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DECENTRALIZED ABSTRACTIONS FOR MULTI-AGENT SYSTEMS
UNDER COUPLED CONSTRAINTS

D. BOSKOS AND D. V. DIMAROGONAS

ABSTRACT. The goal of this report is to define abstractions for multi-agent systems with
feedback interconnection in their dynamics. In the proposed decentralized framework, we
specify a finite or countable transition system for each agent which only takes into account
the discrete positions of its neighbors. The dynamics of the considered systems consist
of two components. An appropriate feedback law which guarantees that certain system
and network requirements are fulfilled and induces coupled constraints, and additional free
inputs which we exploit in order to accomplish high level tasks. In this work, we provide
sufficient conditions on the space and time discretization for the abstraction of the system’s
behaviour which ensure that we can extract a well posed and hence meaningful transition
system. Furthermore, these conditions include design parameters whose tuning provides the
possibility for multiple transitions, and hence, enable the construction of transition systems
with motion planning capabilities.

1. INTRODUCTION

High level task planning for multi-agent systems constitutes an active area of research which
lies in the interface between computer science and modern control theory. A challenge in this
new interdisciplinary direction constitutes of the problem of defining appropriate abstractions
for continuous time multi-agent control systems, which can be used as a tool for the analysis
and control of large scale systems and the synthesis of high level plans [I1], [2I]. Robot motion
planning and control constitutes a central field where this line of work is applied [10], [9]. In
particular, the use of a suitable discrete system’s model allows the automatic synthesis of dis-
crete plans that guarantee satisfaction of the high level specifications. Then, under appropriate
relations between the continuous system and its discrete analogue, these plans can be converted
to low level primitives such as sequences of feedback controllers, and hence, enable the contin-
uous system to implement the corresponding tasks. Such tasks in the case of multiple mobile
robots in an industrial workspace could include for example the following scenario. Robot 1
should periodically visit regions A, B, while avoiding C and after collecting an item of type X
from robot 2 at location D, store it at location E.

In order to synthesize high level plans, it is required to specify an abstraction of the original
system, namely a system that preserves some properties of interest of the initial system, while
ignoring detail. Results in this direction for the nonlinear single plant case have been obtained
in the papers [23] and [32], where the notions of approximate bisimulation and simulation are
exploited for certain classes of nonlinear systems, under appropriate stability, and completeness
assumptions, respectively. The notion of bisimulation, has its origin in computer science [4],
and guarantees that if the initial system and its abstraction are bisimilar, then the task of
checking feasibility of high level plans for the original system reduces to the same task for its
abstraction and vice versa. Bisimulation relations between transition system models of discrete
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or continuous time linear control systems with finite affine observation maps were explicitly
characterized and constructed in [22], providing also a generalization of the notion of state
space equivalence between continuous time systems [30].

Another abstraction tool for a general class of systems is the hybridization approach [3], where
the behaviour of a nonlinear system is captured by means of a piecewise affine hybrid system on
simplices. Motion planing techniques for the latter case have been developed in the recent works
[12], [13], which are also based on the abstraction and controller synthesis framework provided
in [I8], [I7], and further studied in [7]. Other abstraction techniques for nonlinear systems
include [25], where discrete time systems are studied in a behavioral framework, the sign based
abstraction methodology introduced in [29], which is based on Lie-algebraic type conditions
and [I], where box abstractions are studied for polynomial and other classes of systems (for a
literature survey on the subject see also the monograph [27]). It is also noted that certain of
the aforementioned approaches have been extended to switched [I4], [I5] and networked control
systems [3I]. Furthermore, abstractions for the case of discrete time interconnected systems
that are described by coupled difference equations, can be found in [28] and [24], for stabilizable
linear systems, and incrementally input-to-state stable nonlinear systems, respectively. Finally,
we note that the control design which we adopt for the construction of the symbolic models is
in part related to the notion of In-Block Controllability [8], [19].

In particular, we focus on multi-agent systems and assume that the agents’ dynamics consist
of feedback interconnection terms, which ensure that certain system properties as for instance
connectivity or (and) invariance are preserved, and free input terms, which provide the ability
for motion planning under coupled constraints. In this report, we generalize the corresponding
results of our recent work [5], where sufficient conditions for well posed abstractions of the
multi-agent system are provided for the case where the agents’ workspace is R™. A well posed
abstraction refers to the property that the discrete state transition system which serves as
an abstract model of the multi-agent system has at least one outgoing transition from each
state. The extension in this work is twofold. First, the results on admissible space and time
discretizations in [5] which ensure well posed abstractions, are now valid when the agents’
workspace is a general domain D of R", provided that D is invariant for the dynamics of the
system. Also, the corresponding framework is extended for motion planning, and sufficient
conditions are provided which guarantee that each agent can perform multiple transitions from
each initial discrete state.

The rest of the report is organized as follows. Basic notation and preliminaries are introduced
in Section 2. Section 3 is devoted to the formulation of the problem and motivates the control
design that will be utilized for the derivation of the symbolic models. In Section 4, we define
well posed abstractions for single integrator multi-agent systems by means of hybrid feedback
controllers and prove that the latter provide solutions consistent with the design requirement
on the systems’ free inputs. Section 5 is devoted to specific properties of the control laws
that realize the transitions of the proposed discrete system’s model. In Section 6 we quantify
space and time discretizations which guarantee well posed transitions with motion planning
capabilities. The framework is illustrated through an example in Section 7 including simulation
results. Finally, we conclude and indicate directions of further research in Section 8.

2. PRELIMINARIES AND NOTATION

We use the notation |z| for the Euclidean norm of a vector x € R™. For a subset S of
R™, we denote by cl(S), int(S) and 9S its closure, interior and boundary, respectively, where
0S = cl(S) \ int(S). Given R > 0 and =z € R", we denote by B(R) the closed ball with
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center 0 € R™ and radius R, namely B(R) := {& € R" : || < R} and B(z;R) := {y €
R™ : |z —y| < R}. For two nonempty sets A, B C R"™ their Minkowski sum is given as
A+B:={z+yeR":z € Ay € B}. Also, for a nonempty set A C R" its diameter is defined
as diam(A) := sup{|z — y| : z,y € A}. Given a real number a € R>( we denote by |a] the
integer part of a (|a] := max{n € NU{0} : n < a}). Finally, given a function f : X — Y and
a subset W of X, the notation f|y is used for the restriction of f to W.

Consider a multi-agent system with N agents. For each agent : € N := {1,..., N} we use
the notation N; for the set of its neighbors and N; := |A;| for its cardinality. We also consider
an ordering of the agent’s neighbors which is denoted by ji,...,jn,, and define the N;-tuple
j(@) = (J1,-.-,Jn,). Whenever it is clear from the context, the argument 7 in the latter notation
will be omitted. Given an index set Z and an agent ¢ € A with neighbors ji,...,j5n, € N,
define the mapping pr; : ZV — Z¥:*! which assigns to each N-tuple (I1,...,Ix) € IV the
N; + 1-tuple (I, 1y, -, Ly, ) € ZNi+1 ie., the indices of agent i and its neighbors.

We proceed by providing a formal definition for the notion of a transition system (see for
instance [4], [22], [23]).

Definition 2.1. A transition system is a tuple T'S := (Q, Act, —), where:
e () is a set of states.
e Act is a set of actions.
e — is a transition relation with —C @ x Act x Q.

The transition system is said to be finite, if  and Act are finite sets. We also use the (standard)
notation ¢ — ¢’ to denote an element (g, a,q’) €—. For every ¢ € Q and a € Act we use the
notation Post(q;a) := {¢’ € @ : (¢,a,q¢") €E—}. The transition system is called deterministic
if for each ¢ € Q and a € Act, ¢ = ¢’ and ¢ —— ¢’ implies that ¢’ = ¢"’.

3. PROBLEM FORMULATION

We focus on multi-agent systems with single integrator dynamics
T; = Us, T ERn,iEN (31)
and consider as inputs decentralized control laws of the form
U; :fi(:r:i,xj)—&-vi,i EN, (32)
with x;(= X)) = (@j,,...,Tjy,) € RMim (see Section 2 for the Notation j(i)), consisting of
two terms: a feedback term f;(-) which depends on the states of i and its neighbors, and an
extra input term v;, which we call free input. We assume that for each i € N it holds z; € D

where D is a domain of R™ and that each f;() is locally Lipschitz. We also assume that the
feedback terms f;(-) are globally bounded, namely, there exists a constant M > 0 such that

|fi(xi7xj)‘ SM,V(Q%,XJ') GDNiJrl' (33)
Furthermore, we consider piecewise continuous free inputs v; that satisfy the bound

[v; ()] < Vimax, ¥t > 0,71 € N. (3.4)

In the subsequent analysis, it is assumed that the maximum magnitude of the feedback terms
is higher than that of the free inputs, namely, that

Umax < M. (3.5)
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This assumption is motivated by the fact that we are primarily interested in maintaining the
property that the feedback is designed for, and secondarily, in exploiting the free inputs in or-
der to accomplish high level tasks. A class of multi-agent systems of the form — which
justifies this assumption has been studied in our companion work [6]. In particular, sufficient
conditions are provided, which guarantee both connectivity of the network and forward invari-
ance of the system’s trajectories inside a given bounded domain, for an appropriate selection of
Umax 111 which necessitates vyax to satisfy . The latter forward invariance property is
defined in the Invariance Assumption (IA) below, which we assume that the multi-agent system
— satisfies for the rest of the report.

(TA) For every initial condition 2(0) € DY and any piecewise continuous input v = (vy, . ..,v,) :
R>o — RY™ satisfying , the (unique) solution of the system — is defined and re-
mains in DY for all ¢t > 0. «

This assumption does not restrict the class of systems under consideration since it is satisfied
for any forward complete system when D = R". Recall that the system — is forward
complete (see e.g, [2]) if for each initial condition in R™ and each measurable locally essentially
bounded input v = (v1,...,v,) : Rsg — RN" its solution exists for all positive times. Also,
notice that due to the above bounds on the dynamics and the free input terms, the system
— is forward complete. Finally, when D is bounded, as is the case in [6], a finite
partition of the workspace by bounded sets can lead to a finite transition system which captures
the properties of interest of the multi-agent system and hence enables the investigation for
computable solutions with respect to high level specifications.

In what follows, we consider a cell decomposition of the state space D (which can be regarded
as a partition of D) and a time step 0t > 0. We will refer to this selection as a space and
time discretization. For the definition of a cell decomposition we adopt a modification of the
corresponding definition from [I6], p 129-called cell covering).

Definition 3.1. Let D be a domain of R”. A cell decomposition & = {S;};cz of D, where
T is a finite or countable index set, is a family of nonempty connected sets S;, [ € Z, such that
sup{diam(S;),l € T} < oo, cl(int(S;)) = S; for all I € Z, int(S;) Nint(S;) = @ for all I # [ and
UiezSi = D. <«

Given a cell decomposition & := {S; }ez of D, we use the notation l; = (I;,lj,, ..., ljy ) € i+l
to denote the indices of the cells where agent ¢ and its neighbors belong at a certain time instant
and call it the cell configuration of agent i. Similarly, we use the notation 1 = (Iy,...,Ix) € IV

to specify the indices of the cells where all the N agents belong at a given time instant and
call it the cell configuration (of all agents). Thus, given a cell configuration 1, it is possible
to determine the cell configuration of agent ¢ as 1; = pr;(1) (see Section 2 for the definition of
pr;(-)).

Through the space and time discretization we aim at capturing reachability properties of the
original continuous time system, by means of a discrete state transition system. Informally, we
would like to consider for each agent ¢, its individual transition system with state set the cells
of the state partition, actions defined to be all possible cells of its neighbors, and transition
relation specified as follows. Given the initial cells of agent ¢ and its neighbors, it is possible
for ¢ to perform a transition to a final cell, if for all states in its initial cell there exists a free
input, such that its trajectory will reach the final cell at time 0t, for all possible initial states of
its meighbors in their cells, and their corresponding free inputs. Feasibility of high level plans
requires the corresponding system to be well posed (meaningful), which implies that for each
initial cell it is possible to transit to (at least) one final cell.
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We next illustrate the concept of a well posed space-time discretization, namely, a discretiza-
tion which generates for each agent a meaningful transition system in accordance with the
discussion above. Consider a cell decomposition as depicted in Fig. 1 and a time step §t. The
tips of the arrows in the figure are the endpoints of agent’s ¢ trajectories at time d¢t. In both
cases in the figure we focus on agent ¢ and consider the same cell configuration for i and its
neighbors. However, we consider different dynamics for Cases (i) and (ii). In Case (i), we
observe that for the three distinct initial positions in cell 5j,, it is possible to drive agent ¢ to
cell Sy at time dt. We assume that this is possible for all initial conditions in this cell and
irrespectively of the initial conditions of i’s neighbors in their cells and the inputs they choose.
We also assume that this property holds for all possible cell configurations of ¢ and for all the
agents of the system. Thus we have a well posed discretization for system (i). On the other
hand, for the same cell configuration and system (ii), we observe the following. For three dis-
tinct initial conditions of 7 the corresponding reachable sets at dt, which are enclosed in the
dashed circles, lie in different cells. Thus, it is not possible given this cell configuration of ¢ to
find a cell in the decomposition which is reachable from every point in the initial cell and we
conclude that discretization is not well posed for system (ii).

7 xi(dt) o x;(0t)
S, ‘ 2, | S, \’j,’ / 7, | S,
I \ ezl S, I /(!,} ez, St
si |+ si ||t
System (i): System (ii):

&= fi, ) (T4, %5,) + Vi) Ti=Fi i) (B0, 5152 55) + Vi (i)
FIGURE 1. Illustration of a space-time discretization which is well posed for
system (i) but non-well posed for system (ii).

One main challenge in the attempt to provide meaningful decentralized abstractions for
system — is the interconnection between the agents through the f;(-) terms. The
latter in conjunction with the considerations above, motivates the design of appropriate hybrid
feedback laws in place of the v;’s which will guarantee the desired well posed transitions.

We next define the particular feedback laws that are utilized for the construction of the
symbolic models in this report, which also motivate the notion of well posed discretizations
that will be formulated in the next section. Consider a cell decomposition S = {S;}iez of D
and a time step 6t. For each agent ¢ € N and cell configuration 1; = (I;,1;,, ..., lei) e N+l
of i let

(‘Ttg,vag) € Sli X (Slh X e X Slei) (3.6)

be an arbitrary N; 4+ 1-tuple of reference points and define the family of feedback laws k;, :
[0, T(xi0,w;)) x DNitl — R™ parameterized by x;o € S;, and w; € W as
iy, (t, 2, %55 wio, wi) = = ki, 1 (@i, X5)
+ ki, 2(Ti0) + ki 3(t; w0, wi), (3.7)
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where
W = B(Mmax), A € (0,1), (3.8)
and
ki,li,l(xiaxj) = fi(xiaxj,G) - fi(xiaxj)a (3-9)
1
ki, 2(io) = E(%G — Ti0), (3.10)
ki, 3(t o, wi) := Fip, (xa(t)) +wi — Fyp, (xa(t) + tw;
+ (1= 5p)(wio — 7i.6)), (3.11)
T($i0a wi) = SuP{EE [0>TmaX) : Xi(t) + tw;
+ (1= 5) (o — zi,6) € DVt € [0,2]}, (3.12)

t e [O,T(.’Eio,wi)), (.’Ei,Xj) € DNi+1,.’EZ'O S Sli,wi ew.

The function Fjy,(-) in (3.11) is defined as

Fiy, (2) = fi(wi, xj,¢), 20 € D (3.13)
and x;(-) in (3.11)), (3.12)) is the solution of the initial value problem
Xi = Fip,(xq:), xi(0) = @i, (3.14)

which is defined and remains in D on the maximal right interval [0, Tinax) (Tmax is the same
as in ) In particular, x;(-) constitutes a reference trajectory, whose endpoint agent i
should reach at time ¢¢, when the agent’s initial condition lies in S;, and the feedback k; 1, (-)
above is applied (plus some extra hypotheses for the rest of the agents). The time T'(z;0, w;)
in stands for the right endpoint of the maximal right interval for which a modification of
the reference trajectory that depends on z;9 and w; is guaranteed to remain inside the domain
D. Also, the parameter \ in stands for the portion of the free input that can be exploited
for motion planning. In particular, each vector w; from the set W in provides a possible
“constant velocity” of a motion that we superpose to the reference trajectory x;(-) of agent i,
allowing thus the agent to reach all points inside a ball with center the position of the reference
trajectory at time d¢. Note that the control laws k; 1, (-) are decentralized, since they only use
information of agent i’s neighbors states. In addition, they depend on the cell configuration 1,
through the reference points (z; ¢, %;,¢) which are involved in (3.9)-(B.11).

We proceed by providing some extra intuition for the selection of the control laws in ,
and , based on Fig. 2 below. Consider a cell decomposition of D, a time step
ot and select an agent i, a cell configuration of 7 and a tuple of reference points as in .
The reference trajectory of 7 is obtained from , by “freezing” agent i’s neighbors at their
corresponding reference points through the feedback term k; 1, 1(-). Also, by selecting a vector
w; in W and informally assuming that we can superpose to the reference trajectory the motion
of ¢ with constant speed w;, namely, move along the curve Z;(-) defined as

‘f’b(t) = X’L(t) + twlat € [OaTmax)a (315)
we can reach the point x inside the dashed ball at time 6t from the reference point z; ¢, as

depicted in Fig. 2. In a similar way, it is possible to reach any point inside this ball by a
different selection of w;. This ball has radius

7 := Amax0t, (3.16)
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namely, the distance that the agent can cross in time dt by exploiting the part of the free
input that is available for planning. Our abstraction requirement is that the transition to each
cell which has nonempty intersection with B(x;(0t);r) is well posed. This will be verified for
system — through the establishment of condition in Theorem (Section 6)
for appropriate space-time discretizations. For instance, in order for the transition to the cell
where the point x belongs to be well posed, we will require the following. That the feedback law
k;1, (), which is selected in place of agent’s i free input, guarantees that for each initial condition
of i in cell S, the endpoint of ’s trajectory will coincide with the endpoint of the curve z;(-).
In order to compensate for the deviation of the initial state with respect to the reference point
and reach the point z, we use the extra terms k; 1, 2(-) and k; 1, 3(-). These enforce the agent
to move with the velocity of the reference trajectory plus two constant velocity terms, one
analogous to the displacement between the agents initial state and the reference point, and the
other analogous to the distance between z and the endpoint of x;(-).

> xz;(0t) =z
== Xi (5t) + twi

FIGURE 2. Consider any point x inside the ball with center x;(dt). Then, for
each initial condition x;p in the cell S;,, the endpoint of agent’s i trajectory
x;(+) coincides with the endpoint of the curve Z;(-), which is precisely x, and
lies in Sy, namely, z;(0t) = z;(6t) = x € .

4. ABSTRACTIONS FOR MULTI-AGENT SYSTEMS

In this section we formalize the discussion in Section 3, by exploiting a class of hybrid feedback
laws containing the control laws introduced in . One reason for employing the subsequent
analysis in an abstract framework is that the selection in — is not the only possible.
For instance, it can be shown that selecting the control laws k; 1, 1(x:,%;) = fi(ziq Xj,¢) —
fi(zi,x5), ki, 2(zi0) as before and k; 1, 3(w;) := w;, can also provide well posed discretizations
for system —. However, the latter will necessitate finer admissible discretizations and
hence, increase the complexity of the symbolic model. In the sequel, given a time step dt and the
bounds M and vy,.x on the feedback and input terms provided by and (3.4), respectively,
it is convenient to introduce the following lengthscale

Riax := 0t(M + vmax)- (4.1)
It follows from (3.1)), (3.2)), (3.3)), (3.4) and (4.1]) that Ry,.x is the maximum distance an agent

can travel within time dt.

Before defining the notion of a well posed space-time discretization we define the class of
hybrid feedback laws which are assigned to the free inputs v; in order to obtain meaningful
discrete transitions. For each agent, these control laws are parameterized by the agent’s initial
conditions and a set of auxiliary parameters belonging to a nonempty subset W of R™. These
parameters, as discussed in the previous section, are exploited for motion planning. In par-
ticular, for every agent ¢, each vector w; € W is in a one-to-one correspondence with a point
inside a reachable ball for 4, and the agent can reach this point by selecting the control law
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corresponding to the specific parameter w;. The latter provides the possibility for the agent to
perform transitions to different cells, namely, all cells which have nonempty intersection with
that ball. Furthermore, we note that in accordance to the control laws introduced in for
each agent i, the feedback laws in the following definition depend on the selection of the cells
where ¢ and its neighbors belong. One basic requirement for this class of controllers consists
of conditions that guarantee well posed solutions for the system (condition (P1) in Definition
below). We also impose a consistency requirement (condition (P2) in Definition that
their magnitude does not exceed the maximum bound on the free inputs , when the states
of the agent and its neighbors lie in an appropriate inflation of their corresponding cells (in
particular, an overapproximation of their reachable states over the time interval [0, dt]).

Definition 4.1. Given a cell decomposition § = {S;}icz of D, a time step 0t and a nonempty
subset W of R", consider an agent ¢ € N and an initial cell configuration 1; = (1;,1;,, ... ,lei)
of i. For each z;0 € S, and w; € W, let T'(z40,w;) > 0 and consider a mapping k; 1, (+; Zi0, w;) :
[0, T (wi0,w;)) x DNitl — R™ parameterized by z;0 € S;, and w; € W. We say that k;1,(+)
satisfies Property (P), if the following conditions are satisfied.
(P1) For each ;0 € S;, and w; € W, the mapping k; 1, (-; 240, w; ) is locally Lipschitz continuous.
(P2) It holds

|ki,li (t, Ty X535 T50, wi)| < vmaX,Vt S [0, (SLL] n [O, T(l‘io, wi)),

2; € (S, + B(Riax)) N D, zj,, € (Si;, + B(Riax)) N D,

mzl,...,Ni,xiOESli,wiGVV, (42)

with vmax as given in (3.4) and Rp,ax as in (4.1)).
(P3) It holds T'(x;0,w;) > ot, for all z;o € S;,, w; € W. «

The motivation for considering the time interval [0, T'(z;p,w;)) in Definition {.1| comes from
the maximal right interval on which the modification of agent’s i reference trajectory in
remains inside the domain D. We next provide an extra Condition (C) for the feedback laws
provided in the above definition, which is needed in order to define well posed discretizations.

Definition 4.2. Consider a cell decomposition S = {S; };ez of D, a time step §t and a nonempty
subset W of R™. Given an agent i € N, a cell configuration 1; = (;,1;,, ..., Ljx,) of i, a control
law

v = ki, (8,74, X5 240, w;) (4.3)
as in Definition that satisfies Property (P), a vector w; € W, and a cell index I} € Z, we say
that Condition (C) is satisfied, or specifically, that 1;, k; 1,(-), w;, I} satisfy Condition (C), if
the following hold. For each initial cell configuration 1 with pr;(1) =1;, 1 = (I1,...,Ix), and for
all £ € N'\ {i} and feedback laws

ve = ke, (t, 2o, Xj(0); Teo, we), (4.4)

that satisfy Property (P) (with 1, = pr,(1)), the solution of the closed-loop system (3.1)-(3.2)),
(4.3)-(4.4) is well defined on [0,dt] and satisfies z;(6t,z(0)) € Sy, for all initial conditions
z(0) € DY with x;(0) = xi0 € Sy, 24(0) = o € S, L€ N\ {i} and wp € W, L € N\ {i}. «

Notice that when Condition (C) is satisfied, agent 7 is driven to cell Sy precisely in time
0t under the feedback law k;j,(-) corresponding to the given parameter w; in the definition.
In particular, Condition (C) ensures that the latter holds for any choice of feedback laws in
place of the other agents’ free inputs, as long as these control laws satisfy Property (P). We
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next provide the definition of a well posed space-time discretization. This definition formalizes
our discussion on the possibility to assign a feedback law to each agent, in order to enable a
meaningful transition from an initial to a final cell.

Definition 4.3. Consider a cell decomposition S = {S; };ez of D, a time step 6t and a nonempty
subset W of R™.

(i) Given an agent ¢ € N, an initial cell configuration I; = (1;,1;,, ..., ljx,) of i and a cell index

l; € T we say that the transition [, N I is well posed with respect to the space-time
discretization S — ¢, if there exist a feedback law v; = k;1,(+; @0, w;) as in Definition
that satisfies Property (P), and a vector w; € W, such that Condition (C) in Definition is
fulfilled.

(ii) We say that the space-time discretization S — dt is well posed, if for each agent i € N’
and cell configuration l; = (l;,1;,,...,1;y ) of i, there exists a cell index I; € Z such that the

transition I; RN I} is well posed with respect to & — dt.

Given a space-time discretization S — §t and based on Definition i)7 it is now possible to
provide an exact definition of the discrete transition system which serves as an abstract model
for the behaviour of each agent.

Definition 4.4. For each agent i, its individual transition system T'S; := (Q;, Act;, —;)
is defined as follows:

e Q; := T (the indices of the cell decomposition)
o Act; :=INi*! (the set of all cell configurations of i)

o I % U iff I 15 1 is well posed, for each I, I € Q; and L = (I;, 1, .., j,,) € Act;. <

We have preferred to use the term actions instead of labels (as for instance in [23]) for the
elements of the set Act;, because the cell configuration of i indicates how the feedback term
fi(+) acts on and affects the possible transitions of agent 4.

Remark 4.5. (i) Given a well posed space-time discretization S — §t and an initial cell con-
figuration 1 = (I4,...,ln), it follows from Definitions and that for each agent ¢ € NV it
holds Post;(I;;pr;(1)) # @ (Post;(-) refers to the transition system T'S; of each agent-see also
Section 2).

(ii) According to Definition given a control law k; y,(+) it is possible to perform transitions
to different cells by an alternative selection of w;.

(iii) In addition, it is also possible to obtain different transitions by choosing an alternative
control law. In particular, it is possible for the control laws considered in to obtain a
different reference trajectory in by selecting another set of points (z; ¢, X;,¢) and hence,
reach a ball which intersects different cells (see Fig. 2). «

Assume a well posed space-time discretization S — 6¢ is given. Based on Definition [4.3]
and Remark we proceed by providing a modification of each transition system T'S; that
captures additional information on the control actions that realize the individual transitions.
In particular, for each i € A and cell configuration l; = (I;,1,, ..., ) of i we pick a control law
k;1,(-) which generates at least one well posed transition, i.e., such that 1;, k; 1, (-), w;, I} satisfy
Condition (C) for certain w; € W and I} € Z (this is always possible since the discretization is
well posed) and define for all [ € 7

[wil, ) == {w € W : 1, ki1, (), w, | satisfy Condition(C)}. (4.5)
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Based on (4.5]), we next provide for each agent the controlled version of its individual transitions
system.

Definition 4.6. Consider a well posed space-time discretization and select for each agent i
and cell configuration 1; a control law k; 1, (-) which generates at least one well posed transition.
Then, the controlled individual transition system T'S¢ := (Q;, Act$, —¢) of each agent &
is defined as follows
e ;=1
o Act; :=1INitl x oW

Qs [wi]) 1
o [ —>7° l; iff [, —; l; and [wl] = [wi}(lhlg) #* @7 for each ll,l; €Q;l; = (li,ljl,. . .,lei> €
ZNH and [w;] € 2V, with [wi]q, ) as defined in [{@.5)). <

Remark 4.7. (i) Although the set 2"V has uncountable cardinality, we have preferred this
representation for the control actions (instead of e.g., to select W), because for each agent 4
and cell configuration 1; the possible actions which generate a transition are bounded by the
successor states of the agent.

(ii) For each agent i and cell configuration l; = (I;, 1, , - .., ljy ) it holds U, jcaw Posty (55 (Li, [wi])) C
Post;(1;;1;), since the transitions in T'S¢ are associated to the specific controller selection for
the cell configuration. «

Next, notice that according to Definition 4.3] a well posed space-time discretization requires
the existence of a well posed transition for each agent ¢. The latter reduces to the selection of an
appropriate feedback controller for 4, which also satisfies Property (P), and the requirement that
the selected feedback controllers of the other agents also satisfy (P). Yet, it is not completely
evident, that given an initial cell configuration and a well posed transition for each agent, it
is possible to choose a feedback law for each agent, so that the resulting closed-loop system
will guarantee all these well posed transitions (for all possible initial conditions in the cell
configuration). The following proposition clarifies this point.

Proposition 4.8. Consider system —, let 1= (li,...,In) be an initial cell configu-
ration and assume that the space-time discretization S — 6t is well posed, which according to
Remark[{.8 implies that for all i € N it holds that Post;(l;; pry(1)) # 0. Then, for every final cell
configuration U = (I}, ...,l)y) € Posty(l1;pri (1)) x -+ x Posty (In;pra (1)), there exist feedback
laws

vV = kivpri(l) (t, T4, Tj5 T40, ’LUl),’L S N, (46)

satisfying Property (P), and wy,...,wy € W, such that for each i € N, the solution of the
closed-loop system (3.1)-(3.2), (.6) (with vm = ke, 1), m € N) is well defined on [0, 6t],
and its i-th component satisfies
z;(0t,z(0)) € Sy, Vz(0) € DN .
Tm(0) = Tmo € Si,,,m € N. (4.7)

Proof. The proof is given in the Appendix. O

The result of the following proposition guarantees that the selection of the controllers in-
troduced in Definition provides well posed solutions for the closed-loop system on the time
interval [0, 6t]. We exploit this result in Theorem where we derive sufficient conditions for
well posed space-time discretizations, which are also suitable for motion planning. Furthermore,
Proposition [£.9 guarantees that the magnitude of the hybrid feedback laws does not exceed the
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maximum allowed magnitude vpax of the free inputs on [0, §t], and hence, establishes consis-
tency with the initial design requirement. In particular, it follows that every solution of the
closed-loop system on [0, §t] is identical to a solution of the original system — with the
same initial condition and certain free input v(-) satisfying |v;(¢)| < Umax, for all ¢ > 0 and
i € N. For certain technical reasons concerning the proofs in the next sections, it is convenient
to obtain the first results of the proposition for feedback laws that only satisfy Properties (P1)
and (P2) of Definition

Proposition 4.9. Consider the space-time discretization S — §t corresponding to the cell de-
composition S of D and the time step dt. Let 1 = (l1,...,In) be an initial cell configuration
and consider any feedback laws of the form

v; = ki,pri(l)(ta Ti, Tj;Ti0, wi),i eN (48)

assigned to the agents that satisfy Properties (P1) and (P2). Then:

(i) For each w; € W, i € N and initial condition £(0) € DN with x;(0) = 2;0 € Si,, i € N, the
solution of the closed-loop system (3.1)-(3.2)), (4.8) (with v; = k; e, 1), © € N) is defined and
remains in DV for all t € [0,T), where

T := min{dt, min{7T (z;0, w;) : i € N'}} (4.9)
and
lim x(t) € DV. (4.10)
t—T~

Assume additionally that (P3) also holds, namely, that (P) is satisfied. Then:
(iia) The solution z(t) of (3.1)-(3.2), (4.8) above remains in DN for allt € [0,5t] and satisfies
|ki,pri(l) (tv Iz(t)a Z; (t)a Z;0, wz)‘ < Vmax; vt e [07 5t]7l € Na (411)

which provides the desired consistency with the design requirement (3.4]) on the v;’s.

(iib) There ezists a piecewise continuous function v = (v, ...,vy) : [0,00) = RN" satisfying
[v; ()] < Umax, VE >0, 1 € N, such that the solution z(-) above and the solution £(-) of (3.1))-
(13-2)), with the same initial condition as x(-) and input v(-), coincide on [0, t].

Proof. The proof is given in the Appendix. O

Remark 4.10. Note, that the result of part (i) of Proposition holds for any selection of
feedback laws v; = k; ,r 1)(+) that satisfy Properties (P1) and (P2). Respectively, the results of
parts (iia) and (iib) hold for all selections of feedback laws v; = k; . 1)(+) that satisfy Property

(P).

In the final result of this section, we merge the results of Propositions and and show
that each infinite discrete behaviour of the decentralized abstraction can be implemented by a
continuous controller, which is compatible with the restrictions on the free inputs, and produces
a continuous trajectory that satisfies the Invariance Assumption (IA). In particular, we prove
that for each possible discrete transition sequence of the overall system which is compatible with
the individual transition system of each agent, there exists a trajectory of the continuous time
system — which satisfies (TA) and generates the discrete trajectory when sampled at
time intervals of length dt. Before proceeding, we introduce the following notion of the product
transition system.
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Definition 4.11. (i) Consider the space-time discretization S — dt, and for each agent i € N,
its individual transition system 7T'S; as provided by Definition 4.4, The product transition
system T'Sp := (Qp, Actp, —p) is defined as follows:

e Qp :=TI" (all possible cell configurations)

o Actp := {*}E|

o 1551, iff I € Post;(l;; pr;(1)),Vi € N, for all 1 = (Iy, ..., 1), U = (I},...,I}).

(ii) Given an initial cell configuration 1° € ZV | a path originating from 1° in T'Sp, is an infinite

*

sequence of states 1°1'1* . . . such that 1' = 1" for all i € NU {0}. <

Remark 4.12. Given a well posed space-time discretization S — 6t and an initial cell config-
uration 1° € ZV | it follows from Remark and Definition that there exists at least one
path 1°1'1% ... in T'Sp originating from 1°. «

We are now in position to state the result providing the consistency between the discrete
plan level and the continuous controller implementation.

Proposition 4.13. Assume that the space-time discretization S — 6t is well posed for the multi-
agent system -. Then, for each initial cell configuration L = (19,...,1%) and path
PLE ... originating from € in TSp, and for each initial condition z(0) € DN of -
satisfying ;(0) € Sp, i € N, there exists a free input v(-) satisfying |0;(t)] < Vmax, V¢ > 0,
i € N, such that the solution xz(t) of the system remains in DN for all t > 0 and satisfies
xi(médt) € Spm for each m € N and i € N.

Proof. The proof is carried out by induction and is based on the results of Propositions and
(iib). Before stating the induction hypothesis, we provide certain basic properties of the
deterministic control system (3.1)-(3.2) which can be found in [20, Chapter 1], or [26, Chapter
2].

Recall that according to our hypotheses, the input set U of the multi-agent system consists
of all piecewise continuous inputs v : R>o — RN satisfying |v;(t)| < vmax, ¥t > 0, i € . Also,
for each r > 0 we define the shift operator Sh, : U{ — U as

Sh, (v)(t) :=v(t +7),¥t > 0,
which implies that
v/ =8h,(v) &= V() =v({t+7r),Vt>0 <= V(t—7r)=vt),Vt>r (4.12)
To the control system (3.1))-(3.2) we associate the transition map ¢ : A, — DV with
A, = {(t, to,z0;v) 1t >tg > 0,29 € DN v e U},

where ¢(t,tg, zo; v) denotes the value at time ¢ of the unique solution of (3.1)-(3.2)) with initial
condition z( at time ¢y and input v(-). Notice, that by virtue of the Invariance Assumption
(IA), o(-) is well defined. The map ¢(-) satisfies the following properties:

eCausality. For each t > tq > 0, zg € D" and v',v? € U with v1|[t07t) = v2|[t07t) it holds
@(ta tO) Zos Ul) = SD(t7 t07 Zo; U2)a

where v'[;, ;) denotes the restriction of v*(-) to [to,t) (see Section 2).

IFollowing notation [27), page 11]
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eSemigroup Property. For each to > t1 > tg >0, 29 € DV and v € U it holds
o(ta, t1, p(t1, to, xo;v);v) = @(ta, to, To; v).

eTime Invariance. Foreachr >0,t >ty >r, 29 € DY and v € U it holds
o(t, to, xo;v) = @(t — 7t — r,x0; Shy(v)).

Now consider an initial cell configuration 1° = (19, ...,1%), a path 1°1'1? . . . originating from
1° in TSP, and an initial condition z(0) € DV satisfying 2;(0) € Spo, i € N. We will determine
a free input o(-) satisfying |7;(t)| < vmax, ¥t > 0, i € N, such that the corresponding solution
z(t) == ¢(¢,0,2(0);9) remains in DV for all ¢+ > 0 and satisfies x;(mdt) € I for each m € N
and i € N. The construction of o(-) is based on the following Induction Hypothesis, which
constitutes the core of the proposition.

Induction Hypothesis (IH). For each m € N there exists a piecewise continuous input
o™ Ry — RY™ satisfying [0 ()| < Umax, V£ > 0, i € N and such that

e [0,k0t) — /U’i|[0,l‘€5t)7VKJ = 1a s, M — 17 (413)
©(t,0,2(0);v™) = ¢(t,0,2(0);0%), Ve =1,...,m — 1,t € [0, kt], (4.14)
@i(mdt,0,2(0);0™) € Sym,Vi € N. (4.15)

>Proof of (IH). In order to prove (IH) for m = 1, we need to show that (4.15]) is fulfilled.
From the fact that 2;(0) € Sp, i € N and that 1° 5 1, we deduce from Definition and
Proposition E that there exist feedback laws k; ,r 1)(+) as in (4.6) (with 1= 1°), which satisfy

Property (P), and w1, ...,wy € W such that (4.7) holds with I' = 1'. Hence, it follows from
Proposition iib) that there exists a piecewise continuous input v?! : R>o — RN™ satisfying
[0l ()| < Vimax, Yt > 0, i € N and such that

©;(6t,0,2(0);v') € Sp,Vie N

which establishes for m = 1.

Now assume that (IH) holds for certain m € N. We will show that it is also valid for m+1. By
exploiting Property of (IH) for m and that 1™ -5 1™ we deduce from Definition
and Proposition that there exist feedback laws &; . 1y(-) as in (with 1 = 1™), which
satisfy Property (P), and wq,...,wy € W such that holds with I’ = 1™ ", Hence, it
follows from Proposition iib) that there exists a piecewise continuous input v : R>g — RN™
satisfying |v;(t)] < vUmax, ¥Vt > 0, 4 € N and such that

@i (6t,0,0(mdt,0,z(0);v™);v) € Sym+1,Vi € N. (4.16)

We following define v™*! : Rsg — RV™ as

miigy . ) V() t € [0, mdt),
) = { v(t — mdt), t € [mdt,o0). (4.17)

Then, it follows from (4.17) that v™*1(.) satisfies (4.13) (with m := m + 1) and the latter
implies (4.14]) (with m := m + 1) by causality. Hence, we get from (4.14)) that

©(mét,0,2(0); 0™ ) = p(mét, 0,z(0);v™). (4.18)
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From the semigroup property and (4.18]) we deduce that
o((m +1)8t,0,2(0);v™ 1) = p((m + 1)6t, mdt, o(mdt, 0, 2(0); 0™ 1); 0™+

= p((m + 1)dt, mdt, (mdt, 0, x(0); v™); 0™ ). (4.19)
Also, we get from (4.17) and (4.12) that
v = Shy,s: (V™). (4.20)

Thus, it follows from time invariance and (4.20) that

@((m + 1)dt, mdt, o(mét,0,2(0);v™); 0™ ) = (6t,0,(mdt, 0, (0); v™); Shimse (v 1))
— (81,0, p(mdt,0,2(0); v™): v). (421)

Hence, we conclude from (4.16]), (4.19)) and (4.21)) that (4.15) also holds (with m := m+1) and

the proof of (IH) is complete. <
In order to finish the proof of the proposition, define ¥ : R>g — R¥™ by

o(t) :==v™(t),m € N,t € [(m — 1)dt, mdt), (4.22)

with v™(-) as given by (IH) for each m € N. Then, it follows from (4.22) and (IH) that
10:(t)] < Vmax, ¥t > 0, i € N and thus, by the Invariance Assumption (IA), the solution z(t) of
the system remains in DV for all t > 0. Furthermore, it holds that

][0,mst) = V" |[0,mst), VM € N. (4.23)

Indeed, for each ¢ € [0, mdt) there exists k € {1,...,m} such that ¢ € [(k —1)dt, kdt). If K = m,
then it follows from that () = v™(t). If k € {1,...,m — 1}, then we get from
that o(t) = v*(t) and thus from that o(t) = v™(¢). Hence, is valid. Finally, from
, (4.15) and causality we conclude that for each m € N it holds

x;(mdt) = ¢;(mdt,0,2(0); ) = @;(mdt,0,2(0);v™) € Spm

and the proof is complete. O

We note that the result of Proposition remains valid if we consider the product of
the agents’ controlled transition systems as given by Definition which will be determined
explicitly in Section 6 for the control laws k; 1, in (3.7]). This observation is summarized in the
following remark.

Remark 4.14. Instead of the product T'Sp formed by the agents’ individual transition systems
T'S;, consider the controlled product transition system T'S% := (Q%, Acts, —%) formed
by the controlled transition systems 7'S¢, ¢ € N in Definition as follows:

° Q% = v,

o Acty = {x};

o1 —*>§, V', iff there exist [w1],. .., [wy] € 2V such that I} € Post{(1;; (pr;(1), [wi])), Vi € N, for
all 1= (I1,...,In), V= (4, ..., Iy).

Then, the result of Proposition remains valid for any initial cell configuration 1° and path
1°1'12 . . . originating from 1° in T5%. <
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5. TIME DOMAIN PROPERTIES OF THE CONTROL LAWS

In this section we use the results of Section 4 in order to prove certain useful properties of the
reference trajectory x;(-) and the time domain [0, T;(x;0,w;)) of the control laws as spec-
ified by . We proceed by providing some extra details for the dynamics as determined by
the control law in . In particular, we assume that the f;’s are globally Lipschitz functions.
Furthermore, if we want to achieve more accurate bounds for the dynamics of the feedback
controllers assigned to the free inputs v; (those will be clarified in the proof of Theorem in
the next section), we can choose (possibly) different Lipschitz constants Li, Lo > 0 such that

|filwi, x5) = filxi, ;)| <Lal(ws,x5) = (26, 5;)], (5.1)
|fi(zi, x5) = fi(yi, x5)| <La|(xi,%x5) — (yis %5)], (5.2)
Vi, yi €D,%5,y; € DNi e N.

In order to provide some extra informal motivation on considering both constants L; and Lo,
we recall that in order to derive sufficient conditions for a well posed discretization, we design
for each agent ¢ inside a cell S;, a feedback, in order to “track” a given reference trajectory (of
i) starting in the same cell. In particular, the constant L; provides bounds on the feedback
term which compensates for the deviation of agent’s ¢ dynamics from its corresponding
dynamics along the reference trajectory, due to the time evolution of its neighbors’ states. On
the other hand, the constant Lo provides bounds on the feedback term which compensates
for the deviation of the initial state with respect to the initial state of the reference trajectory.

Based on the global Lipschitz assumption, we establish uniqueness of the reference trajectory
xi(+) and provide a lower bound for the right endpoint Ty,ax of its maximal interval of existence,
which is independent of the selection of (z; ¢, %) in (3.6).

Lemma 5.1. For each tuple of reference points (x;.a, %;c) as in (3.6), the initial value problem
(3.14) has a unique solution which is defined and remains in D on the right mazimal interval
[0, Timax). Furthermore, it holds

Umax
Tiox > . 5.3
7 9MLymax{\/N; :i € N'} (5:3)

Proof. For the proof of the lemma we exploit the result of Proposition In particular,
we show that the solution y;(-) of coincides on a suitable time interval with the ¢-th
component of the solution of the multi-agent system — under an appropriate selection
of the initial conditions and feedback controllers for the v;’s. Hence, by implicitly exploiting
the Invariance Assumption (IA) that leads to the result of Proposition iia), which is valid
for any choice of feedback laws that satisfy Property (P), we will verify that is fulfilled.

In order to proceed with the proof, let (z;¢,%;,q) be a tuple of reference points as in
, corresponding to a cell decomposition {S;}ez of D and a cell configuration 1; of agent
i, and consider another cell decomposition {S} }i,ez, of D and an initial cell configuration
l, = (lo1, - -5 lon) € ZY with pr;(1,) = (Loi, lojys - - - » lojn, ), such that

TG ES{; and Slczjjm :Ijmg,lizl,...7Ni. (54)
We have selected the auxiliary cell decomposition {S7 }1,ez, with the sets SP  consisting of a

single element, because this slightly simplifies the subsequent analysis and also allows obtaining
a greater (uniform) lower bound for the time Tryax. Next, define the time step

/l]max
Oty 1= 5.5
2M Ly max{y/N; : i € N'} (5:5)
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and consider the feedback laws k; . (1,) : DNi+1 5 R” given by

Eipr,,) (@i, X5) = fi(zi,x5.6) — filwi, x5) = Fiy, (2:) — fi(wi, %), (5.6)
with F; 1, (+) as in (3.13) and kg py,q,) : DN — R™ for £ € N\ {i} given by
Kepr,(10) (26, X(0)) := 0. (5.7)

Note that the feedback laws kg oy, ,)(-) for £ € N\ {i} satisfy Property (P) by default. Hence,
in order to invoke Proposition iia), we show that k; ;. 1,)(+) also satisfies (P). Property (P3)
is obvious, since k; p,; (1,)(+) is independent of ¢. Property (P1) follows from the corresponding
Lipschitz property for f;(-) and Fjy,(-), since the latter satisfies the Lipschitz condition

|Fip, () — Fiy, (v)] < Lolx —y|, Yo,y € D. (5.8)
Indeed, due to and , we have that for each z,y € D it holds
[Fi (2) = Fon, ()| = [ fi(w,%5.6) = fily, x5.60)| < La|(2,%;,6) = (4, %;,6)| = La|z — yl.
In order to show (P2), notice that due to we get
Umax > 2M 6t Ly \/]7,', for alli € NV. (5.9)

Hence, we get from (4.1), (5.1), (3.5), (5.4) and (5.9) that for every z; € (Sf + B(Rmax)) N D

and x;, € B(zj, ¢, Rmax) N D, Kk =1,..., N;, it holds

N; 2
ki pr, (1) (i %) | = filzi, x5) = filzi x5)| < Lilx; — xj,6| = Ly (Z(% - xij)2>

k=1

SLI V NiRmax - Ll V Nzéto(M + Umax) < 21\45t0111 V Nz S Umax

and thus (P2) holds as well, since k; ,; ,)(-) is independent of ¢, z;0 and w;. Then, it follows

from Proposition [.9]iia) that the solution z(t) of the closed-loop system (3.1)-(3.2)), (5.6)-(5.7)
with initial condition x(0) € DV satisfying z;(0) = zi.q, ;,(0) = zj, 6, - - -, Tiy (0) = 2y G
(and the initial state of each other agent ¢ belonging to St e) is defined and remains in DY for
all t € [0, dt,]. Hence, the i-th component of the solution z(-) satisfies

in(t) € D,Vt € [O, 5to], (510)
and by virtue of (3.1)-(3.2) and (5.6)), it holds
i’i = I, (LL'Z‘), Q?Z(O) = St‘i’(;,t S [0, (5t0]. (5.11)

Hence, it follows from that x;(-) coincides with the unique solution y;(-) of on
[0, 0t,) N[0, Tinax), which in conjunction with implies that x;(t) remains in a compact
subset of D for t € [0, 0t,] N[0, Tinax). From the latter, we deduce that Tiax > dt,. Indeed, oth-
erwise y;(t) would remain in a compact subset of D for ¢ € [0, Tinax), contradicting maximality
of [0, Tinax). Thus, we conclude that is satisfied. O

By exploiting Lemma [5.1} it will be shown in the next section that Ti,.x is always greater
than the maximum possible selection of the time step Jt for a well posed discretization. The
latter in conjunction with the result of Lemma [5.2] below enables us to prove that in this case
the control law k; 1, 3(-) and hence also k; 1,(-) are well defined on [0, 6¢].
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Lemma 5.2. Consider a cell decomposition S of D, a time step 6t and select an agent i € N
and a cell configuration l; = (I;,1;,,.. .,lei) of 1. Also, consider a tuple of reference points
(i, xj,c) as in and the control law k; i, (-) in . We assume that k; 1,(-) satisfies
Properties (P1) and (P2) of Definition and that the right endpoint Tax of the interval
where the reference trajectory is defined, satisfies Tmax > 6t. Then, for all ;0 € S;, and
w; € W, the time T;(zi0,w;) satisfies T;(xio,w;) > 0t, which implies that k; ,(-) also satisfies
Property (P3) of Definition[{.1]

Proof. Indeed, let x;0 € S;, and w; € W. By defining
t
Lfﬁl(t) = jz(t> + (1 — (;t) (.’Iﬁio — $i7g),t S [O,Tmax), (5.12)

with Z;(t) = x;(t) + tw; as given in (3.15)), and taking into account the definition of T'(z;o, w;)
in (3.12), we want to show that #;(-) remains in D for more than time 6t. By virtue of our
assumption that Tinax > ¢, the latter is meaningful to verify and implies that T'(x;, w;) > 0t.
We next show that #;(-) coincides on a suitable time interval with the i-th component of the
solution of — by choosing appropriate initial conditions and feedback laws that satisfy
(P1) and (P2).

Let xip € Si;, w; € W, consider an arbitrary initial cell configuration 1 with pr;(1) = 1;,
1= (l1,...,In), and assign the feedback law k; . 1) = ki1, (as the latter is given by ) to
i and the feedback laws &y, 1) := 0 to the rest of the agents £ € A"\ {i}. It also follows from
the assumptions of the lemma for ¢, and trivially for the other agents, that the feedback laws
satisfy Properties (P1) and (P2). Thus, we can use the result of Proposition [4.9(i). By selecting
an initial condition z(0) € DV with x;(0) = x;0 and x;,,(0) € S;,,,m = 1,..., N;, and recalling
that w; € W, we get from Proposition i) that the i-th component of the solution satisfies

z;(t) € DYt € [0,T),T := min{0t, T (0, w;)} (5.13)
lim ;(t) € D. (5.14)

t—T—

We proceed by showing that z;(t) = &;(t), for all t € [0,T), with T as given in (5.13), or
equivalently, that

x; () = xi(t) + tw; + <1 - ;) (zi0 — x4,c), ¥t € [0,T) (5.15)

Indeed, from , , —, , and we have that

Ti(t) = Fiy, (xa(t)) + wi,
&i(t) = Fip, (xi(t) + kiy, 2(zio) + ki, 3(t; zio, wi).

By recalling that Z;(0) = z;q, 2;(0) = ;0 and that due to (3.12) and (5.13) it holds T <
T(x0, w;) < Thax, and thus x;(+), z;(-) and k; 1, 3(-) are well defined on [0,T), it follows from
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(.10), (3-11) and (3.15) that

£ilt) — T:(t) = w10 — Tic + / (Fin,(@:(s)) — Fin, (xi(5))

+ ki 2(@io) + Kiy,3(8; 20, wi) — w;lds

_ <1 _ (;) (o — 75.) + /Ot[Fi,li (2:(s))
— Iy, (@(S) + (1 — %) (240 — xlg)ﬂ ds, vt € [0,T).

Hence, we get from (5.8) that for all ¢ € [0,7) it holds |z;(t) — Z;(t) — (1— %) (o —wi¢)| <
fot Loy ’xl(s) —Zi(s) — (1 — £) (wio — @s,¢)| ds. Application of the Gronwall Lemma, (3.15), and
the fact that 7' < Tnax, imply that (5.15)) holds.

We are now in position to prove that T'(x;0,w;) > 0t. Indeed, suppose on the contrary that
T(z40,w;) < dt, which by virtue of the assumption that Ti,.x > 6t, and , implies that
T (20, w;) < Tmax and T = T(xi0,w;). From the latter, together with (5.12)), (5.13)), (5.14) and
continuity of Z;(-), we get that &;(T (i, ws)) = UMy p(z,0,w,)~ Li(t) = UMy 7z, 0~ Ti(t) €
D. Hence, from , the deduction that T'(z;0,w;) < Tmax and continuity of &;(+), it follows
that there exists € > 0 such that #;(t) € D for t € [T(z0,w;), T(xi0, w;) +¢€), which contradicts
(3.12)). Thus we conclude that T'(x;0,w;) > 0t, which establishes validity of (P3). O

6. WELL POSED SPACE-TIME DISCRETIZATIONS WITH MOTION PLANNING CAPABILITIES

In this section, we exploit the controllers introduced in to provide sufficient conditions
for well posed space-time discretizations. By exploiting the result of Proposition this frame-
work can be applied for motion planning, by specifying different possibilities for transitions
for each agent through modifying its controller. Consider again the system —7 a cell
decomposition § = {S;}iez of D and a time step d¢. In addition, consider the least upper
bound on the diameter of the cells in S, namely,

dmax := sup{diam(S;),l € T}, (6.1)

which due to Definition @ is well defined. We will call d,.« the diameter of the cell decom-
position. Our goal is to determine sufficient conditions relating the Lipschitz constants L1, Lo,
the bounds M, vyax for the system’s dynamics, as well as the space and time scales dpyax and
0t of the space-time discretization S — §t, which guarantee that S — 0t is well posed. According
to Definition establishment of a well posed discretization is based on the selection of ap-
propriate feedback laws which guarantee well posed transitions for all agents and their possible
cell configurations. For each agent i € N and cell configuration I; = (i, j,,...,l;y ) of i let
(xi,6,Xj,c) be a reference point as in . We consider the family of feedback laws given
in (3.9), , (3-11), and parameterized by z;0 € S;, and w; € W. The function F;y,(-) is
given in (3.13]), and x;(-) is the reference solution of the initial value problem , defined
on [0, Tinax). Recall that the parameter A in provides the portion of the free input that is
exploited for planning. Thus, it can be regarded as a measure for the degree of control freedom
that is chosen for the abstraction. In the following results, we also introduce an additional pa-
rameter p which provides a lower bound on the minimum number (> 1) of discrete transitions
that are possible from each initial cell, as will be clarified in the corollary at the end of the
section. Before proceeding to the desired sufficient conditions for well posed discretizations and
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their reachability properties, we prove the auxiliary Propositions [6.1] and [6.2} Proposition
below provides bounds on the hybrid control laws k; 1, (-) in (3.7).

Proposition 6.1. Consider a cell decomposition S of D with diameter dpyax and a time step
ot. Also, for each agenti E N and cell configuration l; = (I;,1;,, .. lev) of i let (x;,.¢, xj,c) be
a reference point as in and consider the feedback law ki () in , Then its components
ki 1(), kig2(-) and kl’l“;),( ) as given in ([3.9), (3.10) and (]E , respectively, satisfy the

bounds

|ki,li,1(xiamj)| S Ll V Ni(Rmax + dmax)vvxi € Dv

zj, € (S),, + B(Rmax)) N D,m=1,...,N;, (6.2)
1

[k 1, 2(zi0)| < &dmax,v%‘o € Sy, (6.3)

|ki,li,3(t; T30, wz)| S L2 (6t)\vmax + dmax) + AUmaxa

vt € (0,0t N [0, T(zi0, w;)), zi0 € Sy, w; € W. (6.4)

with Rmax as given in (4.1)).

Proof. Indeed, in order to show (6.2)) let x; € DV satisfying z;,, € (S, + B(Rmax)) N D,m =
1,...,N;. Then, foreachm = 1,..., N, there exists &, with %, € S, and|%;, —x;,.| < Rmax-
Hence, from the latter together with (3.9) and (5.1]), we get

Kigo1 (@i, x5)| < Lal(zj, — @51,y o5 Ty, — T, 6]
N; B
<Ly (Z (25 = g + 125, — fﬂjm,G|)2>
m=1

< Ll (Z (Rmax + dmax)2> = Ll V Ni(Rmax + dmax)7

m=1

which establishes . Furthermore, by recalling that x; ¢ € S;,, it follows directly from ((3.10))
that |k; 1, 2(z 10)| t|$zo z;,¢| and hence, that (6.3) is satisfied. Finally, for k; 1, 3(-) we get
from (3.11) and that

ki, ,3(t; 20, ws)| < Lo |(X1(t) + tw; + (1 — %) (xi0 — sz)) - Xi(t)‘ + |wil,
which due to (3.8]) implies validity of (6.4]). O

Based on the result of Proposition we next provide conditions on dy.« and 0t which
guarantee that the feedback laws k; 1, (-) satisfy Property (P). Additionally it is shown that the
radius r introduced in satisfies a design requirement which is related later in Corollary
to a lower bound on the number of possible transitions through the parameter u.

Proposition 6.2. Consider a cell decomposition S of D with diameter dyax, a time step 0t,
the parameters X € (0,1), u > 0 and define

L := max{3Ly +4L1\/N;,i € N'}, (6.5)

with L1 and Lo as given in (5.1) and (5.2). We assume that A, p, dmax and 5t satisfy the
following restrictions, as provided by the three cases below:



20 D. BOSKOS AND D. V. DIMAROGONAS

C’aseI.Ogugf_—/\.

1—\)%?
dmax S (0, (4]\4)2)%(} 9 (66)
5t e (1 = NVmax — V(1 = A)202,,. — 4M Ldmax (1 — N)vmax + /(1 = X)202, — 4M Ldpax
2ML ’ 2ML '
(6.7)

2\ 9N
Case I1I. TN < ILL< -

2()‘(1 — )‘)M — 2)‘2)vr2nax
s € (022020 , (69
I (1 = NVmax + /(1 = A)202,,. — 4M Ldax
ot € l2xvmaxd“mx’ ML ’ (6.9)
or 2\,,2 2,2
2()\(1 B A)“ — 2\ )Uma (1 — )‘) Uma:
max X) max 1
daJe< WML IML (6.10)

and 8t satisfies .

Case III. > %. dmax and Ot satisfy and , respectively.

Then, the intervals in Cases I, II, III are well defined, and for each agent i € N, cell configu-
ration ; = (li, lj,, ..., ljy ) of i and reference point (v;c,®j,c) as in (3.6) the solution x;(t) of
(3-14) is defined and remains in D for all t € [0,dt]. In addition the feedback law k; 1, (-) in (3.7)
satisfies property (P) and the distance r as defined in (3.16) satisfies the design requirement

r > S (6.11)

Proof. The proof of the fact that the intervals in Cases I, 11, IIT are well defined is provided in
the Appendix. Also, it follows from Lemma that for any reference point (z; ¢, x,.¢) as in

(3.6) the solution y;(t) of (3.14) is defined and remains in D for all ¢ € [0, Tjhax), and by virtue
of (5.3) and the assumed bounds on 6t in Cases I, II, III, that

Tinax > 0t, (6.12)

establishing thus that x;(¢t) € D for all ¢ € [0,0t]. We break the subsequent proof in the
following steps.

STEP 1: Verification of Properties (P1) and (P2) for the feedback law (3.7) for
dmax — 0t as given by Cases I, II, III, in conjunction with the design requirement
(6.11)). In this step we prove that the proposed feedback law (3.7) satisfies Properties (P1) and
(P2). Verification of (P1) is straightforward. Thus, we proceed to show that (4.2 holds, which
implies (P2), and simultaneously, that (6.11)) is fulfilled. By taking into account (3.7) and the
result of Proposition namely, (6.2)), (6.3)) and (6.4]), we need to prove that
1
Ll V Ni(Rmax + dmax) + ﬁdmax
+ Lo (8t AMmax + dmax) + Mmax < Umax- (6.13)

By recalling ([4.1), (3.5) and the fact that A € (0,1) we get that §tAvmax < Hmex. Also, from the
fact that dpy.x and 0t are selected according to the Cases I, II, 111, it follows from elementary
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calculations which are provided in the Appendix that
dmax S Rmax~ (614)

Hence, it suffices instead of (6.13]) to show that (2L;+/N; + %Lg)Rmax + %dmax < (1= A)Umax,
which by virtue of (4.1)) is equivalent to

(M + vaas) (201 /N, + %Lg)&? (1= \)vmandt + duae < 0. (6.15)

By taking into account (3.5)), it suffices instead of (6.15)) to show that M (3Ly +4L1+v/N;)6t? —
(1 — N)Umax0t + dmax < 0 which by virtue of (6.5) follows from

MLSt?* — (1 — \)Umax0t + diax < 0. (6.16)
In order for the above equation to have real roots, it is required that
(1—=XN*02,, —4AMLdyax >0 < d < (1= Vo (6.17)
max max — max — 4ML . .

Hence, by collecting our requirements (6.17), (6.16[), (6.14) and (6.11) together with the fact
that dyax > 0 we have

(1 B A)er%lax
< —r .
0 < diax < 3 7, (6.18)
(1= Ntmax = V(1= 2?00 = 4M Ldmax _ o (1= Nmax + /(1 = 2?0510 = 4M Ledna
2ML -~ 2ML ’
(6.19)
1
7dmax S 5t7 6.20
M + Umax ( )
M

7dmax S 5t 621
2A\Vmax ( )

We can then show that for all Cases I, II and III as in the statement of the proposition the
above requirements are satisfied and hence, that (P2) holds. The proof of this fact can be found
in the Appendix.

STEP 2: Verification of Property (P3). In order to show (P3), it suffices to prove that
for the given selection of A € (0,1), pt > 0, dmax and 0t as provided by Cases I, II, III, the agent
i and the cell configuration 1; it holds T'(z;,w;) > dt, for all z;,0 € S;, and w; € W. The latter
is a direct consequence of and Lemma O

We are now in position to state our main result on sufficient conditions for well posed
abstractions.

Theorem 6.3. Consider a cell decomposition S of D with diameter dy.x, a time step 6t, the
parameters A € (0,1), p > 0 and assume that A, @, dmax and 0t satisfy the restrictions of
Proposition . Then, for each agent i € N and cell configuration l; = (I;,1;,,.. .,lei) of i
we have Post;(1;; ;) # 0, namely, the space-time discretization is well posed for the multi-agent
system (3.1)-(3.2). In particular, for any tuple of reference points (x; q, ;) as in (3.6) and
corresponding reference trajectory x;(-) of i as given by (3.14)) it holds

B(x:(dt);r) C D, (6.22)

where r is defined in (3.16)).
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Proof. For the proof, pick i € N, I; = (li, 1, ., Ly, ), (xic,Xj,¢) as in and notice that
by virtue of Proposition the reference trajectory Xz() is well defined on [0, 6¢]. In addition,
consider the control law k; ;,(-) in . Then, it follows again from Proposition that the
latter satisfies Property (P). Next, for each © € B(x;(dt);r) define

— i (6t
w;i(= w;(x)) := w (6.24)
ot
Then, we get from (3.16) that |w;| < 5 = Avmax and hence, by virtue of (3.8)) that
wi(= w;(x)) € W,Vx € B(x:(0t);7). (6.25)

In order to prove the theorem, we need to verify that (6.22)) and (6.23]) are fulfilled.

Proof of (6.22). In order to show (6.22), pick x € B(xi(dt);r), w; as in (6.24) and recall
that the control law k; y, (-) satisfies Property (P). Then we have from (6.25) that w; € W and

thus, we get from Property (P3) applied with x;p = z;,¢ and the selected parameter w; that
T(x;.¢,w;) > dt. From the latter and (3.12) we obtain that x;(dt) + w;6t € D, which by virtue
of (6.24]) implies that € D and establishes validity of (6.22).

Proof of (6.23). For the verification of (6.23)) it suffices to prove the following claim.

Claim II. Consider the control law k; 1, () above and pick any w; € W. Then, for any initial
cell configuration 1 with pr;(1) =1;, 1 = (I1,...,In), £ € N'\ {i} and selection of feedback laws
in (4.4) which satisfy (P) the following hold. The solution of the closed-loop system —,
(13.7), , , with the selected parameter w; for k; y, (+), is well defined on [0, §t] and satisfies

2;(0t)(:= z;(dt, 2(0))) = x4(0t) + dtw; = T;(dt), (6.26)

for all 2(0) € DY with x,,0 € S;,,, m € N and w,, € W, m € N'\ {i}, with the last equality
in (6.26) being a consequence of (3.15]) (see also Fig. 2 in Section 3). «
Indeed, let any [ € Z such that

Sy N B(xi(6t);7) # 0. (6.27)

In order to show that I € Post;(l;;1;), i.e., that the transition I; 15 s well posed, it suffices
according to Definition [{.3|(i) to verify that there exists w; € W such that Condition (C) holds
with the control law k; 1, (-) above. By exploiting (6.27)), we pick # € S; N B(x;(6t);7) and w; in
as the parameter for k; j, (+), which by virtue of (6.25)) satisfies w; € W. Thus, it follows
that the conclusion of Claim II is fulfilled with and (6.26]) implying that z;(5t) =« € 5.

Hence, Condition (C) is satisfied and we conclude that I; L 1 s well posed. It thus remains
to verify Claim II.

Proof of Claim II. Let z, k;1,(-) and w;(= w;(z)) as in the statement of Claim II. We
first note that due to Proposition iia), the solution of the closed-loop system is defined
and remains in DV on the whole interval [0,dt]. In order to show that z;(dt) = 7;(dt), we
show that z;(-) is an appropriate modification of the trajectory Z;(-). In particular, it holds
zi(t) = 7;(t) + (1 — &) (w0 — wi,¢), Vt € [0, 0], which implies the desired result. The proof of
the latter is based precisely on the same arguments used for the proof of in Lemma
and is therefore omitted. Hence, we conclude that z;(dt) = z;(dt) and the proof is complete. [

Remark 6.4. Notice that the reachable cells provided by the left hand side of (6.23)) are a subset
of the reachable cells from the specific cell configuration of 7. In addition, these cells depend on
the reference points (z;.G,X; ), since a different selection will correspond to a different control
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law k; 1, and will lead in principle to another reference trajectory, thus, modifying the center of
the ball B(x;(dt);r). <

Based on the above remark, we next show that by selecting for each agent ¢ and cell config-
uration 1; a tuple of reference points (z; ¢, x;,¢) and the control law , the right hand side
of provides the set Up,,jcaw Post{ (I;; (1;, [w;])) of the controlled transition systems T'S
in Definition E.6l

Corollary 6.5. Consider a space-time discretization S—4dt satisfying the hypotheses of Theorem
. Also, select for each agent i and cell configuration l;, a tuple of reference points (z; ¢, Tj )
as in (3.6), the control law k; 1, (-) in (3.7) and consider the corresponding reference trajectory

xi(*) given by (3.14). Then, for each i, l; = (li,ljl,...,lel_) and | € T the actions [w;](, 1) in
(4.5]) for the specification of the controlled transition system TS are given as

oy = { T 0 e sin Bl | (6.25)

with v as in (3.16]), and it holds
U[wJEQWPOStf(l“ (l’H [wl]))
={leZ:5nNB(x(dt);r) #0}. (6.29)

Proof. Proof of (6.28)). We first consider the case where S; N B(x;(6t);r) # () and show that
[wilg, ) D {%’i(&) sz € S;NB(x;(0t);7)}. Indeed, let x € S;NB(x;(dt); r) and w; as given by
(6.24)), which by virtue of satisfies w; € W. Thus, from Claim II in the proof of Theorem
e obtain that 1;, k;1,(-), w; and ! satisfy Condition (C), since and imply that
x;(6t) = x € S;. Thus, we obtain from that %@W) € [wi]q,,)- In order to prove the
reverse inclusion, let w; € [wi](l,;,l) C W and assume on the contrary that

— xi(ot
w; & {"””f;t() Lz e SN B(Xi(ét);r)} . (6.30)
Let x = x;(0t) + dtw; and notice that due to (3.8) and (3.16]) it holds x € B(x;(dt);r). In
addition, by exploiting Claim II applied with this selection of w;, we obtain from (6.26) that
z;(0t) = x(t) 4 dtw; = x. Also, since w; € [wi]q,,) we get from (4.5), namely, the fact that
i, kiy,(+), w;, I satisty Condition (C), that z;(dt) € S;. Thus, z € S; N B(x;(dt);r) which
contradicts ([6.30)).

Finally, in order to verify (6.28)) for the general case we need to show that [w;], ;) = ) when
SN B(xi(dt);r) = 0. Notice that the latter is equivalently written as

| — xi(6t)] > r,Vz € S). (6.31)

Hence, suppose on the contrary that holds and that [w;]q, ) # 0. Then, by picking any
w; € [wi]q,;y € W, we obtain from in Claim IT that z;(dt) = x;(6t) + dtw;. On the
other hand, since w; € [wg], ), we get from that z;(6t) € S;. Hence, it follows that
Xi(0t) + dtw; € S; which by virtue of implies that |w;| > £. Thus, we obtain from
and that w; ¢ W, which is a contradiction.

Proof of (6.29). This follows directly from and the definition of transitions in 7'SY as
provided by Definition [£.6] O

Remark 6.6. It is noted that if we select W in (3.8) as the open ball int(B(Avmax)) we will
obtain in (6.23]) the cells which have nonempty intersection with the open ball int(B(x;(dt);7)).
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In this case, it follows from the properties of a cell decomposition that each transition system
TS is deterministic. The latter relies on the requirement that the interiors of the cells in the
decomposition are disjoint and the fact that when the intersection of a cell with this ball is
nonempty, it will also have nonempty interior. <

The results of Theorem [6.3] and Corollary [6.5] can be utilized for motion planning tasks
through the following procedure:

Step 1. Given the Lipschitz constants L, Lo and the bounds M, vyax on the agents’ dynamics,
pick design parameters A\, p and select a well posed space-time discretization S — 6t for the
multi-agent system based on Theorem

Step 2. Fix a reference point for each cell S; of the decomposition {S;}iez. Then, derive
the controlled transition system TSy of each agent ¢ as follows. For each cell configuration
i = (lis 1y, - -, ljy,) compute the endpoint x;(dt) of the reference trajectory at time dt,
corresponding to the reference points z; g, %j,,G; ..., Zjy,,¢ of the cells Sy, 51, ,..., 5, , as
selected at the beginning of Step 2. Then, specify the cells which have nonempty intersection
L, [w;
with B(x;(dt);r), in order to obtain all the transitions I; (—[>§]) I} to the cells in (6.29), with
[wi] = [wi]q, ;) as given by (6.28). Also, note that the actions [w;] do not need to be specified
until Step 4.

Step 3. Find a path 1°1'1*--. in the controlled product transition system TS% defined in

Remark [£.14) which satisfies the plan and project it for each agent i to a sequence of transitions
(9, fwi]”) (1 fwi] )

0 [ N A

7 7 7 7 % .

Step 4. Select the control laws to implement the individual transitions by the continuous time
17 [wi]™)

system as follows. For each transition I]* —¢ pick any parameter w; € [w;]™ =

[wi](lm e with the latter as given in (6.28]), and apply the control law (3.7)) with the selected

W; .

m—+1
li

The following corollary provides a lower bound for the minimum number of cells each agent
can reach in time 6¢, depending on the selection of the design parameter p for the space-time
discretization.

Corollary 6.7. Consider a cell decomposition S of D with diameter dyax, a time step §t, and
parameters A € (0,1), u > 0 such that the hypotheses of Theorem are fulfilled. Then for
each agent © € N and each cell configuration of i, there exist at least |p™| + 1, if p™ ¢ N, or
u™], if u™ € N possible discrete transitions.

Proof. In order to prove the result, we need by virtue of (6.23) to show that

), ifpnen, (6.32)

where # denotes the cardinality of a set. By using the notation Vol(S) for the volume (Lebesgue
measure) of a measurable set S C R", it follows from (6.1)) and the iso-diametric inequality
that for each [ € Z it holds

Vol(S;) < Vol (B (d“;"» = (dr;‘a")n B(n) = Smax, (6.33)

where

B(n) := Vol(B(1)),
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namely, the volume of the ball with center 0 and radius 1 in R™. It then follows from (6.22)),
namely, that B(x;(6t);7) C D, (6.33) and the fact that due to Definition [3.1]it holds Uj;ez5; =
D, that

VOUBLuGtin) | 41 i BOaGn) g y
#{l € Z: 8N B(xi(dt);r) # 0} > L(B(Xl(étj ), if (86 "(‘5%‘) ) N (6.34)
By taking into account (6.11)) and (6.33)), we get that
(8t I "
Vol (B(xa(61):7)) _ (5dmae)" B00) _ 65

— n
S (5=)" B(n)
and thus, (6.32)) is a direct consequence of (6.34) and (6.35)). The proof is now complete. [

Finally, we provide certain upper bounds on the complexity of the controlled transition
system of each agent as a function of A, namely, the part of the input that is exploited for
reachability purposes. Therefore, given a finite cell decomposition & = {S;};cz of a bounded
domain D, it is convenient to introduce the length

din =2sup{R>0:VleZ Jz € S, B(xz,R) C S} (6.36)

corresponding to the maximum diameter of a ball that can be inscribed in all cells. The following
corollary provides the corresponding complexity result.

Corollary 6.8. Consider a bounded domain D admitting a finite cell decomposition S of diam-
eter dmax, a time step 6t and a parameter A € (0,1), such that the hypotheses of Theorem -

are fulfilled with p = 0, implying that dmax and §t satisfy (6.6) and ( ., respectively. If in
(1—X)202

max

addition dymax 18 the mazimum possible diameter that satisfies (6.6] ., i.€., dpax = T
then the cardinalities of the state set Q5 and transition relation —§ of agent’s i individual con-
trolled transition system are upper bounded by Clﬁ and 02(1_>\)<2(1W7 respectively,

with C = % (fv]‘fL> Cy = CN i+l (C) ,Cc= diizx’ din as given in (6.36)) and Vol(D),

max

Vol(B(%)) being the volume of the domain D and the ball with radius 3 in R™, respectively. Fi-

nally, the cardinality of the state set Q% and transition relation —% of the controlled product
transition system are upper bounded by C W and Cé(lTl)wn, respectively, with C} = CN

and Cy = N (H)M".

C

Proof. Notice first, that when dy.x = % it follows from (6.7) that necessarily
(1= X)Umax
ot = ML (6.37)

Next, based on the finiteness hypothesis of S which implies that the length d;;, as defined in
is positive, we provide an upper bound on the number of cells in S and the number of
cells that may intersect any reachable ball in D with radius r, as the latter is given by .
First, notice that due to (6.36]) it holds

Vol(S;) < Vol(B(%

»)), VI e L. (6.38)

In addition, in order to obtain a bound on the cardinality of Z, we exploit the facts that the cells
of the decomposition cover D and have disjoint interiors, which implies that for any subset of
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cells, the volume of their union equals the sum of their individual volumes. The latter properties
in conjunction with (6.38)) imply that

Vol(UiezS)) = Vol(D) = > Vol(S;) = Vol(D) = Y _ Vol(B(%)) < Vol(D) =

leT ez
Vol(D)  Vol(D) 1 Vol(D) 1
= NoB(G) ~ Vol(B(2) &, Vol(B(2)) (el
_ Vol(D) ( AML )": Vol(D) <4ML>” 1
Vol(B() \el— APy )~ Vol(B) Nt ) T2
1
= (6.39)

with ¢ and C; as given in the statement of the corollary. We next proceed to determine an
upper bound on the number of cells which intersect any reachable ball B(x;(dt);r). Note first,
that by the definition of d,.x it follows that

{LeZ :S\NB(x:(0t);r) £ 0 Cc{leZ: S C B(xi(t);r + dmax) # 0} =
#{eT:SNBxi(dt);r) £ 0} <#{l€Z:S5 C B(xi(0t);7 + dmax) }- (6.40)

In addition, by taking into account as above that the cells of the decomposition have disjoint
interiors, we get that

Vol <U{Sl €S8:5 C B(xi(dt);r+ dmax)> C Vol(B(xi(0t);7 + dmax)) =

3 Vol(S;) < Vol(B(xi(6t); 7 + dimax)) =
{I€Z:5,CB(x:(8t);r+dmax)}

Vol(B(xi(0t); 7 + dmax
#{L €T : 8 C B(xi(dt);7 + dmax)} < : (\)/(01((;)( dé“J;) ’

o |
= (’%d) : (6.41)
2

From the selection of dpax in the statement of the corollary, 6t in (6.37) and the definition of

r we get that
n =N vmax | 1=N%02  \ " =Nz \ "
<T+dmax> _ </\Umax( 21\)4UL + L ) < < ML >
din - cdmax - Cdﬂ

2 2 2

(1—X)v2 " n
S pmax 4 1
_ ML [ -
- (c(l—)\)vrznax > - (C> (1 _ )\)n : (642)
IML
Due to (6.39)) it follows directly that the cardinality of the state set of each agent’s individ-
ual (controlled) transition system is upper bounded by CIW' In order to obtain the
corresponding bound for the transition relation, note that due to (6.28) and (6.29)), for each
li = (lz, lj17 PN 7leZ_) it holds that
(i,fwi]) ,
L —¢ I iff Ge{leZ: S nB(dt);r) #0} and  [wi] = [wiq, ) (6.43)

(2

and that each action [wi](lhl;) is uniquely determined by the successor cell {;. Thus, the cardi-
nality of each agent’s i transition relation is evaluated by summing the numbers of the possible
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successor cells over all the possible cell configurations of . This observation implies by virtue

of (6.43)) that

# = > #{leT:SNBKi(6t);r) # 0}, (6.44)
L,ezNit1
Hence, by exploiting (6.39)), (6.40)), (6.41)) and (6.42)), we get that

4 e < grNen <4>"(1_1A)n = (#D)NH! (4)n(1_1m

c C

Cnte) ()

4\" 1 1
_ N+ [ _
= Cl (C) (1 — /\)(Q(Ni+1)+1)n CZ (1 o )\)(2(Ni+1)+1)n7 (645)

with Cy as given in the statement of the corollary. Finally, from the definition of the product
controlled transition system, we obtain from (/6.39)) that the cardinality of its state set satisfies

1 N_CN T, 1
(1 7/\)271 -1 (1 7)\)2Nn - 1(1 7>\)2Nn’

4Q5 = #IN = (#T)V < (01

with C] as given in the statement of the corollary. In addition, we obtain that the cardinality
of the transition relation is given by

N
#—5= > [[#{l € T: 8N B(Xipr,0)(0t);7) # 0},

1eTN i=1

where for each 1 € ZV and i € N, Xi,pr; (1) (0t) denotes the reference trajectory corresponding to
the cell configuration pr;(1) of agent ¢. Thus, we get from (6.39)), (6.40), (6.41]) and (6.42)) that

ros 2w T 2o ()

<(eqzim) () == () i = i

with C) as given in the statement of the corollary. The proof is now complete. O

7. EXAMPLE AND SIMULATION RESULTS

As an illustrative example we consider a system of four agents with states 1, z2, z3, 4 € R?,
whose initial conditions lie inside the circular domain int(B(R))(= {z € R? : |z| < R}) with
center zero and radius R > 0. Their dynamics are given as:

&1 = sat,(xe — 1) + g(x1) + v1,

iy = g(x2) + v2,

I3 = Satp(l‘g - 1‘3) + g(l’g) + vs,

T4 = Satp(l'g - 1’4) + g(x4) + vy, (71)
where the function sat, : R? — R? is defined as sat,(z) := z if |z| < p; sat,(z) := e, if
|z| > p. The agents’ neighbors’ sets in this example are N1 = {2}, Vo = 0, N3 = {2}, Ny = {3}
and specify the corresponding network topology. The constant p > 0 in (7.1]) satisfies p < R
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and represents a bound on the distance between agents 1, 2, and agents 2, 3, that we will require
the system to satisfy during its evolution. The function g(-) is defined as

0, if [2] <R— 5,
g(x) = q(R=5) |z, HR-§<|z]<R, (7.2)
—glg—‘l, if R < x|

and determines for each agent a repulsive vector field from the boundary of int(B(R)) when
the agent is located in int(B(R)), in order to ensure invariance of the agents’ trajectories inside
this circular domain.

We next show, that if the initial distances between agents 1 and 2 (and similarly for agents 2 and
3) is less than p, it will also remain less than p for all positive times, for an appropriate bound
on the magnitude of the free input terms v;. By selecting the energy function V(z1,x9) :=
%|x1 — x5|? and evaluating its derivative along the right hand side of , we obtain that

V= (1 — x9, 09 — 1 + g(x1) +v1 — g(T2) — V2)

<~z — 2P 4 (21 — 22, 9(21) — 9(22)) + 2|71 — T2|Vmax, if |21 — 22| < p (7.3)
V= (z1 — 22, ——— (2 — 1) + g(a1) + v1 — g(22) — v2)
|2 — 21
< —(p — 2Umax) |21 — 22| + (x1 — 2, 9(1) — g(x2)),if |21 — 22| > p (7.4)

where (-, -) denotes the inner product in R?. Next, notice that
(x —y,9(x) — g(y)) <0,Va,y € R? (7.5)

Indeed, assume that without any loss of generality it holds |z| > |y|. Then, it follows from
that there exist @« > > 0, such that g(z) = —ax and ¢g(y) = —Py. Hence, we get
that (z —y, g(z) — g(y)) = (x — y, —az — By) < —alz + (a+ B)|z[ly| — Bly|*. By evaluating
the discriminant of the latter second order expression, we obtain that it is always nonpositive,
which implies . By additionally assuming that

_Pr
Umax = (7.6)

we obtain from , and (7.5) that V < 0 when |z, — xa| > p. Thus, it follows that
|£1(0) — 22(0)] < p implies that |x1(t) — x2(t)] < p for all positive times. Analogously, by
considering the function V (22, z3) := $|zs — z3]? it follows that the same holds for |za(t) —
x3(t)|. Furthermore, under the selection of vmax = 4, it can be deduced (along the lines of the
corresponding result in [6]) that the circular domain remains invariant for the dynamics of the

system. Finally, we obtain from (|7.1)) and (7.2)) the following dynamics bounds and Lipschitz
constants in (3.3), (5.1) and (5.2), respectively:

3
M=3p, Li=1 Ly=2 (7.7)

Thus, it follows that system (7.1) satisfies all requirements for the derivation of well posed
discretizations.

In this example, it is also assumed that the reference point of each cell of the square partition
is the center of the square. This enables us to obtain the following improved bounds on the
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feedback laws in (3.7, for their corresponding values of ¢, z;, x; and w;:

dII] X
|kin, 1 (i, x5)| < Ly ((M + Umax )0t + a)

2
dmax
kit o(zi0)| <
g a(o)| < B
dmax
‘ki,li,3<t;xi07w)‘ S L2 ()\Umaxét + 9 > + )\vmax

Thus, in order to verify Property (P2), we need to select dpmax and 6t satisfying

dm X dmax dm X
Ll((M + Umax)ét + 221 ) + 251 + Lo <)\Umax6t + ;) + Mmax < Umax-

Equivalently, by virtue of (7.6) and (7.7)), it is required that

dmax dmax P dmax 1%
20 =0t+ — | < (1 =Nz =
(2p5t+ 2>+2&+ (2 + 2)_( )2

J (1 — \)6t — 46t2
max = P 36t + 1

By evaluating the derivative of dyax(-) with respect to ¢t we obtain that
dmax =0 == ((1 = \) — 86t)(35t + 1) — 3((1 — \)ot — 46t*) =0
= — 120t -85t +(1—-X) =0

Hence, we obtain the time

5o 8—4y/4+3(1—))  —2+4./4+3(1—))
o —24 - 6

corresponding to the maximum possible diameter

2 (L=t 4dt”
max — P 3(%4—1

For the simulation results, we select the distance p = 10 and the radius of the circular domain
R = 10. We also assume that the agents 1, 2, 3 and 4, are initially located at xz19 = (5, —3),
x20 = (5,3), x30 = (0,6) and x49 = (—4,6), respectively. Thus, it follows that agents 1, 2,
and 2, 3, satisfy the requirement on their initial relative distance. In the sequel we will focus
on the behaviour of the system for times ¢t € [0,2]. Given this time interval and a selection of
the planning parameter A € (0,1), we choose the time step dt as the largest possible time step
not exceeding 6t above, in such a way that the number of time steps NT' := % is a positive
integer. We also choose the largest possible cell diameter d,.y corresponding to ¢t and consider
a square grid in R2. Each square has side length d, where d is the largest number not exceeding
?dmax, such that the quotient % is an integer. Thus, we can form a cell decomposition of the
circular domain D by defining as a cell each square in the grid which has nonempty intersection
with D. In Figs. 3, 4 we have plotted (half of) the grid lines, in order to illustrate how the grid
is affected by the choice of A. We next consider two cases for the motion of agent 2, which is

unaffected by the coupled constraints.
Case I: It holds va(t) = va., Vt € [0, 2], with ve, = (—3,—3).
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Case II: It holds vo(t) = vae + v24(t), VE € [0, 2], with vy, as above and vog € Uy, where Uy

is the set of all piecewise continuous functions @ : [0, 2] — R? that satisfy o(t) = v(t)(g, fg),
with —1 < (¢) <1 for all ¢ € [0,0.9] and () = 0, for all ¢ € (0.9, 2].
Notice that in Case I we consider a pre-specified path for agent 2, by selecting a constant
control, whereas in Case II we allow for the possibility to modify this path and superpose a
motion perpendicular to it (up to certain bound) over the time interval [0,0.9]. Furthermore,
in both cases the magnitude of va() is bounded by vpax(= 5).

For Case I, we assign reachability goals to agents 1, 3 and 4 which should be fulfilled at
the end of the time interval [0,2], given the selected path for agent 2. Specifically, we want
agents 1, 3 and 4 to reach the corresponding boxes in the workspace that are depicted in
Fig. 3. First, we sample the trajectories of 2 at the time instants két, k = 0,1..., NT and
specify the sequence 1913 - - - 15T corresponding to the cells S;, with zo(kdt, 229) € Si.. Then,
we exploit the individual controlled transition systems of agents 1 and 3, in order to determine
(an underapproximation of) their reachable cells for the given sampled trajectory of agent
2. In particular, by denoting as [{ the index of the cell where the initial state x1o of agent 1
belongs, we can evaluate the indices of its reachable cells at time k6t as Qf = Post$ (QF 11571,
k=0,1,...,NT, where Q! := {I9} and we have used the notational convention Post§(I1;1l3) :=
Post{(l1; (I1,12)) (recall that (I1,l2) stands for a cell configuration of agent 1) and the definition
Post{(Q1;12) := Uy, e, Post{(l1;12). The approach followed in this case is possible because agent
2 is decoupled from the other agents and the individual transition system of agent 1 depends
only on the cell indices of agent 2. Similarly, we can evaluate the reachable cells of agent 1 and
check whether it fulfils its reachability task. Next, by computing the reachable cells of agent 3
which lie in its target box at the final time step NT', we calculate the backward reachable cells
of the agent in order to encode the discrete trajectories which fulfil its reachability goal. Then,
we exploit the individual transition system of agent 4 in order to determine its reachable cells
for all the possible trajectories of agent 3 that satisfy its reachability task. The corresponding
simulation results are depicted in Fig. 3 for A = 0.2 (left) and A = 0.3 (right). The figure also
illustrates the effect of the parameter A in the accomplishment of the reachability goals, since
for A = 0.2 only agent 3 reaches its target box, whereas for A = 0.3 all agents achieve their
corresponding task.
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FIGURE 3. Reachable cells of the agents for (i) A = 0.2 and (ii) A = 0.3.
Agents 1, 3 and 4 are initially located at the bottom right, top center and top
left of the illustrated workspace, respectively. The circles denote the sampled
trajectory of agent 2 as determined by Case I and the boxes the corresponding
target sets of agents 1, 3 and 4. The union of all discrete paths of agent 3
which end in its target box are highlighted within the union of its reachable
cells.

For Case II, we exploit the individual controlled transition system of agents 1, 3 and 4 in
order to obtain (an underapproximation of) the cells these agents can reach, irrespectively of
the choice of vogq for the free input of agent 2. In particular, we define the finite cell sequence
{Q5}eeqo1,.. . N1y as Q5 = {l € T : Fvpq € Ug with z2(kdt, 220; V2 + v24(+)) € Si}. Also, we
inductively define for &k = 0,1,..., NT the sets Qf = Uneqr— Myeqs Post{(l1;12), QF =

Ul3€Q§_1 mleQ;_l POStg(l;g;lg) and Qf = Ul4€QZ—1 mlsng_l Postg(l4;13), with Q? = {1(1)},
QY = {19} and Q¢ = {I9} (we use the same notational convention as above for the operators
Post(+), and the notation {? for the initial cells of the agents i = 1,3,4). Next, consider any
selection of sequences 913 -- - INT 1913 - 13T and 191} - - - I¥T, of agents 1, 3 and 4, that satisfy
If e QF, 1§ € QF and If € Qf, respectively. Then, by taking into account the definition
of the sets QF, ¢ = 1,3,4, the definition of the individual transition systems of agents 1, 3,
4, and the particular coupling between the agents in this example, we arrive at the following
conclusion. For each agent 1, 3 and 4, it is possible to assign a sequence of control laws,
such that each corresponding agent will reach the cells with indices I¥, I§ and [f at time kdt,
respectively, for any selection of the input vyy of agent 2. In Fig. 4 we illustrate the union
of the reachable cells of agents 1, 3 and 4 for A = 0.3 and A = 0.4, respectively. Notice that
the underapproximation of agents’ 1 and 3 reachable cells increases with the selection of the
larger parameter A, namely, with the exploitation of a larger part of the free input for planning.
However, the same observation does not necessarily hold for the reachable cells of agent 4. The
reason why the area covered by the reachable cells of agent 4 remains approximately the same,
is that the corresponding area increases for agent 3 for larger values of A. Thus, although
the reachability properties of agent 4 are improved, this is compensated by the fact that each
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illustrated transition of agent 4 to a certain cell needs to be possible for an increasing number
of different positions of agent 3.
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FIGURE 4. Reachable cells of the agents for (i) A = 0.3 and (ii)) A = 0.4.
Agents 1, 3 and 4 are initially located at the bottom right, top center and top
left of the illustrated workspace, respectively. The circles denote the nominal
sampled trajectory of agent 2 and their nearby cells represent the cells where
agent 2 can lie at the sampling times, for all possible inputs of Case II.

The code for the simulation results has been implemented in MATLAB and the worst case
running time for the illustrated results is of the order of 45 minutes, on a PC with an Intel(R)
Core(TM) i7-4600U CPU @ 2.10GHz processor.

8. CONCLUSIONS

We have provided a decentralized abstraction methodology for multi-agent systems and quan-
tified bounds on the space and time discretization in order to obtain meaningful transition
systems with multiple transition possibilities. The abstraction framework is based on the de-
sign of hybrid feedback control laws that take into account the agents’ coupled constraints and
guarantee the implementation of the discrete transitions by the continuous time controllers.

Ongoing work includes the improvement of the acceptable choices of dp.x and 6t in order
to obtain coarser abstractions and reduce the size of each agent’s transition system. Another
possible direction for complexity reduction is the modification (localization) of the current
framework through an event based online abstraction with updated choices of dp,.x and dt.
Finally, it should be noted that while this report provides informal indicators of how the results
can be used for planning, we are currently formalizing a distributed planning methodology from
high level specifications that builds on the derived abstractions.
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9. APPENDIX

In the Appendix we provide the proofs of Propositions .8 and [f.9]and certain technical parts
from the proof of Proposition [6.2]

Proof of Proposition[{.8. Indeed, consider a final cell configuration 1' = (I{,...,l}) as in the

statement of the proposition. By the definitions of the operators Post;(-), i € A and the

transition relation of each corresponding agent’s individual transition system, it follows that
N

each transition [; pri) I} is well posed in the sense of Definition (1) Thus, given the initial

cell configuration pr,(1) and the well posed transition I; pL(IQ I} for each agent, it follows from

Definition (1) that we can pick for each i € N a control law k; ,, 1y(+) that satisfies Property
(P) and a vector w; € W, such that Condition (C) holds. Next, notice that for each agent ¢ the
projection of the initial cell configuration 1 = (i1, ...,Ixy) is pr;(1), namely, the cell configuration
according to which the feedback law k; . 1)(+) was selected, and that the feedback law satisfies
Property (P). Thus, it follows from Condition (C) that the solution of the closed loop system
is well defined on [0, §¢], and that for each i € N, the i-th component of the solution satisfies

(4.7). 0

Proof of Proposition[{.9. Proof of (i). Let w; € W, i € N and z(0) € DV with x;(0) € Sy,
i € N be the initial condition of the closed-loop system. Then, it follows from the local
Lipschitz property on the functions f;(-) and the corresponding property on the mappings
ki pr, ) (; Tio, w;) provided by (P1), that the dynamics of the closed loop system are given by
a locally Lipschitz function on DV. Hence, there exists a unique solution z(-) = z(-,z(0)) to
the initial value problem, which is defined and remains in D¥ for all times in its right maximal
interval of existence [0, Tinax). We proceed by proving that each component z;(-), i € N of the
solution satisfies

z5(t) € (Si, + B(Rumax)) N D, ¥t € [0, min{Tax, T}). (9.1)

Indeed, suppose on the contrary that (9.1) is violated, and hence, by taking into account that
x;(t) € D for all t € [0, Tynax), that there exists ¢ € A and a time T with

T € (0, min{Timax, T}) and z,(T) ¢ S, + B(Rumax)- (9.2)
By recalling that x;(0) € S,, i € N, we may define
7 :=max{t € [0,T] : z;(t) € cl(S}, + B(Rmax)),
vt € [0,t],i € N'}. (9.3)
Then, it follows from , and that there exists £ € A/ such that
x¢(1) € 0(S), + B(Rmax)) (9.4)

and that
T<T<T<ét. (9.5)

It also follows from (9.3)), (4.9), (9.5) and Property (P2) that for all ¢ € [0, 7] it holds

Kt pr, () (20 (), X0y (1) 240, we) | < Vmax (9.6)
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Hence, we get from (3.1), (3.2), (4.1), (#.8), and (9.5, which implies that 7 < dt, that
foe(r) — 2ol < [ 1fulan(s) x50 (5)
0
+ ke, pro(1) (s, 24(s), X;(0) (8); Te0, we ) |ds

< / (M 4 vmax)ds < (M + Vmax) = Rmax- (9.7)
0

In order to finish the proof of we exploit the following elementary fact.

Fact I. Consider a nonempty set S C R and a constant R > 0. Then for every z € 9(S+B(R))
it holds |x —y| > R,Vy € S.

Proof of Fact I. Indeed, suppose on the contrary that there exists § € S with |z —g| < R—¢
for certain e > 0. Then for all & € int(B(z;¢)) we have

[T—gl<|t—a|+|r—-gl<e+R-e=R,

and hence, & € S + B(R) for all & € int(B(x;¢)), which implies that = ¢ 9(S + B(R)) and
contradicts our statement. <

By exploiting Fact I with S = Sj,, R = Rmax, ¥ = g0 and = x¢(7) we deduce from (9.7))
that z,(7) ¢ 0(Si, + B(Rmax)) which contradicts (9.4), and provides validity of (9.1]).

We now prove the following claim:
Claim I. It holds Tyax > 1.
>Proof of Claim I. Indeed, suppose on the contrary that

Tnax < T. (9.8)

For each i € N let v; : [0,00) — R™ be a piecewise continuous function satisfying

Vi (t) = ki,pri 1) (t, T; (t), X (t), Zi0, U}Z‘), Vt € [0, Tmax)~ (99)

Notice that due to (4.9) and we have that Tayx < min{dt, min{7T (z;0,w;) : i € N'}}, and
thus, we get from and (P2) that |v;(¢)| < Vmax, ¥Vt € [0, Tmax). Hence, we may select
v;(+) to satisfy |v;(t)] < Vmax, VE > 0 (select for instance v;(t) = 0 for ¢ > Tyax). Thus, if
we denote by £(-) the solution of (3.1)-(3.2) with free inputs v;(-), i € N and the same initial
condition with z(-), it follows from the Invariance Assumption (IA) that £(t) is defined and
remains in DY for all ¢ > 0. Furthermore, it follows from standard arguments from the theory
of ODEs that £(t) = z(t),Vt € [0, Tiax). Hence, since £(t) belongs to a compact subset of D
for all ¢ € [0, Thax), the same holds for x(t) on [0, Tiax). The latter contradicts maximality
of [0, Tmax) since by and it holds Tyax < T < min{T(z;0,w;) : ¢+ € N} and the
mappings k; ) (-) are defined for ¢ € [0, min{T (i, w;) : i € N'}). Hence, we have shown
Claim I. «

From Claim I, it follows that z(t) is defined and remains in DV for all ¢t € [0,T) and that
holds for all ¢ € [0,T). Thus, by applying the same arguments with those in the proof
of Claim I, we can determine a continuous function &(-) with &(t) = z(t) for all ¢ € [0,T) and
£(T) € DN, which establishes ([@.10).

Proof of (iia). In the case where (P3) also holds, and hence by we have that T' = dt, it
follows from part (i) of the proposition and standard arguments, that the solution x(-) is defined
on [0, Tiax), With Tinax > 0t. From the latter, we conclude that z(t) € DV for all ¢ € [0, 6t].
Moreover, since Tiax > 0t = T, it follows that is satisfied for all ¢ € [0, §t). The latter, by
virtue of (P2), (P3) and continuity of z(-) implies (4.11).
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Proof of (iib). By exploiting the result of part (iia) of the proposition and defining v;(t) =
Kipr, ) (8, 25(t), % (t); 240, w;), Vt € [0, 0t) we can extend v;(-) to a piecewise continuous function
on [0, 00) which satisfies (3.4)). Hence, by applying the same arguments with those in the proof

of Claim I, we conclude that the solutions z(-) of (3.1)-(3.2)), (4.8) and &(-) of (3.1)-(3.2) (with
(|

input v(+)) coincide on [0, dt].

Proof of the fact that the intervals provided by Cases I, II, III in Proposition
are well defined.

The fact that and (6.7]) are well defined is straightforward. We proceed by defining

20— a2,

au) = T . (9.10)
Then it follows that

Ggp) >0 = AM1-XAp—-2)>0 < > (9.11)
Furthermore,
seni) =sen (11 (20 =2))
1—Mpu?—((1- —
— sen (( A ((u‘* A)p — 20)2p

=sgn((1 = A)p —2((1 = A)p — 2X)) = sgn(—(1 — A)p + 4A),

which implies that

sgn(g(p))[> or =]0 < ul[< or :]% (9.12)

From (9.11)) and (9.12) we get that

4\ AN202 1 \)202 2\ 4\ A
O < g(u) < g( ) — 16 )\;UIIIELX ( ) /Umax7vlu 6 ( ) U ( oo) ,

1-A (17)\)2]\/[[, AML 1-A"1—-X 1-A

(9.13)

which implies that and (6.10) are well defined. Also, by considering the function

" _ (1= Nvmax + V(L= XN)?02 0 — 4M Ldmax
W (dmax) :== i , (9.14)
we deduce that
41 v (1 - )\)Umax " (1 — A)Zv?nax
< — X .

p< T = 2)\Umaxdmax< AL < W' (dmax), Vdmax € | 0, ML ,  (9.15)
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and thus, that in Case II is well defined. Finally, in order to also show the latter for the
interval in Case III, we note that due to (9.10) and (9.14)) it holds that

(1 Nt + /(1= N)202, — AMLEOOA D0y

1"o— . max u2ML
W (9(1)) = e
A 2\
(1 = N vmax + 1 V20 ((1 — N2 —82(1-X)+16 (ﬁ) >
B 2ML
)’
(1_)\)Umax+vmax ((1_)\)_ 7) {(1 —)\)+ ’(1_)‘) - %H Ymax
B 2ML B 2ML '
Hence, by taking into account that
4 4
1—-AN)—— > > 1
(I=2X) M_O(:)M_lfA (9.16)

and that in Case III it holds p > %, we get that

2 ((1 — M)+ %) Umax (1= )= 20U

h'(g(n)) = SITL = il (9.17)
Furthermore, we have that
2)\5;3)(?(# _ 2)\5max 2(A(1 - /’I\L);‘L]M—LQ/\Q)11I2naLX _ ((1- A):]\;I?A)Umax- (9.18)
Thus, from (9.13)), (9.17), (9.18) and the fact that h”(-) is decreasing, it follows that
B (dox) 2 5, Vlmae € (0,512, (9.19)

- maxys
2 \VUmax

which in conjunction with (9.10]), implies that is well defined.

Proof of the fact that for all Cases I, IT and III (6.18)-(6.21]) are satisfied in the proof
of Proposition
Case I: Ogug%.

By defining
, (1= Nvmax — /(1 = X)202,,, — 4M Ldmax
W (dmax) == ST , (9.20)
we obtain that
. 1
h (dmax) = .
V(L= N)202 4 — AM Ld;ax
Hence,
5 . .. . . . (1 - )\)QUEHa,x
h'(-) is positive and strictly increasing for 0 < dpax < L (9.21)

and furthermore

W (0) = n'(0) = 0.

(1- )\)vmax;
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The latter in conjunction with (9.21)) implies that

1 1 (1= 2202
hl dmax > dmax > dmax, Vdmax 0’ i . 9'22
(dma) (1 = A\)Umax = M + Umax € ( AML (9-22)

Also, we have that for 0 < p < % it holds
2
14 [N 1
Amax < ——dmax = ———————dmax-
DNVmax T 2D\ 0max (1= Nvmax

Thus, it follows from (6.6), (6.7), (9-20), (9-23) and (9-22) that (6.18)-(6.21) are fulfilled (see

also Fig. 5).

(9.23)

ot

(1=XN)Vmaz
ML

2
TN oy dmax

1
(1=X)Vmax dmax

2XVUmax dmax

1
M+vmax dmax

: dmax

FIGURE 5. Case I. Feasible dmax — 0t region for 0 < pu < %

Case II: 2. < p < 2.
From (9.10) and (9-20) we obtain that
(1= Mo = /(1= W02y — AN L IO DR

max

W(g) = Sl
(1= A) U — \/u?nax ((1 — 02— 82(1- ) +16 <§)2>
ML
- (1 = X)Vmax — Umax ((1 —A) - %)2 - [(1 —\) - ’(1 —\) - %H Umax
2ML 2ML '

Hence, by taking into account (9.16]) and that % <p< %, we get that

20N =R ) v (1 2NV

W (g(p) = SML = L (9.24)
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Thus, by the fact that {2 < p < 2 it follows from (9.13), (9:18), (9-2I) and (9.24) that

B (dmasx) < ﬁdmaxﬂdmax € (0,5(w)] (9.25)
and
B (dimax) > ﬁdmmwmax S <§(u), % . (9.26)
It also holds that
> 2o Pt > mdm > mclmx,vczmax >0, (927)

Hence, it follows from —7 (9.10)), (9.25), ([©.26)) and (9.27) that (6.18))-(6.21]) are fulfilled

as well (see also Fig. 6).

ot

(1=XN)Vmaz
ML

2
oo TR dma

[ —
2 M Umax MAX

1
(1=X)Vmax max

-
-
-
-
-
-
-
-
-

-
-
-
-
-
-

1
---------- prETLe

9 9 : dmax
2(A(1-N)p—222)v2,
WML AML

FIGURE 6. Case II. Feasible dp.x — 0t region for % <p< %

4x
Case III p > 755

2,2
In this case, notice that for u = % and dpax = % we have st —dpyax = b/ (dmax),

and thus, we deduce from ({9.21)) that

4\ I
> = d
T N ™ 2o

max

AML

(1 —\)202 ] _

max > hl(dmax)anmax € (07 (928)

Hence, it follows from , , (©.10), (9.13) and (9.28) that (6.18))-(6.21)) hold (see also Fig.

7).
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ot

(A=NVmas
ML

2(A(1=N)u—22%)v?2

max

n2ML IML

FIGURE 7. Case III. Feasible dmax — 0t region for p > %
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