}. Therefore, for

a smooth one-parameter family {y/(z,x) };cr.,, (With x € D) to be in .#p, we need to prove that
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JpW d:y =0and [, d;y =0, assuming that the initial condition is in .#p. (Note that it will later
be shown that 4[|V <0, thus y(z,-) € H'(D) for all # > 0if y(0,-) € /D).

From Equation (6.7), we have [,y v = [,v(Ay +J(y)y). Using the Diver-
gence theorem and the Neumann boundary condition on dQ, we get [, W o,y = — [, |Vw|* +
T(w) [ WP = 0 (since J(y) = [ [Vy[? and [ = D).

We also have [,y = [ Ay +J(y) [pv = [, Vy-n+J(y) [, ¥ =0 because of the
Neumann boundary condition, Vy-n =0 on dD, and [,y =0.

Let y(z,x) be a solution of (6.7) in .p, with r € R>p, x € D, such that y(0,x) € ./p.
We also have [, |y|?> =1, forall t > 0. Thus, J(y) = [, |Vy|?> = bV The time derivative

plvl
of J is given by:

d 2 fD I//|2
—]———/V -Voy /IV 74
dt” [plyl*Jp yoray (fD [

:_2/DA1;/8,1;/—2J(1//)/DI//9¢1//
=2 [ Ay +aW)w)ay

= —2/D|A‘V+J(W)W|2 <0.

We have that J > 0 and 4 oJ < 0. We also have Sp C H! (D), D a bounded, open subset of RN
with dD being C'. Thus by the Rellich-Kondrachov Compactness Theorem [55], we get that
the orbit y is precompact in L?(D). Therefore, by the LaSalle invariance principle for infinite
dimensional spaces [70], the solutions converge in an L? sense to largest invariant set contained
in {y* € p|Ay* +J(y*)y* =0}, the set of equilibria of (6.7).

In what follows we use the shorthand d,y = F(y), where F(y*) = 0, for the dynam-
ics (6.7). We consider perturbations 0y € .7 along the tangent space of .%p at y* (also note

that y* is an eigenfunction). Thus [, 8y =0 and [, y* 6y = 0. We have:

F(y"+6y) =A(y"+8y)+J(y" +6y)(y" +dv).
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Since y* is a critical point of J(y) it holds that J(y* + ) = J(y*) + O(||Sy|?) = A* +

O(||8w||?). Thus, up to first-order we have that:

F(y"+0y) =A(y" +0y) +J(y" +8y)(y" +6y)
=AW +AQY)+ A Yy + A%y

— A(5y) + A"y

Therefore, we have d;(6y) = A(dy) +A*Sy. Expressing dy/(1) =Y.~ , 0;(t) y;, where y; are

the eigenfunctions which form an orthonormal basis for .7, we have that:

%S}

d ]
Kh(8y) =), T (1)Y= A(Sy)+ A" 3y
i=2

=) o) (=4 + A"y,
i=2
which implies that Sw(r) = Y2, e*" =) 0;;(0) y;. (Note that, from orthogonality, the previous
equality leads to %(x,-(t) = 04(t)(—A; + A¥), for each i.) We claim that the latter converges
to Sy = 0 for all initial conditions dy(0) € 7p at y* if and only if A* = A, (correspond-
ingly, y* = yp). To see this, first observe that, if A* = A, (correspondingly, y* = y,), we
have [, y» 0y(0) =0 (since dy € Ip at y* = y»), which implies that 0 (0) = 0p(¢) = 0.
Hence Sy(t) = Y2 3¢ %q;(0)y; and the exponent A, — A; < 0 for all i > 3. Conversely,
if Sy(t) =Y, e %) q;(0)y; converges to Sy = 0 for all initial conditions Sy(0) € Fp
at y*, and y* = y; for some i € {2,3,...}. We have that o;(0) = o;(¢) = 0 (from orthogonality),
and that Sy/(1) = X7, ;4 A=) o;(0) y;, which converges to §y = 0 only if i = 2. Therefore,

the second eigenfunction y; is the only locally asymptotically stable equilibrium in .#p for the

projected gradient flow. 0

Remark 12 (Implication of Proposition 3). Proposition 3 states that we have global convergence
to the set of isolated equilibria of the gradient flow (6.7) and that only the second eigenfunction Y,

is locally asymptotically stable among the set of isolated equilibria. Moreover, as seen in the
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proof of Lemma 46, we have that the other equilibria are saddle points of J(y) and are non-
degenerate (the Hessian of J at these saddle points are non-singular). From this we deduce
almost global asymptotic stability of the second eigenfuction , for the flow (6.7) , and we

therefore have convergence from almost all initial conditions, see [92] for an overview of this

property.
6.3.2 Design of hole-placement dynamics

We now consider the full optimization problem (6.3), which can be expressed as:

x* € arg inf ,(Q\ B,(x))
xX€Q,

Assumption 20 (Simplicity of the second eigenvalue). We assume that the second eigenvalue

22(Q\ B, (x)) is simple for any x € Q.

Remark 13 (Relaxing Assumption 20). The assumption that the eigenvalue A, is simple is
ensures differentiability of 2,(Q\ B,(x)) w.rt. x. The eigenvalues of A(Q\ B,(x)) exist as
branches x — A(Q\ B,(x)), which can then be ordered as A < A, < ... for any given x. The
branches x — A(Q\ B,(x)) of eigenvalues are differentiable w.r.t. x (more generally w.r.t. the
perturbation of domains with Lipschitz boundaries [69]). The case of a non-simple eigenvalue A,
occurs when multiple branches intersect, for some x, at which point the ordering of the branches
may change and we lose differentiability of A>. This situation can however be mitigated by
considering the subdifferential of A, in place of the gradient of Ay. The dynamics presented later
in the paper can be modified in this sense, and the analysis would require further investigation
on the regularity/lower-semicontinuity properties of these subdifferentials. We nevertheless avoid

this problem through Assumption 20, which we leave as future work.

The following lemma allows for a characterization of the critical points of the functional

A5 in the interior of the domain.
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Lemma 47 (Characterization of critical ball). The first-order condition for a critical point x* of

the functional A, in the interior of the domain is given by:

* %12 — \V/ *12 7 6.8
i (f, . win) = [ wvarn ©9)

where (A}, W5 ) is the second eigenpair such that A5 2 A (Q\ B, (x9)).

Proof. Let x(¢) for € € R be a smooth curve contained in £,.. Let v¥ be the second eigenfunction
of the Laplace operator with Neumann boundary condition in the domain Q \ B,(x(€)). Thus, we

have A7 = [o, V£ |2, where Q¢ = Q\ B,(x(¢€)) and ||y%||q,—1. The derivative %;f is given by:

s d JyE
_ \v/ 82: / v E_V 2 / \V4 €12y . .
Te ds/gg 71 298 v, (a;;)* agg‘ v v, (6.9)

where v = dx—(g), is constant on dB,(x¢). Equation (6.9) becomes:

de
=2 (58 ) ey, V)
- _2/95 a(fwf +v- </aBr(x£) IV%SIZH)
2 [ v ev ([ veera) .10
= ﬁf% (/Q |w§|2) —A5v- (/aB,@cg) |w§|2n)
v (/aB,(xa |W2€‘2n>
—agv ([ wgPa) v ([ vvgPa),

since [q_ |y£|? = 1 for all € € R, which implies that % (st |W§|?) = 0. Letx(0) =x* € Qbe a

critical point of A, (x), such that A (x*) = A, with y; being the second eigenfunction. Thus we
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= 0 for all v, which implies that:

* ) — \V/ ) )
2 ( L5 n) [, . Vvl

This is the first-order condition for critical points of A; in the interior of the domain. [

dAy
have 72|,

We now construct the gradient dynamics to converge to a critical point of A, in the
interior of the domain. Note that the function A,(Q\ B,(x)) is not known explicitly for a general

domain Q\ B,(x). We reformulate the optimization problem (6.3) as:

¥ —arg,  inf / Vv, 6.11)
U ew)eaxw() Jo\s, ()

where the set W(x) is defined as:

W(x) = {we H'(Q\B,(x))

Lo w=o] |1,,|2:1}, (6.12)
Q\B,(x) Q\B,(x)

where arg; indicates the first argument x in (x,y). We also define the set ¥ = U o ¥(x).
We recall that Q, = {x € Q|dist(x,0Q) > r}. Now let {x(t)};cr., be a smooth curve in £,
and {y(t,y) }rer., (Withy € Q\ B.(x(¢)),) a smooth one-parameter family of functions on Q \
B,(x(t)). Also, let fi(x) be the normal to the boundary dQ, at x € dQ,. We now consider the

following hole-placement dynamics for our nested optimization problem:

dx Vinr, X € int Q,
dr 3
Vint — (Vint : ﬁ)ﬁ> X € BQr
it = — Vyl*n+J / 2, (6.13)
== [ VP [P
Ay =AYy +J(Y)y+ay +b,

Vy-n=0, ondQUJIB,(x),
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where a = —3v- <faB,(x) ly|? n) and b = —M%Cv- (faB,(x) l//n), with ¢ = |B,(x)|, for all x €
Q,.

Theorem 21 (Convergence of the hole placement dynamics). The set ¥ in (6.12) is invariant
with respect to the dynamics (6.13). The solutions to the dynamics (6.13) converge to a critical
point of the objective functional A, in (6.11). A critical point of A, is locally asymptotically

stable with respect to the dynamics (6.13) only if it is a strict local minimum.

Proof. Let {x(t), ¥(,y) }ier., (With y € Q\ B,(x(¢)),) be a one-parameter family of functions

that is a solution to the dynamics (6.13), and let y(0,-) € ¥(x(0)). To prove the invariance

of W(x(t)), we need to show that 4 <fQ\B,(x(t)) \1,/\2) =0and 4 (fQ\Br(x(t)) q/) =0 (Note
that it will later be shown that 4 ||Vy/| <0, thus y(t,-) € H(Q) for allt > 0if y(0,-) € P).
From (6.13), we have (with Q(¢) = Q\ B,(x(2))):

d 2 / / 2
4 ) B .
dt </sz<r>’w ) o VYT 8Br(x(t))|w‘ "

=2 [ yay20(y) [ |pP+2a()x
Q) Q)

| wPaan [y [y
() () 9B, (x(1))

_ —2/ V2 +27(y) + 2a(t)
Q(r)

—l—v-/ v|’n
9Br(x(t))| |

:()7

because J(¥) = [q Vyl?, Jog) ly|?> =1 and Jawy ¥ =0 (since y(z,-) € ¥(x(z)).) We also
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have:

%(/Q ) / 8ﬂ/f+v/ )tyn
—/ Ay +J(y / v
+a(r)/g(t)l,l/+b(|9|—c)

+v- / v n
9B, (x(1))

=0.

Since we also have that (0, -) € ¥(x(0)), we conclude that the set ¥ is invariant with respect
to the dynamics (6.13).
Let {x(t), w(t,y) }rer., (With y € Q\ B.(x(¢))), be a one-parameter family of functions

that is a solution to the dynamics (6.13), and let y(z,-) € W(x(¢)) for all # € R>¢ (this assumption

is justified by the invariance of ¥). We have J(y) = [, Vy|? = fQ(’)l| V|/2‘ >0 for y(z,-) €
¥ (x(r)) (since [o ) lw|?> = 1). Now:

11—2/ Vy Vo +v-/ Vy|’n

at’ = o VYT oy Y

—2J / v —J v-/ Zn
(v) Q(t)uf hy —J(y) aB(())W\

H(x(t

=—2/ Ay +I(W)YP—v-vie <0,
Q(r)

where we have used (6.13) to obtain the second equality. By the Rellich-Kondrachov Compact-
ness Theorem [55], we see that the orbit y is precompact in L?(Q). Thus, by the invariance
principle [70], the solutions {x(¢), W(t,y) };cr., (With y € Q\ B,(x(t))), converge to x*, y* (the
convergence Y(t,-) — W*, is in the sense of L?) such that v =0 and Ay* +J(y*)y* = 0. We
already have that the only asymptotically stable case is when y* = y (the second eigenfunction

corresponding to Q \ B,(x*)), which implies that J(y*) = J(y5) = AJ. And v = 0 implies

185



that [5p (o) VY53 Pn=A; [, B () |3 ?n, the critical point of the functional A, from (6.8).
Consider perturbations 5x and 8y, about an equilibrium (x*, y3) such that x* + 5x € Q

and Y = y5 + 8y € W(x* + Ox) is the second eigenfunction of the domain Q \ B,(x* + 0x). In

other words, we consider perturbations purely in x to investigate the local asymptotic stability of

the critical points of A;(x). The dynamics in x in this case, referring to (6.13), are given by:

d * _ = 12 7 2
0+ ) = /aB,wx) (IV95 = Jaf g ) .

This can be reduced to:

d 0 ~
Loy =2 / (IV9a ~ Jo ) n ) 6. 6.14
Gon=—5 ([, (0r L)) b (6.14)
From Equation (6.10), we recognize that Vi |? —12 72 )n = %2, Therefore, the
q g 3B, (x) \ IV V- v ox
linearized dynamics reduces to:
d RRIY
—(0x) = — 15}
dt( %) ox? | _ .- o
where % is the Hessian of A, at x = x*. Therefore, we have that the linearized dynamics
x=x*

is asymptotically stable if and only if the Hessian of A, is positive definite, in other words, if
and only if x* is a strict local minimum of A,. Therefore, the necessary condition for the local
asymptotic stability of the primal-dual dynamics at a critical point of A, is that it is a strict local

minimum. O]

Remark 14 (Implication of Theorem 21). Theorem 21 states that we have convergence to the
equilibria of the hole-placement dynamics which are also critical points of Ay(Q\ B,(x)). In
addition, we have that among the critical points of 22(Q\ B.(x)), only the strict local minima
are locally asymptotically stable. For almost global convergence to these strict local minima, we

additionally require non-degeneracy of the saddle points of A,(Q\ Br(x)) (i.e., that the Hessian
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is non-singular at the critical point), but this additional characterization is not contained in our

result.

We now consider the following question: if an initial failure happens with the removal of
a node, what is the most critical node? This is appropriately posed in the continuum setting as
the hole placement problem where the size of the hole is very small, i.e., as the radius r — 0. For
this, we investigate the minimum of the function f(x) = lim,_,o WI(X)‘%AZ(Q \ B,(x)), which
quantifies as a function of the hole position, the rate of deterioration of the metric as failure

begins to occur.

Theorem 22. (Connection to the nodal set of eigenfunction). In the limit r — O for the radius

of the hole, the hole-placement problem reduces to finding the minima x* € Q of the function:

FO0) = u2 [y ()] = V3 (),

where (U5, Wi (x)) is the second eigenpair of the domain Q. Moreover, if the family of level sets
of l//é2 is locally flat at a point x* € Q, then x* is a local minimizer of f if and only if l//é2 (x*)=0.

In other words, under local flatness, the nodal points of l,llé2 are the local minimizers of f.

Proof. Letr:R — Rxo with 7(0) = 0 be a smooth non-negative function. Let Q(z) = Q\ B, (x)
for some x € Q C RY, be a one parameter family of spatial domains such that Q(0) = Q. Let
U2 (t) be the second eigenvalue of the domain Q(z) and y»(z, -) the corresponding normalized
eigenfunction (we assume that the family of spatial domains Q(¢) have simple eigenvalues). Thus,
2

we have (1) = [icq() [V W2(,x)|". From [40], we have that 1i(¢) and y, are real-analytic

locally at t = 0. Thus, for small 7 > 0, we have:

d
(7)) = 12(0) + —p2| - T
4 t=0
(6.15)
va(7,x) = yo(0,x) + drya(t,x)| T4...
=0
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We note that 1 (0) and y» (0, -) are the second eigenpair corresponding to Q. At a given ¢ > 0,
let the deformation of the domain be characterized by v = —é&n, the velocity of points on the
boundary of the hole, B,(;(x), where n is the normal to the domain €(¢) on the boundary of

B, (x), and € > 0 is a small constant. We have:

d d
= = \V/ 2
S = / o V920

:2/ Vy, Va,l,llz—i—/ |Vl//2|2V~n
Q) 9B, (;)(x)

:_2/ Ay, a,w2+/ Vysvn
Q(r) 9B, (1) (x)

—0() [ weoyet [ [Vylven
Q(r) 9B, (1) (x)

d 2 / 2
Ha(0) (dt Jo 102 L e n)
+ / |Vl//2 |2V ‘n
28,1, (x)

= (t)e 2—3/
a(0) /a% Sl |

since [q ) ly»|2 = 1, for all ¢. For small T > 0, we then substitute from (6.15) in the above

’VW2|27
(1) (%)
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equation, to obtain:

dt dt

t=0

/ [¥2(0,y) + dyalt,y)
YEIB,(7)(x)

d d
—ly =€ (Hz(o) + -l

... 7
t=0

T+..)
1=0

e 05)+dva(ny)
yeaBr(T)(x)
=1L 08/ O,y2—8/ Vi, (0,y)?
e [ WODP e[ 19u0)
+0(7)

= 1(0)Sy—17(7)" " e|yn(0,x)?

—Sy-1r(0)Y e[V (0,%)] + 6 (r(2)V '),

where Sy is the surface area of th unit N-sphere. Now, given that v = —en, we have r(7) = €T,

and therefore:

d _
= 12 (0)Sy—1N TV 1y (0,x) |2

—Sy-1eV NV (0,2) P + 0 ().

Substituting for 4 i, from the above equation into (1) = wr(0) + 4 12| . (where 7 € [0,7]),

we get:

to(7) = u2(0) + Sy—18M 7V 17 (2 (0) [y (0,%)]> — [V (0,)[?)
+0(tV1)
< 11(0) + Sn-1€V 7Y (112(0)|y2(0,) > - [V (0,%) )
+ oVt

~ 12(0) +¢(7) (12(0)[w2(0,) 2 — [V (0,x) ) ,
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where we have ignored the &(t¥*!) term in the final expression. We also
have r(t) = €1, and therefore the above can also be written as u(r) =~ up(0) +
c(r) (12(0)|y2(0,x)|* — [V (0,x)|*) as a function of the radius of the hole. We also note

that the function (12 (0)|y2(0,x)|* — [V (0,x)[?) = lim,9 m%uz(Q\Br(x))-

> — |Vy3*? occur along the nodal

We now show that the local minima of f(x) = u3*|ys*
set of yi%, that is, in the set {x € Q|y5*(x) = 0}, in the region where the family of level
sets of wél is locally flat. Let {r,t;,...,ty_1} be an orthonormal basis at x € Q, where r
is the unit normal to the level set of VrQ at x and {t;,...,ty_;} the unit tangents. We can
express the gradient operator in this coordinate system as V = r<- a + ZN I, 2 a0 We now
have Vl//2 = 32 r (since the derivative of ll/z vanishes along the tangent space of its level
set). Moreover, the eigenvalue equation Al//2 + U5 l//Q 0 expressed in this coordinate sys-

2
tem is given by 88%29 +(N—1)H %—lf + ps*wst = 0, where H (x) is the mean curvature at x € Q

of the level set of y. Following some computation we get that the gradient of f is given

by Vf=4u, 1,1/2Q aﬂr—f— 2(N—-1)H ‘ &% r. Moreover, in computing the entries of the Hessian

of f in this coordinate frame, we first have:

ﬁ_4 Q Mz
arz H or

Q. Q2 Q ga‘lfzQ
— 1y |y —8(N—1)Hu21//27

Q2
+ (2(1\]— 1)%—7—4(1\1—1)2}12) 'aalrz

Clearly, for any point x* where the family of level sets of l//é2 is locally flat (which in particular

implies H (x*) = 0), we have that x* is a critical point if and only if y3*(x*) = 0 or Vy3*(x*) = 0.

9? Q(|2v8
Furthermore, we have -4 (x*) = 4u§ (‘ 57 (x")

- W/Q ) Also, under local flatness

of the family of level sets, the off-diagonal entries a&_a]; and ﬁ vanish foralli € {1,...,N—1},
and so do the rest of the diagonal entries of the Hessian, i.e. ‘?9 {( *)=0forie{l,...,N—1}.
It thereby follows that the Hessian is positive semidefinite when l//é2 (x*) = 0 and negative

semidefinite when Vwé)(x*) = 0. Therefore, under local flatness of the family of level sets of
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11/29, the nodal points of l//? correspond to the local minima of f. O

Remark 15 (Geometry of nodal sets). The nodal sets of Neumann eigenfunctions have been
extensively investigated [11]. It is known that if the domain is symmetric about a subset, then
it contains the nodal set of W,. The nodal set for the second eigenfunction \//52 divides the
domain Q into no more than two regions Q, and Q. Now, lZQ is the first eigenvalue Ay of
the Laplacian for Q, and Q;, with Neumann boundary condition on dQ N dQ, and Dirichlet

boundary condition on 0, N ALY,

Remark 16 (Implication for networks). Theorem 22 can be used to provide new insight on where
the most critical nodes in a network with a finite number of nodes are located, via a continuum
approximation. This is based on the fact that the entries vf of the Fiedler eigenvector vi' of
the finite graph embedded in Q can be approximated by the value of the eigenfunction l//é2 at
the location x; of the node i. That is, v = WzQ (xi). Then the most critical nodes in the network
correspond to the zero entries of the Fiedler eigenvector. The Fiedler eigenvector, however, does
not necessarily contain zero entries for general finite graphs (this situation improves with the size
of the graph), in which case we may expect the critical nodes to be concentrated at the entries of
lowest magnitude. This is a heuristic obtained from the fact that VPZQ is smooth and that 11129 more

F

closely approximates v as n — oo.

6.4 Simulation results

In this section, we present some numerical simulation results that can illustrate the
concepts and algorithms of the previous sections.

First, we consider a disk-shaped domain Q of unit radius, and the placement of a hole B of
radius of 0.1 units. Figure 6.1 shows a plot of A, for the residual domain Q\ B as a function of &
(distance between the center of the disk and the center of the hole). Since the hole is of radius 0.1
units and is contained in Q, we note that 4 € [0,0.9). We observe from Figure 6.1 that the second

(also the smallest positive) eigenvalue of the Laplace operator for a disk-shaped domain with
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Figure 6.1. A, as a function of % for a disk-shaped domain.

a hole increases with the distance between the centers of the domain and the hole, but also
appears to decrease as the hole approaches close to the domain boundary (around /# = 0.85 units).
Moreover, A, as a function of 4 appears to be a convex in the interval 4 € [0,0.85] and concave
for h € (0.85,0.9).

We now present simulation results for the projected gradient flow (6.13). For the simula-
tion, we have separated the dynamics into two time scales, with x (the center of the hole) as the
slow-scale variable and y the fast-scale variable. We first consider the case of the disk-shaped
domain, that is, the dynamics (6.13) corresponds to hole placement for the disk-shaped domain
to minimize A, of the residual domain.

Figure 6.2 is a plot of x(¢), the path of the center of the hole, on the spatial domain, for
two different initial conditions x(0) = (0.4,0.5) and x(0) = (—0.5,—0.5). We observe that the
hole center approaches the center of the disk with time, approximately along a straight line.

Figure 6.3 is a plot of x(¢), the path of the center of the hole (from the dynamics (6.13))
for a convex polygonal spatial domain. The final location of the hole is also indicated in the
figure.

Figure 6.4 contains the results for a non-convex polygonal domain. The outer polygon
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Figure 6.2. Path of the center of the hole, x(), from two different initial conditions
x(0) = (0.4,0.5) and x(0) = (—0.5,—0.5).
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Figure 6.3. Path of the center of the hole, x(¢), from initial condition x(0) = (0.5,—0.5) for a
convex polygonal domain.

is the spatial domain Q, while the inner polygon is the domain Q (the set of allowed positions
for the center of the hole). The heatmap shows the value of A, of the residual domain (which
was obtained by first sampling the domain uniformly at random at the points indicated by the
tiny circles, placing the hole at those points, computing A, of the residual domain, and then inter-
polating to obtain the plot). The paths of the center of the hole x(z) (from the dynamics (6.13))
from different initial conditions are also plotted. The paths do not all converge to the same point

in this case, but to a broader region (the darker region in the heatmap), which possibly contains
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more than one local minimum x*.

Figure 6.4. Paths of the center of the hole, x(r) from different initial conditions.

In Figure 6.5, we present a numerical validation of the discussion in Remark 16. We first
generated a random connected graph G with 50 nodes. We then computed the algebraic connec-
tivities of the residual graphs obtained by the removal of one node from the graph A, (L(G\ {i})),
for each node, plotting it against the corresponding entry of the Fiedler eigenvector vf (the
eigenvector corresponding to the second eigenvalue of the Laplacian, or algebraic connectivity)
of the original graph G. From the discussion in Remark 16, we expect that the local minima
of A(L(G\ {i})) are concentrated around nodes corresponding to the entries of the Fiedler
eigenvector of lowest magnitude, which is illustrated in the figure. We note that in the corre-
sponding hole-placement problem, the nodal sets of the second eigenfunction l//é2 are only the
local minimizers of f(x) = A2|y5*(x)|*> — Vw5 (x)|>. We thereby do not expect all the zero
entries of the Fiedler eigenvector to correspond necessarily to global minimizers. However, the
figure shows that the global minimum is indeed concentrated around nodes corresponding to the

entries of the Fiedler eigenvector of lowest magnitude.

6.5 Summary

This chapter was devoted to the study of robustness of multi-agent networks, particularly

to the problem of identifying the critical nodes for consensus in large-scale spatial networks,
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Figure 6.5. Plot of algebraic connectivity of residual network with the removal of one node vs.
its corresponding entry in the Fiedler eigenvector, for a network with 50 nodes.

aided by an approximation of the Laplacian matrix of the graph by the Laplace operator on
the domain. In addition to being a natural step in the large-N limit, the real advantage of the
approximation is that it does not conceal the geometry of the problem, which is important for
spatial networks such as swarms and sensor networks.

The material in this chapter, in full, is a reprint of the material in Identification of critical
nodes in large-scale spatial networks, V. Krishnan and S. Martinez, IEEE Transactions on
Control of Network Systems, 6(2), pp. 842—-851, 2019. A preliminary version of the work
appeared in the proceedings of the IFAC World Congress, Toulouse, France, July 2017 as
Identification of critical node clusters for consensus in large-scale spatial networks, V. Krishnan

and S. Martinez. The dissertation author was the primary investigator and author of these papers.

195



Chapter 7

Conclusion

In this dissertation, we began with a presentation of a multiscale theory of large-scale
transport of multi-agent systems, and a framework for the design of (proximal) gradient descent-
based algorithms. The proposed framework in its current form requires that the agents possess
complete information about the states of the other agents. While specific instances of incomplete
information were dealt with in the design of algorithms in the subsequent chapters, future work
involves incorporating the notion of partial information into the formal framework . In subsequent
chapters, we proposed and analyzed algorithms for multi-agent optimal transport, swarm self-
organization and developed a unifying distributional framework for optimization-based state
estimation, with an eye towards applications of multi-agent deployment, navigation and tracking.
In the final chapter, we investigated the question of robustness of multi-agent systems, through

the critical node identification problem for large-scale spatial networks.
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