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On synchronous robotic networks — Part I:

Models, tasks and complexity notions

Sonia Martinez ~ Francesco Bullo  Jorge Cortés  Emilio Frazzoli

Abstract

This paper proposes a formal model for a network of robotic agents that move and communicate. Building on
concepts from distributed computation, robotics and control theory, we define notions of robotic network, control
and communication law, coordination task, and time and communication complexity. We illustrate our model and
compute the proposed complexity measures in the example of a network of locally connected agents on a circle that

agree upon a direction of motion and pursue their immediate neighbors.

I. INTRODUCTION

Problem motivation: The study of networked mobile systems presents new challenges that lie at the confluence
of communication, computing, and control. In this paper we consider the problem of designing joint communication
protocols and control algorithms for groups of agents with controlled mobility. For such groups of agents we define
the notion of communication and control law by extending the classic notion of distributed algorithm in synchronous
networks. Decentralized control strategies are appealing for networks of robots because they can be scalable and
they provide robustness to vehicle and communication failures.

One of our key objectives is to develop a computable theory of time and communication complexity for motion

coordination algorithms. Hopefully, our formal model will be suitable to analyze objectively the performance of
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various coordination algorithms. It is our contention that such a theory is required to assess the complex trade-
offs between computation, communication and motion control or, in other words, to establish what algorithms
are scalable and practically implementable in large networks of mobile autonomous agents. The need for modern
models of computation in wireless and sensor network applications is discussed in the well-known report [1].

Literature review: To study complexity of motion coordination, our starting points are the standard notions of
synchronous and asynchronous networks in distributed and parallel computation, e.g., see Lynch [2] and, with an
emphasis on numerical methods, Bertsekas and Tsitsiklis [3]. This established body of knowledge, however, is not
applicable to the robotic network setting because of the agents’ mobility and the ensuing dynamic communication
topology.

An important contribution towards a network model of mobile interacting robots is introduced by Suzuki and
Yamashita [4], see also [5], [6]. The Suzuki-Yamashita model consists of a group of “distributed anonymous mobile
robots” that interact by sensing each other’s relative position. A related model is presented in [7], [8]. A brief survey
of models, algorithms, and the need for appropriate complexity notions is presented in [9].

Recently, a notion of communication complexity for control and communication algorithms in multi-robot systems
is analyzed in [10], see also [11] where a formal model of communication and control laws for multi-agent networks
is proposed. A general modeling paradigm is discussed in [12]. The time complexity of a class of coordinated motion
planning problems is computed in [13].

Statement of contributions: We summarize our approach as follows. A robotic network is a group of robotic
agents moving in space and endowed with communication capabilities. The agents’ positions obey a differential
equation and the communication topology is a function of the agents’ relative positions. Each agent repeatedly
performs communication, computation and physical motion as described next. At predetermined time instants, the
agents exchange information along the communication graph and update their internal state. Between successive
communication instants, the agents move according to a motion control law, computed as a function of the
agent location and of the available information gathered through communication with other agents. In short, a
control and communication law for a robotic network consists of a message-generation function (what do the
agents communicate?), a state-transition function (how do the agents update their internal state with the received
information?), and a motion control law (how do the agents move between communication rounds?). We then define
the notion of time complexity of a control and communication law (aimed at solving a given coordination task) as

the minimum number of communication rounds required by the agents to achieve the task. The time complexity

DRAFT April 29, 2005



MARTINEZ, BULLO, CORTES AND FRAZZOLI: MODELS, TASKS AND COMPLEXITY NOTIONS 3

of a coordination task is the minimum time complexity of any algorithm achieving the task. We also provide
similar definitions for mean and total communication complexity. We show that our notions of complexity satisfy
a basic well-posedness property that we refer to as “invariance under reschedulings.” We illustrate these concepts
and results in a network of locally connected agents evolving on the circle. We define the agree-and-pursue control
and communication law for this network, and prove that achieves consensus on the agents’ direction of motion and
equidistance between the agents’ positions. Furthermore, we provide upper and lower bounds on the time and total
communication complexity to achieve these tasks with the proposed law, and draw some remarkable connections
with leader election algorithms as described in [2]. The companion paper [14] builds on this framework to establish

complexity estimates for a variety of motion coordination algorithms that achieve rendezvous and deployment.

Organization: Section II presents a general approach to the modeling of robotic networks by formally in-
troducing various notions including, for example, those of communication graph, control and communication law,
and network evolution. Section III defines the notions of task, and of time and communication complexity for a
control and communication law. We also introduce the notion of rescheduling and study the invariance properties of
the complexity notions. Section IV provides bounds on the time and communication complexity of the agree-and-
pursue control and communication law. We present our conclusions in Section V. In the appendix we develop some
key facts about convergence rates of discrete-time dynamical systems defined by tridiagonal Toeplitz and circulant
matrices. These results are instrumental in obtaining the complexity estimates for the agree-and-pursue algorithm

(cf. Section IV), and for other coordination rendezvous and deployment algorithms in the companion paper [14].

Notation: We let Bool eSet be the set {t rue,fal se}. Welet [[,c(; ) Si denote the Cartesian product
of sets S1,...,Sn. We let R, and R, denote the set of strictly positive and non-negative real numbers, respectively.
The set of positive natural numbers is denoted by N and Ny denotes the set of non-negative integers. If S is a set,
then diag(S x S) = {(s,5) € Sx S | s € S}. For € R, we let |z] denote the floor of z. For = € R%, we denote
by ||z|2 and ||z|/o the Euclidean and the oo-norm of z, respectively. Recall that ||z]|o < ||z|l2 < Vd||z|s for
all z € R% For f,g: N — R, we say that f € O(g) (respectively, f € Q(g)) if there exist Ny € N and k € R,
such that | f(N)| < k|g(N)| for all N > Ny (respectively, | f(N)| > k|g(N)| for all N > Ny). If f € O(g) and

f € Q(g), then we use the notation f € O(g).
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II. A FORMAL MODEL FOR SYNCHRONOUS ROBOTIC NETWORKS

Here we introduce a notion of robotic network as a group of robotic agents with the ability to move and

communicate according to a specified communication topology.

A. The physical components of a robotic network

Here we introduce our basic definition of physical quantities such as the agents and such as the ability of agents
to communicate. We begin by providing a basic model for how each robotic agent moves in space. A control system
is a tuple (X, U, Xy, f) consisting of

(1) X is a differentiable manifold, called the state space;

(i) U is a compact subset of R™ containing 0, called the input space;

(iii) X, is a subset of X, called the set of allowable initial states;

(iv) f: X xU —TX is a C™®-map with f(x,u) € T, X for all (z,u) € X xU.
We refer to x € X and u € U as a state and an input of the control system, respectively. We will often consider
control-affine systems, i.e., control systems with f(z,u) = fo(z)+ >, fa(@) ue. In such a case, we represent f

as the ordered family of C*°-vector fields (fo, f1,.-., fm) on X.

Definition 11.1 (Network of robotic agents) A network of robotic agents (0r robotic network) S is a tuple (1, A, E¢pm)
consisting of
(i) I={1,...,N}; Iis called the set of unique identifiers (UIDs);
(i) A= {AlN}c; = (X, U, X, fli},c; is a set of control systems; this set is called the set of physical
agents;
(ili) Eemm is @ map from [],.; X7 to the subsets of I x I\ diag(I x I); this map is called the communication
edge map.

If Al = (X, U, Xy, f) for all i € I, then the robotic network is called uniform. .
Let us comment on this definition and on how robotic agents communicate in a robotic network (I, A, Ecym).

Remark 11.2 By convention, we let the superscript [i] denote the variables and spaces which correspond to the
agent with unique identifier #; for instance, 2/ € XI? and x([; Ve X(gﬂ denote the state and the initial state of agent

Al respectively. We refer to (z1), ... zI™) € T[,.; X! as a state of the network.
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The map Epm, models the topology of the communication service between the agents. In other words, at a network
state = = (M, ... 2[]), two agents at locations =) and ] can communicate if the pair (7,7) is an edge in
Eemm(z, ... 2N, Accordingly, we refer to the pair (I, Eopmm(zM, ..., 2IN)) as the communication graph at z.
When and what agents communicate is discussed in Section II-B. Maps of the form £: J[,., X (il — gIxT\diag(IxI)
are called proximity edge maps, and arise in wireless communication and computational geometry (see [15] for
more details). Excluding edges of the form (i,), ¢ € I, means that an individual agent does not communicate with

itself. ¢

To make things concrete, let us present an interesting example of robotic network. Let S! be the unit circle, and
measure positions on S counterclockwise from the positive horizontal axis. For z,y € S1, we let dist(z,y) =
min{distc (z, y), distec (x, y) }. Here, diste(z,y) = (z — y) (mod 27) is the clockwise distance, that is, the path
length from z to y traveling clockwise. Similarly, distcc (z,y) = (y— ) (mod 27) is the counterclockwise distance.

Here 2 (mod 27) is the remainder of the division of = by 2.

Example 11.3 (Locally-connected first-order agents on the circle) For » € R, consider the uniform robotic
network Sgi g = (I, A, E,i) composed of identical agents of the form (S, (0, e)). Here e is the vector field
on S' describing unit-speed counterclockwise rotation. We define the 7-disk proximity edge map E,_gq on the

circle by setting (i,7) € E,qs (01, ..., 0N]) if and only if
dist (014, 0U1) < r |

where dist(z,y) is the geodesic distance between the two points x,y on the circle. °

B. Control and communication laws for robotic networks

Here we present a discrete-time communication, continuous-time motion model for the evolution of a robotic
network. In our model, the robotic agents evolve in the physical domain in continuous-time and have the ability to

exchange information (position and/or dynamic variables) that affect their motion at discrete-time instants.

Definition 11.4 (Control and communication law) Let S be a robotic network. A (synchronous, dynamic, feed-

back) control and communication law CC for S consists of the sets:

(i) T = {ts}ren, C Ry, an increasing sequence of time instants, called communication schedule;

(i) L, a set containing the nul | element, called the communication language; elements of L are called messages;
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(i) W, i e I, sets of values of some logic variables wll, i € I;

(iv) W(Ei] C W, i eI, subsets of allowable initial values;
and of the maps:

() msgll: T x X x Wl x T — L, i € I, called message-generation functions;
(ii) stfld: T x Wl x LN — Wl j € I, called state-transition functions;

Gii) ctl™: Ry x X0 x X0 x wlil x LN — Ul j € I, called control functions. .

We will sometimes refer to a control and communication law as a motion coordination algorithm. Control and

communication laws might have various properties.

Definition 11.5 (Properties of control and communication laws) Let S be a robotic network and CC be a control

and communication law for S.

(i) If S is uniform and if Wl = W, msgl!) = msg, stfl’! = stf, ctll?) = ctl, for all i € I, then CC is said to be
uniform and is described by a tuple (T, L, W, {Wo[i}}ief,msg, stf, ctl).
i) Wil =wl! = @forallie I, then CC is said to be static and is described by a tuple (T, L, {msg[ };¢ 1, {ctl};e1),
with msgl?: T x X1 x 1 — L, and ct1ld: T x X x XU x LN — pli,
(iii) CC is said to be time-independent if the message-generation, state-transition and control functions are of the
form msgl?: X1 s Wl x 1 — L, stfldh: Wil 5 LN — Wl cald: x5 XU« whil s LN — plil e 1,

respectively. °

Roughly speaking this definition has the following meaning: for all ¢ € I, to the ¢th physical agent corresponds a
logic process, labeled i, that performs the following actions. First, at each time instant ¢, € T, the ith logic process
sends to each of its neighbors in the communication graph a message (possibly the nul | message) computed
by applying the message-generation function to the current values of z[!! and wll. After a negligible period of
time (therefore, still at time instant ¢, € T), the ith logic process resets the value of its logic variables wl by
applying the state-transition function to the current value of w!’, and to the messages received at time t,. Between
communication instants, i.e., for ¢ € [ty,ty41), the motion of the ith agent is determined by applying the control
function to the current value of z[i], the value of z[1 at ty, and the current value of w!d. This idea is formalized

as follows.
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Definition 11.6 (Evolution of a robotic network) Let S be a robotic network and CC be a control and commu-
nication law for S. The evolution of (S,CC) from initial conditions =}/ € X, and wl! € W, i € I, is the set

of curves zl4: [ty tp 1] — XU, i € I, £ € Ny, and wll: T — W, i € I, satisfying
x-[i],f(t) - f(z[i]’l(t)’ ctll?! (t7l’[i]’z(t%I[i]’g(tg),w[i] (t€)7y[i} (m)%
where, for / € Ny, and i € I,

2l (tg) = 21 (1), wlil(ty) = stfl? (2, wl (te—1), y1 (1))
with the conventions that == (¢o) = = and wli(t_;) = wl?, i € I. Here, the function y(!: T — LV (describing
the messages received by agent ) has components yjm (t¢), for j € I, given by

Y (te) = msgll(te, U1 (1), wl) (1), )

if (i, 1) € Eonm(z1(t0), ..., N1 (2,)) and 4l (t,) = nul | otherwise.

. msglll (¢, 2V (t), whl(tp_1),4), i (4,7) € Benm(z1(ty), ..., aNE=1(1y)),

Y; (te) = °
nul |, otherwise.

Remark 11.7 (Idealized aspects of communication model) Let us discuss two limitations regarding the proposed

communication model. We refer to CC as a synchronous control and communication law because the communications

between all agents takes always place at the same time for all agents. We do not discuss here the important setting

of asynchronous laws (see however the discussion in Section V).

The set L is used to exchange information between two robotic agents. The message nul | indicates no
communication. We assume that the messages in the communication language L allow us to encode logical
expressions such as true and f al se, integers, and real numbers. A realistic assumption on L would be to
adopt a finite-precision representation for integers and real numbers in the messages. Instead, in what follows, we

neglect any inaccuracies due to quantization (see however Section V). °

Remark 11.8 (Related notation) To distinguish between the nul | and the non-nul | messages received by an
agent, it is convenient to define the natural projection 7y : LY — 2L that maps an array of messages y to the
subset of L containing only the non-nul | messages in y.

In many uniform control and communication laws, the messages interchanged among the network agents are

(quantized representations of) the agents’ states and dynamic states. The corresponding communication language is
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L = X x W and message generation function msg, : T x X x W x I — X x W, msg (¢, z,w,j) = (z,w), is
referred to as the standard message-generation function.
By concatenating the curves z[%¢ and w4, for £ € Ny, we can define the evolution of the ith robotic agent

R, >t~ (zl(t),wl(t)) € Xl x Wl Additionally we can define the curves

Ry st at) = ()., aMN) e [T XY,
el

Ry st wt) = M), .., wM() e [[wh .
el

C. The agree-and-pursue control and communication law

Here we present an example of a control and communication law on the circle with the aim of illustrating the
previous definitions. From Example I1.3, consider the uniform network Sgi, g of locally-connected first-order
agents in S'. We now define the agree-and-pursue law, denoted by CCagr-pursuit> as the uniform and time-independent

law loosely described as follows:

[Informal description] The dynamic variables are dr ct n taking values in {C,cc} and pri or taking
values in /. At each communication round, each agent transmits its position and its dynamic variables and
sets its dynamic variables to those of the incoming message with the largest value of pri or. Between
communication rounds, each agent moves in the counterclockwise or clockwise direction depending on
whether its dynamic variable drctn is cc or c. For kyop €]0, %[ each agent moves Kprp times the
distance to the immediately next neighbor in the chosen direction, or, if no neighbors are detected, Kpop

times the communication range r.

Next, we define the law formally. Each agent has logic variables w = (dr ct n,pri or), where w; = drctn €
{cc,c}, with arbitrary initial value, and ws = pri or € I, with initial value equal to the agent’s identifier i. In
other words, we define W = {cc,c} x I, and we set Wo[i] = {cc,c} x {i}. Each agent i € I operates with the
standard message-generation function, i.e., we set L = S* x T and msg!’! = msg,,, where msg (0, w, j) = (0, w).

The state-transition function is defined by

stf(w, y) = argmax{zs | z € (7(y))2 U {w}}.
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For kprop € R4, the control function is

min{r} U {diStcc (eslrta arcvd) | Oreva € (ﬂ—L(y))l}’ if dretn = cc,
ctl(0, Osut, w, ) = kiprop

—min{r} U {distc (Osut, Oreva) | Oreva € (7.(y))1}, if drctn=c.
Finally, we sketch the control and communication in equivalent pseudocode language. This is possible for this

example, and necessary for more complicated ones. For example, the state-transition function is written as:

function stf((drctn,prior),y)
f or each non-nul | message
(Oreva, (Ar Ct Nyeya, Pri OF o)) in y:
if (prior,,y>prior), then
drctn:=drctngy
prior :=prior .
endi f
endf or
return (drctn,prior)

Similarly, the control function ctl is written as:

function ctl (6, 6y, (drctn,prior), y)
dimp =1
f or each non-nul | message
(Oreva, (Ar Ct Nyeyg, Pri or q)) in y:
if (drctn=cc) AND (distec(fsut, Oreva) < dimp)s
then dip := distee (it Oreva)
el seif (drctn=c) AND (distc(fsut, Oreva) < dimp)s
then dimp := distc (Osut, Oreva)
endi f
endf or
if (drctn=cc), thenreturn Kyopdimp,
el sereturn —kyopdimp endi f
An implementation of this control and communication law is shown in Fig. 1. Note that, along the evolution, all

agents agree upon a common direction of motion and, after suitable time, they reach a uniform distribution. Finally,
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we remark that this law is related to leader election algorithms, e.g., see [2], and to cyclic pursuit algorithms, e.g.,

see [16], [17]. °

Fig. 1. The agree-and-pursue control and communication law in Section II-C with N = 45, r = 27/40, and kprop = 1/4. Disks and circles
correspond to agents moving counterclockwise and clockwise, respectively. The initial positions and the initial directions of motion are randomly

generated. The five pictures depict the network state at times 0, 12,37, 100, 400.

D. Groups of robotic agents with relative-position sensing

In this last subsection on modeling, we discuss in some detail the Suzuki-Yamashita model mentioned in the
Introduction, see [4]. This model consists of a group of identical mobile robots characterized as follows: no explicit
communication takes place between the agents, at each instant of an “activation schedule,” each robot measure the
relative position of all other robots and moves according to a specified algorithm. In this model, robots are referred
to as “anonymous” and “oblivious” in precisely the same way in which we defined control and communication

laws to be uniform and static, respectively.

As compared with our notion of robotic network, the Suzuki-Yamashita model is more general in that the robots’
activations schedules do not necessarily coincide (i.e., this model is asynchronous), and at the same time it is less
general in that (1) robots cannot communicate any information other than their respective positions, and (2) each
robot observes every other robot’s position (i.e., the complete communication graph is adopted; this limitation is not
present for example in [5]). Note that a control and communication law, as in our definition, can be implemented
on a synchronous Suzuki-Yamashita model if the law (1) is static and uniform, (2) only relies on communicating
the agents’ positions (e.g., the message-generation function is the standard one), and (4) entails a control function

that only depends on relative positions (as opposed to absolute positions).
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III. COORDINATION TASKS AND COMPLEXITY MEASURES

In this section we introduce concepts and tools useful to analyze a communication and control law. We address
the following questions: What is a coordination task for a robotic network? When does a control and communication

law achieve a task? And with what time and communication complexity?

A. Coordination tasks

Our first analysis step is to characterize the correctness properties of a communication and control law. We do

so by defining the notion of task and of task achievement by a robotic network.

Definition 111.1 (Coordination task) Let S be a robotic network and let WV be a set.

(i) A coordination task for Sis a map 7: [[,.; X! x WY — Bool eSet .

(ii) If W = 0, then the coordination task is said to be static and is described by a map 7: Hierm —

Bool eSet .
Additionally, let CC a control and communication law for S.

(1) The law CC is compatible with the task 7: HiEIXW x WN — Bool eSet if its logic variables take values
in W, that is, if Wil =w, forall i € I.

(ii) The law CC achieves the task 7 if it is compatible with it and if, for all initial conditions xg} € X([Jﬂ and
w([f] € W(Ei], i € I, the corresponding network evolution ¢ — (x(¢),w(t)) has the property that there exists

T € Ry such that T(x(¢),w(t)) =true for all ¢t > T. .

Loosely speaking, achieving a task might mean obtaining a specified pattern in the position of the agents or of

their dynamic variables.

Example 111.2 (Agreement and equidistance tasks) From Example II.3, consider the uniform network Sgi . g
of locally-connected first-order agents in S!. From Example II-C, recall the agree-and-pursue control and commu-
nication 1aw CCgr-pursuic With dynamic variables taking values in W = {cc,c} x I. There are two tasks of interest.

First, we define the agreement task Zgrctn: (S')Y x W — Bool eSet by
true, ifdrctn =...=drctnl™,

%TCIH(97w) =
fal se, otherwise,
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where § = (A1, ... 0IN)), w = (wl'l, ... wI™), and wll = (drct nld, priorl¥), for i € I. Furthermore, for
e > 0, we define the static e-equidistance task Zcqdsinc : (SY)N — Bool eSet by Tz cqasme(8) = true if and only
if

lm;n distc (917, 91]) — min distec (611, 0V))| < e, forall i € I.
JIFT VE

true, if |min;y; distc (01, 6U1) — minj; distec (61, 0U1)| < e, for all i € 1,
,Ts—equtnc(e) =
fal se, otherwise.

In other words, 7;.cqasme is true when, for every agent, the clockwise distance to the closest clockwise neighbor

and the counterclockwise distance to the closest counterclockwise neighbor are approximately equal. )

B. Complexity notions for control and communication laws and for coordination tasks

We are finally ready to define the key notions of time and communication complexity. These notions describe
the cost that a certain control and communication law incurs while completing a certain coordination task. We also
define the complexity of a task to be the infimum of the costs incurred by all laws that achieve that task.

First we define the time complexity of an achievable task as the minimum number of communication rounds

needed by the agents to achieve the task 7.

Definition 111.3 (Time complexity) Let S be a robotic network and let 7 be a coordination task for S. Let CC be

a control and communication law for S compatible with 7.
(i) The time complexity to achieve 7 with CC from (20, wo) € [[;¢; Xg] X [Lies Wo[i] is
TC(7,CC,x0,wo) = inf {€ | T(x(ty), w(ty)) =true, forall k > ¢},

where ¢ — (z(t),w(t)) is the evolution of (S,CC) from the initial condition (z¢,wo).

(i1) The time complexity to achieve 7 with CC is

TC(T,CC) = sup {TC(T, CC. o, wo) | (wo,wo) € [T X4 HW(&“} .
iel iel
(iii) The time complexity of 7 is
TC(7)=inf{TC(7,CC) | CC compatible with 7}. o
Next, we define the notion of mean and total communication complexities for a task. As usual, we assume that

the network S has a communication edge map E.n, and that the control and communication law CC has language
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L and message-generation functions msgl”, i € I. With these data we can discuss the communication cost of

realizing one communication round. At time ¢ € T from state (z,w) € [[;c; X! x [T,c; W, an element of L

iel
needs to be transmitted for each edge of the directed graph (I, Ecpm\g(t, 2, w)) defined by (i, j) € Ecmm\o(t, 2, w)

if and only if

(i,§) € Eenm(z) and msgl? (¢, 217wl j) % nul I .

Next, we need a model for the cost of sending a message for each directed edge in E¢pm\g-

Definition 111.4 (One-round cost) For I = {1,..., N}, a function C,,,: 2% — R, is a one-round cost function

if Copq(0) =0, and S; C Sy C I x I implies C,4(S1) < C,4(S2). A one-round cost function C,,, is additive if,

rnd

for all S1,S CcIxI, SiNSy = 1] implies Cmd(Sl U SQ) = Cmd(Sl) + Cmd(SQ). °

This definition is motivated by the assumptions that (i) the cost of exchanging any message is bounded, and that (ii)
this cost is zero only for the nul | message. More specific detail about the communication cost depends necessarily
on the type of communication service (e.g. unidirectional versus omnidirectional) available between the agents. We
postpone our discussion about specific functions C,,4 to the next subsection. Here we only emphasize that, for a
given control and communication law CC with language L, the one-round cost depends on L; we therefore write

itas CL,: 21 SR,

Definition 111.5 (Communication complexity) Let S be a robotic network and let 7 be a coordination task for

S. Let CC be a control and communication law for S compatible with 7, and let CL,: 2/*7 — R be a one-round

md *

cost function.

(i) The mean communication complexity and the total communication complexity to achieve 7 with CC from
(20, wo) € [Ty X5 x [T,e, Wi are, respectively,

A—1

1
MCC(T,CC, o, wo) = 3 > " Chy 0 Bnmvo(te, (te), w(te)),
=0
A—1
TCC(I CC7 Zo, ’LU()) = Z Crl;ld o Ecmm\(ﬂ(tfa l’(t@), w(tf))a
£=0

where A = TC(CC, T, zo,wp) and t — (z(t), w(t)) is the evolution of (S,CC) from the initial condition

(xo,wp). (Here MCC is defined only for (zq,wg) with the property that 7(zq,wo) = f al se.)
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(i) The mean communication complexity and the total communication complexity to achieve 7 with CC are the
supremum of {MCC(7,CC, zo, wo) | (xo, wo) € [T,e; Xo %[ 1;e; Wi} and {TCC(T,CC, x0, wo) | (x0, wo) €
[Lic X3 x Lo, W, respectively.

(iii) The mean communication complexity of 7 and the total communication complexity of 7 are, respectively,

MCC(7)=inf{MCC(7,CC) | CC compatible with 7},

TCC(7)=inf{TCC(7,CC) | CC compatible with 7} . o
Itis clear that, for (2o, wo) € [[;e; X§' X[ Lic; Wi, TCC(T, CC, 20, wo) = MCC(T, CC, o, wo)-TC(T, CC, g, wp).
In turn, this implies that
TCC(T,CC) < MCC(T,CC) - TC(T,CC). (1)

We conclude this section with some remarks.

Remarks I11.6 (i) According to this notation, given a robotic network S and a control and communication law
CC, the time complexity of achieving a task 7 with CC is TC(7Z,CC) € O(f) (resp. TC(7Z,CC) € Q(f)),
if there exist Ny € N and k € R, such that TC(7,CC, o, wo) < kf(N) for all initial conditions (z, wo)
for each N > Ny (resp. if TC(7,CC,xo,wp) > kf(N) for at least an initial condition (z¢,wg) for each
N > Ny). .

(i) A different notion of communication complexity is defined in [10] for a different robotic network model.
Transcribed to the current setting, this notion of communication complexity of the execution of a control and

communication law CC from initial conditions (xo,wp) would read as

k
. 1
cc(CC, w0, wo) = Tim = Cg © Eemmp(te, 2(te), w(te)) - @)
£=0

Note that this definition does not make reference to the completion of a task. We will later come back to this

notion in Section III-D. °

C. Communication costs in unidirectional and omnidirectional wireless channels

In this subsection we discuss some modeling aspects of the one-round communication cost function I X I D FE —
C,,q(E) described in Definition IIL.4. First, let us mention that the definition is motivated by the assumptions that

(1) the cost of exchanging any message is bounded, and that (2) this cost is zero only for the nul | message. More
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specific detail about the communication cost depends necessarily on the type of communication service available
between the agents.

In unidirectional models of communication messages are sent in a point-to-point-wise fashion. Certain forms of
communication, such as those based on the TCP-IP protocol, and certain technologies, such as wireless networks
equipped with unidirectional antennas [18], [19], fall into this category. On the other hand, in an omnidirectional
model of communication (e.g., wireless networks equipped with omnidirectional antennas), a single transmission
made by a node can be heard by several other nodes at the same time. This has the advantage that, by choosing a
sufficiently large transmission power, a signal can reach all the neighboring nodes in a single time instant.

Broadly speaking, it is very difficult to come up with an abstract model that captures adequately the cost of
all possible communication technologies. For example, networking protocols for omnidirectional wireless networks
rely on a many nested layers to handle, for example, media access, power control, congestion control, and routing.
The presence of these layers and the non-trivial interactions between them make it difficult to assess communication

costs of individual messages. Let us elaborate on this point in the following remark.

Remark 111.7 (Omnidirectional wireless communication) The Minimum Power Broadcast (MPB) problem, the
Medium Access Control (MAC) problem, and their relationship are subjects of vigorous research in the wireless
communications literature, see for instance [20] and references therein. Loosely speaking, the MPB problem
consists of finding, for each agent 4, the minimum broadcast radius R} such that if agent i sends a message
with communication radius R!”, then its neighbors in a given graph E receive it. The MAC problem consists
of determining a minimum number of broadcasting turns required for all agents to communicate their messages
without interference. A schematic approach to these problems is as follows: first, from the communication graph

(I, E), one constructs the neighbor-induced graph (I, Exr) by
(i,4) € Enr if and only if (i,5) € Eor (i,k), (j, k) € E, for some k € I

In the new graph (I, E)), the set of neighbors of the agent ¢ is composed by its neighbors in the graph (I, E),
together with the their respective neighbors. As a second step, one has to compute the chromatic number of the
graph, i.e., the minimum number of colors x(Exr) needed to color the agents in such a way that there are no two
neighboring agents with the same color. (This is also referred to as the coloring-graph problem.) Theorem 5.2.4
in [21] asserts that if a connected graph is neither complete, nor an odd cycle, then x(Eys) is less than or equal

to the maximum valency of the graph. Once the chromatic number has been determined, broadcasting turns can be
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16 SUBMITTED AS A REGULAR PAPER TO IEEE TRANSACTIONS ON AUTOMATIC CONTROL

established according to an ordered sequence of the agents’ colors. Although this approach is clearly inadequate,

it provides some basic pointers with regards to communication costs. °

Motivated by the difficulty of obtaining a detailed model, the rest of this paper relies on the following simplified

models that capture some broad relevant aspects:

(i) For a unidirectional communication model, E — C_4(E) is proportional to the total number of non-nul |
messages sent over the directed edges in E, that is, C,4(E) = ¢ - cardinality (E), where ¢o € Ry is the cost
of sending a single message. This one-round cost function is additive. This number is trivially bounded by
twice the number of edges of the complete graph, which is N (N — 1). Therefore, for unidirectional models
of communication, we have MCC\ypi_qi:(CC,7) € O(N?).

(ii) For an omnidirectional communication model, E +— C, 4(E) is proportional to the number of turns em-
ployed to complete a communication round without interference between the agents (see Remark II1.7). This
number is trivially upper bounded by N. Therefore, for omnidirectional models of communication, we have

MCComni-dir (CC7 T) S O(N)

D. Invariance under rescheduling of control and communication laws

In this section, we discuss the invariance properties of the notions of time and communication complexity under
the rescheduling of a control and communication law. The idea behind rescheduling is to “spread” the execution of
the law over time without affecting the trajectories described by the robotic agents of the network. Our objective
is to formalize this idea and to examine the effect on the notions of complexity introduced earlier. For simplicity
we consider the setting of static laws; similar results can be obtained for the general setting.

Let S = (I, A, Ecnm) be a robotic network with driftless physical agents, that is, a robotic network where
each physical agent is a driftless control system. Let CC = (No, L, {ctl! };¢7, {msgl?l};c;) be a static control and
communication law. It is out intention to define a new control and communication law by modifying CC; to do so
we introduce some notation. Let s € N, with s < N, and let P; = {Iy,...,Is_1} be an s-partition of I, that is,
Iy, ..., Is_1 are disjoint and nonempty subsets of I and I = Uz;(l)fk.

For ¢ € I, define the message-generation functions mngiS] P No x X1 x T — L by

mSgEis]"PI)(tZaxvj) = msg[i](t\_f/sjax7j)a 3

(4]

if i € I, and k = £(mod s), and msg_ )

(te,xz,7) = nul | otherwise. According to this new message-generation
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function, only the agents with unique identifier in I will send messages at time ¢, with £ € {k + as | a € Np}.
Equivalently, this can be stated as follows. Define the increasing function F': Ng — Ny by F(¢) = s({ +1) — 1.

According to the message-generation functions specified by (3), the messages originally sent at the time instant ¢,

are now rescheduled to be sent at the time instants tpg)_sy1,--.,tr). Fig. 2 illustrates this idea.
777777777777777 | |
| |
,,,,,,,,,,,,,,, ] ] .
N |
tr@)—st1 1720 tr()+1

Fig. 2. Under the rescheduling, the messages that are sent at the time instant ¢, under the control and communication law CC are rescheduled
to be sent over the time instants {f(g)_s41,- -, tp(e) under the control and communication law CC (4 p,). Accordingly, the evolution of the
robotic network under the original law during the time interval [tg,tg41] is now executed when all the corresponding messages have been

transmitted, i.e., along the time interval [t (), tp(o)+1]-

For i € I, define the control functions ctll”: R, x XU x X[ x LN — ylil py

i tr1 —tr1w)
CtlES]’pI)(tv Ty Tsmpld, Z/) = (tZii — L‘[ © Ctl[ ) (hz(t), Xy Tsmpld s y) ) (4)

if t € [tg,tp41] and £ = —1(mod s) and ctlgi] pl)(t,x,xsmpld, y) = 0 otherwise. Here F'~1: Ny — N is the inverse

of F, defined by F~1(¢) = “2 — 1, and for £ = —1(mod s), the function h¢: [t¢,te41] — [tr-10),tr-1(0)41] is
the time re-parameterization function defined by

ha(t) (tr-1)+1 = tr-1 )t + tepatr-10) — tetp-1(041
‘ toy1 — te ’

for [tg,te41]. Roughly speaking, the control law ctlEiS] p,) makes the agent i wait for the time intervals [te, tos1],

with ¢ € {as — 1 | a € N}, to execute any motion. Accordingly, the evolution of the robotic network under the
original law CC during the time interval [ty, ¢y, 1] now takes place when all the corresponding messages have been
transmitted, i.e., along the time interval [t (s), tp(e)+1)-

This construction is gathered in the following definition.

Definition 111.8 (Rescheduling of control and communication laws) Let S = (1, A, E..m) be a robotic network

with driftless physical agents, and let CC = (No, L, {ctl®};¢;, {msgl? };c;) be a static control and communication
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law. Let s € N, with s < N, and let P; be an s-partition of /. The control and communication law CC, p,) =

(N, L, {Ctl&]’pl)}iel, {msgﬁ]yﬂ}ig) defined by equations (3) and (4) is called a (s, Py)-rescheduling of CC. e

Next, we examine the relation between the evolutions and the time and communication complexities of a
control and communication law CC, and of those of its reschedulings. The following result shows that the total

communication cost of CC remains invariant under rescheduling.

Theorem 111.9 With the same assumptions as in Definition I11.8, let ¢ — «(¢) and ¢t — Z(t) denote the network
evolutions starting from =g € [[,; X([f] under CC and CC . p,), respectively, and let 7: [],., X'/ — Bool eSet
be a coordination task for S.

(1) For all k € N,

() = i tpe-1)41), forte Ufi?(;£1)+1[tf7tf+1]7 )
2l (hpy(8)),  fort € [trmy, trgy] -
i) For all zg € [[,c; X,
TC(CC(s,p,), T, 20) = s - TC(CC, T, x0) .

xJ!

(i) If C,,q is additive, then, for all zo € [],.;

1
MCC(CC(S7PI), 'T, J)o) = — MCC(CC, 'T, 330) 5
s
and, therefore, the total communication cost of CC is invariant under rescheduling. .
Proof: The relationships (5) are direct consequences of the definition of rescheduling. We leave the bookkeeping
to the interested reader. By definition of TC(CC, T, z¢), we have that T(x(¢x)) =t r ue, for all k > TC(CC, T, zy),
and T(x(trcce,1,20)—1)) = fal se. Let us rewrite these equalities in terms of the trajectories corresponding to

the rescheduled control and communication law. From equation (5), one can write z! () = U (hp ) (tp@))) =

zl (tp(k)). for all i € I and k € Ny. Therefore, we have
Ti(trw)) = T(t)) =true,  forall F(k) > F(TC(CC, T, xy)).
T(@(tr(rece, T.oo)-1)) = T@(trece,1.20)-1)) = f al se,

where we have used the definition (3) of the rescheduled message-generation function. Now, note that by equation (5),

one has

#te) = 2 (tp(eys)-1y41), foralll € Ngandallie I.
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Therefore, T(Z(tp(rc(ce,T,e0)—1)+1)) = Z(Z(tp(rc(ce,T.00)))) and we can rewrite the previous identities as
T(z(ty)) =true, forallk > F(TC(CC,T,z9)—1)+1,
T(Z(tp(roce,T.e0)-1))) = fal se,
which imply that
TC(CC (s, p,), T, w0) = F(TC(CC, T,20) — 1) + 1 = s TC(CC, T, x0) -
As for the mean communication complexity, additivity of C,4 implies
Cha © Benmo (e, 2(te)) = Cha © Ecnn\0 (tr(0)— 541, E(tp@)—st1)) + +* + Cha © Ecmmno (tr(e), Z(tpr)))

where we have used F/({ — 1) + 1 = F(¢) — s + 1. Now, we compute

TC(CC (5,py) Two)—1 F(TC(CC,T,xo)—1)
Z CrIIJqd 0 Ecmm\0 (te, Z(te)) = Z Crﬁd ° Ecmm\v)(tfa Z(te))
=0 £=0
TC(CC,T,x0)—1  F(f) TC(CC,T,x0)—1
= Z Z Creld ° Ecmm\@ (tka j(tk)) = Z Cfnd o Ecmm\@ (t€7 I(tg)) >
£=0 k=F(£)—s+1 £=0
which completes the proof of part (iii). |

Remark 111.10 It is worth noting that the notion of communication complexity defined in (2) does not enjoy the

invariance property under rescheduling. Indeed, reasoning as before, one computes

k ks—1
1
lim =Y CLo B umo(te,Z(t)) = lim = CL o Eopmo(te, Z(t
k;glmk; ma © Eemm\o (te, Z(t)) ;;_Tooksq; ma © Eemm\o (te, (te))

k-1 ()
o -
~ lim = Z Z Cfnd o Ecmm\@ (tfv ,’L‘(tz))
k——+oco ks—1 =
=0 4=F(I-1)+1

T

-1
1
lim = CrI; o Eenm\o(te, x(t;)) .
%Hﬂokslg a4 © Ecnm\o (te, 2(t7))

Therefore, cc(CC s p,),T0) = %cc(CC ,xo). This means that, by performing a rescheduling of the control and
communication law, one can indeed lower the measure of communication complexity cc, although the trajectory

described by the robotic network will continue to be the same. °

IV. AGREEMENT ON DIRECTION OF MOTION AND EQUIDISTANCE

From Examples IL.3, II-C and IIL.2, recall the definition of uniform network Sgi , g Of locally-connected first-

order agents in St, the agree-and-pursue control and communication law CCagr.pursuit> and the two coordination tasks
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Tarctn and Zc.cqasme. The following result characterizes the complexity to achieve these coordination tasks with

Ccagr—pursuil .

Theorem V.1 (Time complexity of agree-and-pursue law) For kyqp €]0, 5[, r €]0,27], « = Nr — 27 and
e €]0, 1], the network Sg1 g the 1aw CCagrpursuic, @nd the tasks Zgrcen and 7Zceqasnc together satisfy:

(i) the bound TC(Zgr ctn, CCagrpursuit) € O(r1);
(i) if o > 0, the upper bound TC(7: cqastne, Cagrpursuic) € O(N?log(Ne™) 4 Nloga~") and the lower bound

TC(7z-eqdstne s CCagrpursuit) € Q(N?log(e™1)). If @ <0, then CCogr-pursuic d0ES NOt achieve 7 eqasnc in general.

Proof: Let us start by proving fact (i). We reason by induction on the number of agents N. If N = 1, the
result is trivially true. Assume then that the result is true for N — 1 and let us prove it for N. Without loss of
generality, assume dr ct nvl (0) = c, and that Ty, ¢t is T al se at time 0 (otherwise, we have finished). Therefore,
at least one agent is moving counterclockwise at time 0, and we can define k = max{i € I | dr ct n{(0) = cc}.
Define t;, = inf({¢ € Ny | dr ct n[¥l(¢) = ¢} U {+00}). In what follows we provide an upper bound on .

For ¢ < t;,, define

§(0) = argmin{distc (07 (¢), 01 (¢)) | prior 1 = N, i € I}.

In other words, for all instants of time when agent k is moving counterclockwise, the agent j(I) has pri or equal

to IV, is moving clockwise, and is the agent closest to agent k& with these two properties. Clearly,
o1 > diste (0V(0), 0171 (0)) = distc (091 (0), 61 (0)).
Additionally, for £ < t; — 1, we claim that
diste (AU (£), UV (0 1 1)) > Kpropr

This happens because either (1) there is no agent clockwise-ahead of #l/(9)] (¢) within clockwise distance r and,
therefore, the claim is obvious, or (2) there are such agents. In case (2), let m denote the agent whose clockwise

distance to agent j(¢) is maximal within the set of agents with clockwise distance  from #U(9!(¢). Then,
diste (97 OV(0), 9UEHDI (¢ 4 1)) = distc (09 O)(0), 0™ (0 + 1))
= diste (VD) (0), 01 (£)) + diste (0™ (2), 0™ (¢ + 1))
> distc (091 (£), 00 (0)) + kprop (r — diste (0V D1 (0), 0™ (¢)))

= Kprop” + (1 — kprop) diste (VD1 (0), 0™ (£)) > Kpropr,
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where the first inequality follows from the fact that at time ¢ there can be no agent whose clockwise distance to
agent m is less than (r — distc (8U(D1(¢), 6071 (¢))).
In summary, either agent k& changes direction of motion or at each instant of time its distance to the closest agent

with pri or equal to N decreases by a constant kprpr. This shows that

2
tk < T .

k prop

Now, we distinguish two cases: (a) k = N — 1, and (b) £k < N — 1. In case (a), after ty_; < %7‘_1 steps, the
agent N — 1 moves in the clockwise direction and has pri or [N—1] (tn—1) = N. In the remainder of the evolution,
the message pri or = N travels faster throughout the network composed of N agents than if only agents with
identities in {1, ..., N —1} were present. Therefore, by the induction hypothesis, TC(Zgr ¢t n, CCagr-pursuir) € O(r™1).
In case (b), the message pri or = N travels faster throughout the network composed of N agents than if only
agents with identities in {1,..., N — 2} U {N} were present. Again by the induction hypothesis, we conclude
TC(Zar ctn, CCagrpursuic) € O(r71h).

Let us prove the lower bound in (i). If » > 7, then % < %, and the upper bound reads TC(7qr ct n, CCagr-pursuit) €
O(1). Obviously, the time complexity of any evolution with an initial configuration where dr ct nl (0) = cc for
i€{l,...,N=1},drct n!¥(0) = ¢ and E, g (6[1(0), .. .,0N1(0)) is the complete graph, is lower bounded by 1.
Therefore, TC(Zgrct n, CCagrpursuit) € ©2(1). Since r > m, we conclude TC(Zgrctn, CCagrpursuit) € O(r~1). Assume
then 7 < 7. Consider an initial configuration where dr ct n/(0) = cc fori € {1,..., N — 1}, drct nV(0) = c,

and the agents are placed as depicted in Figure 3. Note that the displacement of each agent is upper bounded by

Fig. 3.  Initial condition for the lower bound for TC(Zdrctn,CCagrpursuit). With 0 < diste (0V=11(0),0NV1(0)) — r < & and

diste (0111(0), 01N =11(0)) < r — &, for some fixed & > 0.

propr < 5. Therefore, the number of time steps that takes agent 1 to receive the message pri or = N is lower

bounded by [27” - 2J. We conclude TC(Zgr ¢t n, CCagr-pursuic) € 2(r™1).
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To prove fact (ii), we assume that 74, ¢t n has been achieved (so that all agents are moving clockwise), and we

first prove a fact regarding connectivity. At time ¢ € Ny, define

H(l) ={z eS| min distc (z, 0l (¢)) 4+ min distcc (z, 091()) > r}.
1€

jel
In other words, any point in H (¢) is at least a distance r, clockwise or counterclockwise, from an agent. Therefore,
H(¢) does not contain any point between two agents separated by a distance less than r, and each connected
component of H({) has length at least r. Let ny(¢) be the number of connected components of H (¢), if H({)
is empty, then we take the convention that ng(¢) = 0. Clearly, ny(¢) < N. We claim that, if ng(¢) > 0, then
t — ng(f +t) is non-increasing. Let d(¢) < r be the distance between any two consecutive agents at time /.

Because both agents move in the same direction, a simple calculation shows that
d(l+1) < d(€) + kprop(r — d(£)) = (1 = Fprop)d(€) + Kprop™ < (1 = Kprop)7" + Kpropr = 7-

This means that the two agents remain within distance r and, therefore connected, at the following time instant.
Because the number of connected components of E,.(A!Y, ... AIN]) does not increase, it follows that the number
of connected components of H cannot increase.

Next we claim that, if ng (¢) > 0, then there exists ¢ > ¢ such that ny(t) < ng(¢). By contradiction, assume
np(f) = ng(t) for all £ > £. Without loss of generality, let {1,...,m} be a set of agents with the properties that
distee (011 (€), 06F+1(0)) <7, for i € {1,...,m}, that 91)(¢) and 6™ (¢) belong to the boundary of H(¢), and that

there is no other set with the same properties and more agents. One can show that, for ¢ > ¢,

O (t + 1) = 1 (t) — kpropr,
Ol (t + 1) = 00 (1) — kprop diste (011 (2), 0071 (1)), i€ {2,...,m}.

If we define d(t) = (distec (01 (£),012(2)), ..., distcc (™~ U(2),00m)(¢))) € R7 ™", then the previous equations

can be rewritten as

k prop

0
d(t + 1) = Tridym—1(Kprop, 1 — Kprop, 0) d(t) + 7 ,

0

where the linear map (a, b, c) +— Trid,,_1(a,b,c) € R(m=Dx(m=1) j5 defined in Appendix A. This is a discrete-

time linear time-invariant dynamical system with unique equilibrium point r(1,...,1). By Theorem A.3(ii) in
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Appendix A, for n €]0, 1], the solution ¢ — d(t) to this system reaches a ball of radius 7 centered at the equilibrium
point in time O(mlogm + logn~1!). (Here we used the fact that the initial condition of this system is bounded.)
In turn, this implies that ¢ — > ;" d;(¢) is larger than (m — 1)(r — n) in time O(mlogm + logn™').

We are now ready to find the contradiction and show that n g () cannot remain equal to ng (¢) for all time ¢.

After time O(mlogm +logn=1) = O(Nlog N +logn~1!), we have:

nm(£)
2r > ng(Or+ Y (r—n)(m; —1) =ng(Or + (N =ng(0)(r —n) = nm(On + N(r —n).
j=1

Here my, ..., m,,, ) are the number of agents in each isolated group, and each connected component of H (¢) has
length at least r. Now, take n = % = %, and the contradiction follows from

2r > ng(l)n+ Nr— Nn=ng()n+ Nr+ 27 — Nr =ng({)n + 2r.

In summary this shows that, in time O(N log N + logn~!) = O(Nlog N + loga~!), the number of connected
components of H will decrease by one. Therefore, in time O(N?log N 4+ N log a~!) the set H will become empty.

At that time, the resulting network will obey the discrete-time linear time-invariant dynamical system:
d(t + 1) = Circy (Kprops 1 — Kprop, 0) d(t). 6)

Here d(t) = (distec (01(2), 012 (¢)), ..., distec (V) (2), 0VF1(2))) € RY, with the convention 91N +1) = ¢l By
Theorem A.3(iii) in Appendix A, the solution ¢ — d(t) reaches the desired configuration in time O(N?2loge™1)
with an error whose 2-norm, and therefore, its co-norm is of order €. In summary, the desired configuration is
achieved in time O(N?log(Ne™!) + Nloga™1).

For the lower bound, consider an initial configuration with the properties that (i) agents are counterclockwise-
ordered according to their unique identifier, (ii) the set H is empty, and (iii) the inter-agent distances d(0) =

(distec (01(0), 012(0)), . . ., distec (1V)(0), 011(0))) are given by

d0)=| : | +k(vn +Vn),

where vy is the eigenvector of Circy (kprop, 1 — Eprop, 0) corresponding to the eigenvalue 1 — Kprop + kprop COS (QW’T) —
Kpropy/—1sin (3% ) (see Appendix A), and k > 0 is chosen sufficiently small so that d(0) € RY. By Theorem A.3(iii)
in Appendix A, the solution ¢ — d(t) reaches the desired configuration in time ©(N?logs~!) with an error whose

2-norm, and therefore, its co-norm is of order €. This concludes the result. |

April 29, 2005 DRAFT



24 SUBMITTED AS A REGULAR PAPER TO IEEE TRANSACTIONS ON AUTOMATIC CONTROL

To conclude this section, we study the total communication complexity of the agree-and-pursue control and
communication law. We consider the case of a unidirectional communication model with one-round cost function
depending linearly on the cardinality of the communication graph. From equation (1) and Theorem IV.1, we deduce

the following bounds

TCCuni-dir (%r ctn, CCagr—pursuit) € O(NQT_l)a

TCCuni-dir (Z—equmm Ccagr—pursuit) € O(N4 10g(N€_1) + N3 IOg a_1)7

since the number of edges in F, g is in O(NN?). The next result gives a more accurate estimate.

Theorem 1V.2 (Total communication complexity of agree-and-pursue law) For kpop €]0, [, 7 €]0,27], o =
Nr —2m and e €]0,1[, the network Sgi, giq, the 1aw CCugrpursuit, and the tasks Zgrcen and 7-eqasme together

satisfy:

(i) the bound TCCuni-dir(Zdr ct ny CCagrpursuit) = O(N2r~1);
(i) if @ > 0, the upper bound TCCuni_dir (Tz-eqasine, CCagrpursuit) € O((a+1)N?(Nlog N+loga~)+N*log(e 1))

and the lower bound Q(N3aloge™1).

Proof: We follow the steps and notation in the proof of Theorem IV.1. The lower bound in (i) can be readily
deduced by examining the evolution of the two initial configurations employed in the proof of Theorem IV.1 to prove
the lower bound on the time complexity. Regarding (ii), let us consider first the case when 75 (0) = 0. In this case,
the network obeys the discrete-time linear time-invariant dynamical system (6). By Theorem A.3(iii) in Appendix A,
the desired configuration is reached in time © (N 2 log 5’1) with an error whose 2-norm, and therefore, its co-norm
is of order e. In this case, one can see that the number of edges in E, g is upper bounded by O(N?) and lower
bounded by Q(aN). From here, we deduce the upper bound O(N*loge~1) and the lower bound Q(N3aloge™1)
on the total communication complexity.

Consider now the case when ng(0) > 0. Let ¢, be the time it takes the network to reduce the number of
connected components of H to ny(0) — 1. We treat the two possible situations (i) t. € O(Nlog N + loga™!)
and (ii) t, < O(Nlog N +loga~1). In the case (i), each isolated group of agents reaches a ball of radius 7 = ~
centered at the equilibrium point 7(1,...,1). Up to t,, the total communication complexity is then upper bounded

by O(N3log N+ N?loga~1). After time t,, each agent has O(«) neighbors, and therefore we obtain the following
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upper bound on the total communication complexity
O(N3alog N + N?aloga™?)

up to the instant when the set H becomes empty. In the case (ii), let us redefine ¢, to be the time it takes the
network to reduce the number of connected components of H to ny(0) — 2. Again, either (i) or (ii) might hold true
for t,. Proceeding inductively, we only have to upper bound the total communication complexity when ¢, keeps
falling in case (ii). In this situation, one can bound the total communication complexity up to the instant when the

set H becomes empty by O(N3log N + N?loga™!). The statement of the theorem then follows. |

Remark 1V.3 Let us examine the connection of the agree-and-pursue control and communication law with the
classical Lann-Chang-Roberts (LCR) algorithm for leader election (see [2, Chapter 3.3]). The leader election
coordination task consists of electing a unique agent from among all the agents in the network. It is therefore
slightly different from, but closely related to, the coordination task Zgr¢tn. The LCR algorithm operates on a static
network with the ring communication topology, and achieves leader election with time and total communication
complexity, respectively, ©(N) and ©(N?). The agree-and-pursue law operates on a robotic network with the r-disk
communication topology, and achieves Tgrctn With time and total communication complexity, respectively, ©(r 1)
and ©(N2r~1). Interestingly, the mobility of the network together with the richer communication topology speeds

up the completion of the task, without compromising the total communication complexity. °

V. CONCLUSIONS

We have introduced a formal model for the design and analysis of coordination algorithms executed by networks
composed of robotic agents. Under this framework, motion coordination algorithms are formalized as feedback
control and communication laws. Drawing analogies with the classical theory on distributed algorithms, we have
defined two measures of complexity for this formal notion of execution: the time and the mean communication
complexity of achieving a specific task. We have defined the notion of re-scheduling of a control and communication
law and analyzed the invariance of the proposed complexity measures under this operation. These concepts and
results have been illustrated in a network of locally connected agents on the circle executing the “agree-and-pursue”
motion coordination algorithm.

Numerous avenues for future research appear open. An incomplete list include the following: (i) modeling

of asynchronous networks (see however [22], [23], [8], [24]); (i) models and analysis of failures in the agents
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(arrivals/departures) and in the communication links (see however [15], [25], [26], [27]); (iii) probabilistic versions
of the complexity measures (see however [10]); (iv) quantization and delays in the communication channels (see
however [28] and the literature on quantized control); and (v) parallel, sequential and hierarchical composition
of control and communication laws. On the algorithmic side, the companion paper [14] provides time-complexity
estimates for various coordination algorithms that achieve rendezvous and deployment, and discusses other open

questions.
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APPENDIX A

TRIDIAGONAL TOEPLITZ AND CIRCULANT DYNAMICAL SYSTEMS

This section reviews some basic facts about certain classes of Toeplitz matrices, see [29], and other general
results that we later employ. For N > 2 and a, b, c € R, define the N x N Toeplitz matrices Trid x(a, b, c) and

Circy(a, b, ¢) by

Tridy(a, b, ¢) = , Circy(a, b, c) = Tridy(a, b, ) +

0O ... a b ¢ O o0 ... 0 O

0O ... 0 a b c 0 ... 0 O

The matrices Tridy and Circy are tridiagonal and circulant, respectively. The two matrices only differ in their

b a+c
(1, N) and (N, 1) entries. Note our convention that Cs(a, b, c) =

a+c b

Lemma A.1 (Eigenvalues of tridiagonal Toeplitz and circulant matrices) For N > 2 and a,b,c € R, the

following statements hold:

(i) for ac # 0, the eigenvalues and eigenvectors of Tridx(a,b,c) are, for i € {1,..., N},

b—|—26\/jcos o (%)2/2 sin (1\271‘:1) .
C N+]. ’ : ’

(ii) the eigenvalues and eigenvectors of Circy(a, b, c) are, for w = exp(? \/_) and for i € {1,...,N},

)+ VT i Eﬂ”)

and (1,w,...,wN"DHT, .

b+(a+c)cos<N

Proof: Both facts are discussed, for example, in [29, Example 7.2.5 and Exercise 7.2.20]. Fact (ii) requires

some straightforward algebraic manipulations. |

Remarks A.2 (i) The set of eigenvalues of Tridy(a, b, ¢) is contained in the real interval [b — 2+/ac, b+ 2/ac],

if ac > 0, and in the interval in the complex plane [b — 2v/—1+/|ac|,b + 2v/—1+/]ac|], if ac < 0.
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(ii) The set of eigenvalues of Circy(a,b,c) is contained in the ellipse on the complex plane with center b,
horizontal axis 2|a + ¢| and vertical axis 2|c — al.

(iii) Recall from [29] that (1) a square matrix is normal if it has a complete orthonormal set of eigenvectors,
(2) circulant matrices and real-symmetric matrices are normal, and (3) if a normal matrix has eigenvalues

{A1,...,An}, then its singular values are {|\1],...,|[A\.|}. o

We can now state the main result of this section.

Theorem A.3 (Tridiagonal Toeplitz and circulant dynamical systems) Let N > 2, ¢ €]0,1], and a,b,c € R.

Let z: Ng — RY and y: Ng — R" be solutions to
x(l+ 1) = Tridy(a, b, ¢) z(£), y(£ + 1) = Circy(a, b, ) y(¢),

with initial conditions 2(0) = z¢ and y(0) = yo, respectively. The following statements hold:
() ifa=c+#0and|b|+2|a| = 1, then lim,_,; o x(¢) = 0, and the maximum time required for ||z (¢)||2 < €||zo]|2
(over all initial conditions zo € RY) is ©(N?loge™!);
(i) ifa#0,c=0and 0 < |b] <1, then limy—, 1o x(£) = 0, and the maximum time required for ||z(¢)|2 <
g||zo||2 (over all initial conditions zo € RY) is O(Nlog N +loge™!);
(iii) ifa>0,¢>0,b>0,and a+b+c =1, then limy_, ;oo Y(£) = Yavel, Where yae = %17’3/0, and the maximum

time required for ||y(€) — yaelll2 < €[|yo — yave 1|2 (over all initial conditions yo € RY) is ©(N?loge™!).e

Proof: Let us prove fact (i). We start by bounding from above the eigenvalue with largest absolute value, that

is, the largest singular value, of Tridy(a, b, a):

max_ |b+ 2acos [ —0— < |b] +2|a] max
ie{l,...,N} N+1 ie{1,...,N}

cos in < |b| + 2|a| cos T
N+1)|~ N+1)°

Because cos( %) < 1 for any N > 2, the matrix Tridy (a, b, a) is stable. Additionally, for £ > 0, we bound from

above the magnitude of the curve z as

0
. ™
Jo(6)la = | Tridy(a, bzl < (1l + 2laleos (575 ) ) ool

In order to have ||z(¢)||2 < €l||zo]|2, it is sufficient that ¢log (|b| + 2|a] cos (NZTF 1)) < loge, that is

loge™!

~1og (|b] + 2lal cos (7% ) )

0> (A7)
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To show the upper bound, note that as ¢ — 0 we have

1 1
“log(1 —2[al(1 —cost))  |alt?

+0(1).

Now, assume without loss of generality that ab > 0 and consider the eigenvalue b+ 2a cos( 17y ) of Tridn (a, b, a).
Note that [b+ 2a cos(%7)| = [b] + 2]al cos( {7 ) (If ab < 0, then consider the eigenvalue b+ 2a COS(N+1) ) For
N > 2, define the unit-length vector
sin
2 : eRY (A8)
VN =4/ —— : .
MV N+ : ’
sin J\J,\Tl
and note that, by Lemma A.1(i), v is an eigenvector of Tridy(a,b,a) with eigenvalue b + 2a cos(x"7). The

trajectory x with initial condition vy satisfies ||z(¢)|2 = (|b| + 2|a| cos( )) |lvin|l2 and, therefore, it will

N+1
enter B(0,¢||vy]||2) only when ¢ satisfies (A.7). This completes the proof of fact (i).

Next we consider statement (ii). Clearly, Trid x5 (a, b, 0) is stable. For ¢ > 0, we compute

N-1

: a.. ¢ 3 G
TI‘ldN(a,ZLO)Z :be(IN—f— E’I‘rldN(l,0,0)) :bé m
=0

because of the nilpotency of Tridy(1,0,0). Now we can bound from above the magnitude of the curve z as

(%)J Tridy (1, 0,0)7

N-—1 .
. ¢! J . _
|z(0)]|2 = || Tridn (a, b, 0)zoll2 < b} m(%) || Tridu (1,0,0) ],
j=0

< eVP N7 B |l |2

Here we used || Tridy(1,0,0)7 2|2 < ||zo]|2 and max{(zfi!j)! |j€{0,...,N —1}} < ¢N=1 Therefore, in order
to have |lz(¢)||2 < el|xo||2, it suffices that log(e®/®) + (N — 1) log ¢ + ¢log |b| < loge, that is

N -1 2 _loge
- " logl>t -
“loglt] &7 —log b]

A sufficient condition for ¢ — alog ¢ > (3, for o, 8 > 0, is that ¢ > 20 + 2amax{1,log a}. For, if £ > 2a, then
log ¢ is bounded from above by the line ¢/2« + log «. Furthermore, the line ¢/2c + log « is a lower bound for the

line (¢ — )/« if £ > 23 + 2alog . In summary, it is true that ||z (¢)||2 < ¢]|z(0)||2 whenever

—loge N -1 N -1
0> 2b 2 1,log —— %
—log b —log|b|m‘“"{ % o }

This completes the proof of the upper bound, that is, fact (ii).
The proof of fact (iii) is similar to that of fact (i). We analyze the singular values of Circy(a,b,c). It is clear

that the eigenvalue corresponding to ¢ = N is equal to 1; this is the largest singular value of Circy(a,b, ¢) and the
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corresponding eigenvector is 1. In the orthogonal decomposition induced by the eigenvectors of Circy(a, b, c), the

vector Yo has a component ¥, along the eigenvector 1. We now compute the second largest singular value:

b+(a+c)cos(N)+r(c—a)b1n<?)

max
ie{1,...,N—1}
2m 2
= ‘1— (a—|—c)(1—cos(N)) +v—1(c—a)sin (1\7;)‘
Here |- | is the norm in C. Because of the assumptions on a, b, ¢, the second largest singular value is strictly less

than 1. For £ > 0, we bound the distance of the curve y(¢) from y,.1 as

1y(€) = yavelll2 = || Ciren (a, b, ) yo = yavelll2 = | Ciren (a, b, ) (yo — Yavel) [l2

< ‘1( )(1COS(N))+F(ca>sln(§§>

l
Y0 — Yave1|2-

This proves that limy_, oo y(£) = yavel. Also, for « =a + ¢, =c— a and as t — 0, we have

— ! = 2 +O(1).

log ((1 —a(l - cost))2 + 32 sin2 t)1/2 (a — 32)t2

Here 3% < a because a, c €]0, 1. From this, one deduces the upper bound in (iii).
Now, consider the eigenvalues Ay = b+ (a + ¢)cos (3) + /—1(c — a)sin (%) and Ay = b+ (a +

¢) cos (W) ++v—1(c—a)sin (W) of Circy(a, b, ¢), and its associated eigenvectors (cf. Lemma A.1(ii))

1 1
w wal
VN = eCV, vy= eCV. (A.9)
wN’l w

Note that the vector vy + vy belongs to RY. Moreover, its component y,. along the eigenvector 1 is 0. The
. . C . ... _ . ~¢ _ _
trajectory y with initial condition vy + vy satisfies [|y(£)]|2 = [[Nyvy + AnVallz = [An[fllva + Vvl2 and,

therefore, it will enter B(0,e||vy + Vx||2) only when

loge™!

flog}lf a+c)(1fcos( ))Jr\/_(C*a)Sln(Ww).

>

This completes the proof of fact (iii). |
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Next, we extend these results to another interesting set of matrices. For N > 2 and a,b € R, define the N x N

matrices ATrid}; (a,b) and ATridy (a,b) by

_a 0 0_
0 0 0
ATrid: (a, b) = Tridy (a, b, a) +
0 0 0
10 . 0 af
If we define
_1 1 0 0 O_ i 1 1 0 0 0_
1 -1 1 0 0 -1 11 0 0
1 0 -1 1 0 1 0o 1 1 0
Py = ) P_= )
1 0 ... 0 -1 1 (-H¥-2 0 ... 0 1 1
_1 o ... 0 0 —1_ _(—1)N*1 0 ... 0 O 1_
then the following similarity transforms are satisfied:
ATrid% (a,b) = Py bz ’ P, (A.10)

0 Tridy_1(a,b,a)
To analyze the convergence properties of the dynamical systems determined by ATrid} (a,b) and ATridy (a,b),

we recall that 17 = (1,...,1) € RV, and we define 1_ = (1,—1,1,...,(-1D)¥ =2 (-1)N-1)T ¢ RV,

Theorem A4 Let N > 2, €]0,1],and a,b € Rwith a # 0 and |b|+2|a| = 1. Let z: Ny — RV and z: Ny — RY

be solutions to
z(0+ 1) = ATrid (a, b) z(¢), z(0 4+ 1) = ATridy(a, b) z(¢),

with initial conditions z(0) = z¢ and z(0) = zo, respectively. The following statements hold:
(i) limy—joo (2(€) — Tawe(£)1) = 0, Where zae(¢) = (%17 20)(b + 2a)¢, and the maximum time required for
2(€) = Tave(€)1]|2 < €|lzo — Zaye(0)1]|2 (over all initial conditions zo € RY) is ©(N?loge™);
(i) limy_qoo (2(€) — 2ae(£)1-) = 0, where zye(¢) = (%17 2)(b — 2a)*, and the maximum time required for

[2(€) = zave (€)1_||2 < €]|z0 — 2ave(0)1_]|2 (over all initial conditions z; € RY) is ©(N?loge™!). .
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Proof: We prove fact (i) and remark that the proof of fact (ii) is analogous. Consider the change of coordinates

2 (0) 0
p(0) =Py | 7| = 201+ Py ;
y(0) y(0)
where z},.(¢) € R and y(¢) € RV~ A quick calculation shows that @, ({) = +172(¢), and the similarity

transformation described in equation (A.10) implies
y(l +1) = Tridy_1(a,b,a) y(¢), and xl,. (£ +1) = (b+ 2a)xl(£).

Therefore, e = .. It is also clear that

(€ +1) = Tae(l +1)1 = Py ’ = (P+ ’ ’ Pil)(x(g)_xave(g)l)-
y(£+1) 0 Tridy—1(a,b,a)
Consider the matrix in parenthesis determining the trajectory £ — (z(£) — Zay(£)1). This matrix is symmetric, its
singular values are 0 and the singular values of Tridx_1(a,b,a), and its eigenvectors are 1 and the eigenvectors
of Tridy—_1(a,b,a) (padded with an extra zero). These facts are sufficient to duplicate, step by step, the proof of

fact (i) in Theorem A.3. Therefore, the trajectory £ — (x(¢) — z,.(¢)1) satisfies the stated properties. [ |

We conclude this section with some useful bounds.

Lemma A5 Assume z € RY, y € RV~1 and z € RN~ jointly satisfy

0 0
x =Py , =P
y z
Then 3lzll2 < flylla < (N = Dl|z[l2 and 3llzfl2 < [lz]2 < (N = 1)||z]2. .

Proof: The proof is based on the coordinate expressions:

1 =Y, x2=Y2 Y1, --- TN-1 =YN-1 —YN-2, TN = —YN-1,
Y1 =21, Y2 =22+ 21, Y3 =23+ T2+ 21, ... Yyn-1 = ITN-1+ -+ Z1,
and
r1 =21, T2 =22+ 21, ... TN-1 = 2N-1TFT 2ZN-2, TN = ZN-1,
o N o _ _1)N-1
1 =1, 29 =Tg — &1, 23 =Tz — T2+ L1, ... ZN—1 =TNn—1+ -+ (—1) Z1.
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