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Preface

Mathematical Control Theory is a branch of Mathematics having as one of its
main aims the establishment of a sound mathematical foundation for the con-
trol techniques employed in several different fields of applications, including
engineering, economy, biology and so forth. The systems arising from these ap-
plied Sciences are modeled using different types of mathematical formalism,
primarily involving Ordinary Differential Equations, or Partial Differential
Equations or Functional Differential Equations. These equations depend on
one or more parameters that can be varied, and thus constitute the control as-
pect of the problem. The parameters are to be chosen so as to obtain a desired
behavior for the system. From the many different problems arising in Control
Theory, the C.I.LM.E. school focused on some aspects of the control and opti-
mization of nonlinear, not necessarily smooth, dynamical systems. Two points
of view were presented: Geometric Control Theory and Nonlinear Control
Theory. The C.I.M.E. session was arranged in five six-hours courses delivered
by Professors A.A. Agrachev (SISSA-ISAS, Trieste and Steklov Mathematical
Institute, Moscow), A.S. Morse (Yale University, USA), E.D. Sontag (Rutgers
University, NJ, USA), H.J. Sussmann (Rutgers University, NJ, USA) and V.I.
Utkin (Ohio State University Columbus, OH, USA).

We now briefly describe the presentations.

Agrachev’s contribution began with the investigation of second order in-
formation in smooth optimal control problems as a means of explaining the
variational and dynamical nature of powerful concepts and results such as
Jacobi fields, Morse’s index formula, Levi-Civita connection, Riemannian cur-
vature. These are primarily known only within the framework of Riemannian
Geometry. The theory presented is part of a beautiful project aimed at inves-
tigating the connections between Differential Geometry, Dynamical Systems
and Optimal Control Theory.

The main objective of Morse’s lectures was to give an overview of a va-
riety of methods for synthesizing and analyzing logic-based switching con-
trol systems. The term “logic-based switching controller” is used to denote a
controller whose subsystems include not only familiar dynamical components
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(integrators, summers, gains, etc.) but logic-driven elements as well. An im-
portant category of such control systems are those consisting of a process to
be controlled, a family of fixed-gain or variable-gain candidate controllers, and
an “event-drive switching logic” called a supervisor whose job is to determine
in real time which controller should be applied to the process. Examples of
supervisory control systems include re-configurable systems, and certain types
of parameter-adaptive systems.

Sontag’s contribution was devoted to the input to state stability (ISS) par-
adigm which provides a way of formulating questions of stability with respect
to disturbances, as well as a method to conceptually unify detectability, in-
put/output stability, minimum-phase behavior, and other systems properties.
The lectures discussed the main theoretical results concerning ISS and related
notions. The proofs of the results showed in particular connections to relax-
ations for differential inclusions, converse Lyapunov theorems, and nonsmooth
analysis.

Sussmann’s presentation involved the technical background material for a
version of the Pontryagin Maximum Principle with state space constraints and
very weak technical hypotheses. It was based primarily on an approach that
used generalized differentials and packets of needle variations. In particular, a
detailed account of two theories of generalized differentials, the “generalized
differential quotients” (GDQs) and the “approximate generalized differential
quotients” (AGDQs), was presented. Then the resulting version of the Maxi-
mum Principle was stated.

Finally, Utkin’s contribution concerned the Sliding Mode Control concept
that for many years has been recognized as one of the key approaches for the
systematic design of robust controllers for complex nonlinear dynamic sys-
tems operating under uncertainty conditions. The design of feedback control
in systems with sliding modes implies design of manifolds in the state space
where control components undergo discontinuities, and control functions en-
forcing motions along the manifolds. The design methodology was illustrated
by sliding mode control to achieve different objectives: eigenvalue placement,
optimization, disturbance rejection, identification.

The C.I.LM.E. course was attended by fifty five participants from several
countries. Both graduate students and senior mathematicians intensively fol-
lowed the lectures, seminars and discussions in a friendly and co-operative
atmosphere.

As Editors of these Lectures Notes we would like to thank the persons and
institutions that contributed to the success of the course. It is our pleasure
to thank the Scientific Committee of C.I.M.E. for supporting our project: the
Director, Prof. Pietro Zecca and the Secretary, Prof. Elvira Mascolo for their
support during the organization. We would like also to thank Carla Dionisi
for her valuable and efficient work in preparing the final manuscript for this
volume.
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Our special thanks go to the lecturers for their early preparation of the
material to be distributed to the participants, for their excellent performance
in teaching the courses and their stimulating scientific contributions.

We dedicate this volume to our teacher Prof. Roberto Conti, one of the
pioneers of Mathematical Control Theory, who contributed in a decisive way
to the development and to the international success of Fondazione C.I.M.E.

Siena and Firenze, May 2006 Paolo Nustri
Gianna Stefani
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Geometry of Optimal Control Problems
and Hamiltonian Systems

A.A. Agrachev

SISSA-ISAS, International School for Advanced Studies, via Beirut 4, 34014
Trieste, Italy

Steklov Institute of Mathematics, Moscow, Russia

agrachev@ma.sissa.it

Preface

These notes are based on the mini-course given in June 2004 in Cetraro,
Italy, in the frame of a C.I.LM.E. school. Of course, they contain much more
material that I could present in the 6h course. The idea was to explain a
general variational and dynamical nature of nice and powerful concepts and
results mainly known in the narrow framework of Riemannian Geometry.
This concerns Jacobi fields, Morse’s index formula, Levi-Civita connection,
Riemannian curvature and related topics.

I tried to make the presentation as light as possible: gave more details in

smooth regular situations and referred to the literature in more complicated
cases. There is an evidence that the results described in the notes and treated
in technical papers we refer to are just parts of a united beautiful subject to
be discovered on the crossroads of Differential Geometry, Dynamical Systems,
and Optimal Control Theory. I will be happy if the course and the notes
encourage some young ambitious researchers to take part in the discovery and
exploration of this subject.
Acknowledgments. 1 would like to express my gratitude to Professor
Gamkrelidze for his permanent interest to this topic and many inspiring
discussions and to thank participants of the school for their surprising and
encouraging will to work in the relaxing atmosphere of the Mediterranean
resort.

1 Lagrange Multipliers’ Geometry

1.1 Smooth Optimal Control Problems

In these lectures we discuss some geometric constructions and results emerged
from the investigation of smooth optimal control problems. We will consider
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problems with integral costs and fixed endpoints. A standard formulation of
such a problem is as follows: Minimize a functional

T8 (u()) = / o(a(t), u(t)) dt, (1)
where
Q(t) = f(Q(t)vu(t))v u(t) € U7 vt € [tOvtl]ﬂ (2)

q(to) = qo, q(t1) = q1. Here q(t) € R", U C R¥, a control function u(-) is
supposed to be measurable bounded while ¢(+) is Lipschitzian; scalar function
© and vector function f are smooth. A pair (u(-),¢(+)) is called an admissible
pair if it satisfies differential (2) but may violate the boundary conditions.

We usually assume that Optimal Control Theory generalizes classical Cal-
culus of Variations. Unfortunately, even the most classical geometric varia-
tional problem, the length minimization on a Riemannian manifold, cannot
be presented in the just described way. First of all, even simplest mani-
folds, like spheres, are not domains in R™. This does not look as a serious
difficulty: we slightly generalize original formulation of the optimal control
problem assuming that ¢(¢) belongs to a smooth manifold M instead of R™.
Then ¢(t) is a tangent vector to M, i.e., §(t) € Ty M and we assume that
flg,u) € TyM, Vq,u. Manifold M is called the state space of the optimal
control problem.

Now we will try to give a natural formulation of the length minimiza-
tion problem as an optimal control problem on a Riemannian manifold M.
Riemannian structure on M is (by definition) a family of Euclidean scalar
products (-, -)q, on T,M, ¢ € M, smoothly depending on g. Let fi(q), ..., fu(q)
be an orthonormal basis of T, M for the Euclidean structure (-, ), selected in
such a way that f;(¢) are smooth with respect to ¢. Then any Lipschitzian
curve on M satisfies a differential equation of the form:

q= Zui(t)fi(Q)a (3)

where wu;(-) are measurable bounded scalar functions. In other words, any
Lipschitzian curve on M is an admissible trajectory of the control system (3).

7

" n 1/2
The Riemannian length of the tangent vector > w;fi(q) is <Z u2> .

i=1 i=1

Hence the length of a trajectory of system (3) defined on the segment [tg, t1]
" 1/2

is l(u()) = tt01 <Z uf(t)) dt. Moreover, it is easy to derive from the
i=1

Cauchy—Schwarz inequality that the length minimization is equivalent to the
n
ttol Zluf(t) dt. The length mini-
i=
mization problem is thus reduced to a specific optimal control problem on the
manifold of the form (1), (2).

minimization of the functional .J Hu(r) =
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Unfortunately, what I have just written was wrong. It would be correct
if we could select a smooth orthonormal frame f;(¢q), ¢ € M, i = 1,...,n.
Of course, we can always do it locally, in a coordinate neighborhood of M
but, in general, we cannot do it globally. We cannot do it even on the two-
dimensional sphere: you know very well that any continuous vector field on
the two-dimensional sphere vanishes somewhere. We thus need another more
flexible formulation of a smooth optimal control problem.

Recall that a smooth locally trivial bundle over M is a submersion 7 :
V' — M, where all fibers V, = 7 1(q) are diffeomorphic to each other and,
moreover, any ¢ € M possesses a neighborhood O, and a diffeomorphism
D, : Oy x V; — 7 10O,) such that &,(¢',V,) = Vy, V¢ € O,. In a less
formal language one can say that a smooth locally trivial bundle is a smooth
family of diffeomorphic manifolds V; (the fibers) parameterized by the points
of the manifold M (the base). Typical example is the tangent bundle TM =

U T,M with the canonical projection 7 sending T, M into q.

qeEM
Definition. A smooth control system with the state space M is a smooth
mapping f : V' — TM, where V is a locally trivial bundle over M and f(V;) C
T,M for any fiber V,, ¢ € M. An admissible pair is a bounded' measurable
mapping v(-) : [to,t1] — V such that ¢t — 7w(v(t)) = ¢(t) is a Lipschitzian
curve in M and ¢(t) = f(v(t)) for almost all ¢ € [tg,t1]. Integral cost is a

t1
functional J{* (v()) = [ ¢(v(t)) dt, where ¢ is a smooth scalar function on V.
to

Remark. The above more narrow definition of an optimal control problem
on M was related to the case of a trivial bundle V. =M x U, V, = {q} x U.
For the length minimization problem we have V.= TM, f = 1d, ¢(v) =
(v,0)q, Yo € Ty,M, g € M.

Of course, any general smooth control system on the manifold M is locally
equivalent to a standard control system on R". Indeed, any point ¢ € M
possesses a coordinate neighborhood O, diffeomorphic to R” and a mapping
D, Oy x Vg — 7 1(0,) trivializing the restriction of the bundle V to Oy;
moreover, the fiber V, can be embedded in RF and thus serve as a set of
control parameters U.

Yes, working locally we do not obtain new systems with respect to those
in R™. Nevertheless, general intrinsic definition is very useful and instructive
even for a purely local geometric analysis. Indeed, we do not need to fix spe-
cific coordinates on M and a trivialization of V' when we study a control
system defined in the intrinsic way. A change of coordinates in M is actually
a smooth transformation of the state space while a change of the trivialization
results in the feedback transformation of the control system. This means that
an intrinsically defined control system represents actually the whole class of

! The term “bounded” means that the closure of the image of the mapping is
compact.
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systems that are equivalent with respect to smooth state and feedback trans-
formations. All information on the system obtained in the intrinsic language
is automatically invariant with respect to smooth state and feedback trans-
formations. And this is what any geometric analysis intends to do: to study
properties of the object under consideration preserved by the natural trans-
formation group.

We denote by Loo([to, t1]; V) the space of measurable bounded mappings
from [to,t1] to V equipped with the L..-topology of the uniform conver-
gence on a full measure subset of [to,t1]. If V were an Euclidean space, then
Lo ([to,t1]; V) would have a structure of a Banach space. Since V' is only
a smooth manifold, then L. ([to,%1]; V) possesses a natural structure of a
smooth Banach manifold modeled on the Banach space L ([to,t]; RI™ V).

Assume that V' — M is a locally trivial bundle with the n-dimensional
base and m-dimensional fibers; then V' is an (n 4+ m)-dimensional manifold.

Proposition 1.1. Let f : V. — TM be a smooth control system; then the
space V of admissible pairs of this system is a smooth Banach submanifold of
Loo([to, t1]; V) modeled on R™ x Lo ([to, t1]; R™).

Proof. Let v(-) be an admissible pair and ¢(t) = w(v(t)), t € [to,?1]. There
exists a Lipschitzian with respect to ¢ family of local trivializations Ry : Og )
U — ﬂ_l(Oq(t)), where U is diffeomorphic to the fibers V. The construction
of such a family is a boring exercise which we omit.

Consider the system

q':foRt(q,u), u e U. (4)

Let v(t) = Ri(q(t),u(t)); then Ry, to <t < ¢y, induces a diffeomorphism of
an Ls-neighborhood of (¢(-),u(-)) in the space of admissible pairs for (4) on
a neighborhood of v(+) in V. Now fix ¢ € [to,1]. For any ¢ close enough to
q(t) and any u/(-) sufficiently close to u(-) in the L.-topology there exists
a unique Lipschitzian path ¢/(-) such that ¢'(t) = f o Ri(¢'(2),u'(t))), to <
t <t1, ¢'(t) = ¢; moreover the mapping (g, u'(-)) — ¢'(*) is smooth. In other
words, the Cartesian product of a neighborhood of ¢(#) in M and a neighbor-
hood of u(-) in Lo ([to,t1],U) serves as a coordinate chart for a neighborhood
of v(-) in V. This finishes the proof since M is an n-dimensional manifold and
Loo([to, t1],U) is a Banach manifold modeled on Lo ([to, t1], R™). O

An important role in our study will be played by the “evaluation map-
pings” F; : v(-) — ¢(t) = w(v(t)). It is easy to show that F; is a smooth
mapping from V to M. Moreover, it follows from the proof of Proposition 1.1
that Fy is a submersion. Indeed, ¢(t) = Fi(v(-)) is, in fact a part of the coor-
dinates of v(-) built in the proof (the remaining part of the coordinates is the
control u(+)).

1.2 Lagrange Multipliers

Smooth optimal control problem is a special case of the general smooth con-
ditional minimum problem on a Banach manifold Y. The general problem
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consists of the minimization of a smooth functional J : YW — R on the level
sets @7 1(z) of a smooth mapping @ : W — N, where N is a finite-dimensional
manifold. In the optimal control problem we have W =V, N =M x M, ® =
(Ftoa Fh)'

An efficient classical way to study the conditional minimum problem is
the Lagrange multipliers rule. Let us give a coordinate free description of this
rule. Consider the mapping

&= (J,0): W —=RxN, @w)=(J(w),d(w)), weW.

It is easy to see that any point of the local conditional minimum or maxi-
mum (i.e., local minimum or maximum of J on a level set of @) is a crit-
ical point of @. I recall that w is a critical point of @ if the differential
D,® : T,W — Tg(w) (R x N) is not a surjective mapping. Indeed, if D,®
were surjective then, according to the implicit function theorem, the image
&(0,,) of an arbitrary neighborhood O,, of w would contain a neighborhood
of &(w) = (J(w),P(w)); in particular, this image would contain an interval
((J(w) — e, J(w) + &), P(w)) that contradicts the local conditional minimality
or maximality of J(w).

The linear mapping D,,® is not surjective if and only if there exists a
nonzero linear form £ on T3 () (R x N) which annihilates the image of D,®.
In other words, ¢D,® = 0, where /D,® : T,)V.— R is the composition of
D,,® and the linear form ¢ : T3 () (Rx N)—R.

We have T, (R X N) = Rx T,y N. Linear forms on (R x N) constitute
the adjoint space (R x N)* = R@T;(M)N7 where T;(w)N is the adjoint space
of TgwyM (the cotangent space to M at the point @(w)). Hence £ = v @ £,
where v € R, [ € T;(w)N and

(Dy® = (v &) (dywJ, Dy®) = vdyJ + (D, ®.

We obtain the equation
vdyJ + £D,y® = 0. ()

This is the Lagrange multipliers rule: if w is a local conditional extremum,
then there exists a nontrivial pair (v, f) such that (5) is satisfied. The pair
(v,£) is never unique: indeed, if « is a nonzero real number, then the pair
(aw, of) is also nontrivial and satisfies (5). So the pair is actually defined up
to a scalar multiplier; it is natural to treat this pair as an element of the

projective space P (R &) T(;( N ) rather than an element of the linear space.

w)

The pair (v, £) which satisfies (5) is called the Lagrange multiplier associ-
ated to the critical point w. The Lagrange multiplier is called normal if v # 0
and abnormal if v = 0. In these lectures we consider only normal Lagrange
multipliers, they belong to a distinguished coordinate chart of the projective

space P (R D Tg(w)N).
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Any normal Lagrange multiplier has a unique representative of the form
(—1,0); then (5) is reduced to the equation

(Dy® = d,yJ. (6)

The vector £ € T3, N from (6) is also called a normal Lagrange multiplier
(along with (—1,¢)).

1.3 Extremals

Now we apply the Lagrange multipliers rule to the optimal control problem.
We have ¢ = (F,, Fy,) : V — M x M. Let an admissible pair v € V be a
critical point of the mapping (Jtt;,@), the curve ¢(t) = 7(v(t)), to <t < t;
be the corresponding trajectory, and £ € T(*q(t0)7q(t1))(M x M) be a normal
Lagrange multiplier associated to v(-). Then

(D, (Fyy, Fy)) = dyJi2. (7)

We have T(, ;) o)y (M X M) =T, M x Ty, M, hence £ can be presented

in the form £ = (=X, Ar, ), where A, € T, JM, i =0, 1. Equation (7) takes
the form

Ay DyFy, — Mg Dy Fyy = dy J1t (8)

Note that Ay, in (8) is uniquely defined by A, and v. Indeed, assume that
Xy, Do Fyy =iy Dy Fyy = dy Jp) forsome Ay, € T, M. Then (A}, =X, ) Dy Fy, =
0. Recall that F}, is a submersion, hence D, F}, is a surjective linear map and

Xy, — A, = 0.

Proposition 1.2. Fquality (8) implies that for any t € [to,t1] there exists a
unique \; € T;(t)M such that

ANeDyFy — Ay Dy Fyy = d, J}, (9)
and A\ is Lipschitzian with respect to t.

Proof. The uniqueness of \; follows from the fact that F} is a submersion
as it was explained few lines above. Let us proof the existence. To do that
we use the coordinatization of V introduced in the proof of Proposition 1.1,
in particular, the family of local trivializations Ry : Oy X U — Wﬁl(Oq(t)).
Assume that v(t) = Ri(q(t), u(t)), to < t < t1, where v(+) is the referenced
admissible pair from (8).

Given 7 € [to, t1], § € Oy(r) let t — Q% () be the solution of the differential
equation ¢ = Ry(q,u(t)) which satisfies the condition QZ(§) = ¢. In particular,
QL(q(1)) = q(t). Then Q! is a diffeomorphism of a neighborhood of ¢(7) on
a neighborhood of ¢(t). We define a Banach submanifold V; of the Banach
manifold V in the following way:

Ve={v €V:n((t)=QLr( (1)), 1<t <t}
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It is easy to see that F}, = Qb o F, and Ji = a, o F,, where
%

T T T

¢
= [@(P:(QL(G),u(t))) dt. On the other hand, the set {v/ € V :
V

U | t07 e
V; gives:

T|[t0 T]} is a neighborhood of v in V. The restriction of (8) to

Aty Dy, (Qt; o FT) — Ay DoFyy = dyJf +dy (ar; 0 Fr).
Now we apply the chain rule for the differentiation and obtain:
ArDyFr — Ay Dy Fyy = dy Ji,

where A\ = A\, D T)Q dg(rya U

Definition. A Lipschitzian curve t — X\;, tg < t < ty, is called a normal
extremal of the given optimal control problem if there exists an admissible
pair v € V such that equality (9) holds. The projection ¢(t) = 7(A\;) of a
normal extremal is called a (normal) extremal path or a (normal) extremal
trajectory.

According to Proposition 1.2, normal Lagrange multipliers are just points
of normal extremals. A good thing about normal extremals is that they satisfy
a nice differential equation which links optimal control theory with a beautiful
and powerful mathematics and, in many cases, allows to explicitly characterize
all extremal paths.

1.4 Hamiltonian System

Here we derive equations which characterize normal extremals; we start from
coordinate calculations. Given 7 € [to, t1], fix a coordinate neighborhood O in
M centered at ¢(7), and focus on the piece of the extremal path ¢(-) which
contains ¢(7) and is completely contained in O. Identity (9) can be rewritten
in the form

ANeDyFy — A\;D,F, =d,Jt, (10)

where ¢(t) belongs to the piece of ¢(-) under consideration. Fixing coordinates
and a local trivialization of V' we (locally) identify our optimal control problem
with a problem (1), (2) in R”. We have T*R"™ =2 R" xR" = {(p, q) : p,q € R"},
where T/R™ = R" x{q}. Then \; = {p(t), q(t)} and \s D, F}- = (p(t), D, Fy-) =
Dy(p(t), Fr).

Admissible pairs of (2) are parameterized by ¢ = F,(v'), v/ € V, and
control functions u/(-); the pairs have the form: v* = (v/(+), ¢'(+; ¢, v/(+))), where
%q’(t; g,u'(")) = f(d (t G,u'(+)),u (t)) for all available ¢t and ¢/(7; ¢, u(-)) = §.
Then Fy(v') = ¢'(t;¢,u'(+))-
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Now we differentiate identity (10) with respect to t: 2D, (p(t), F}) = &d,Jt
and change the order of the differentiation D, m( (1), Fy) = dv%Jﬁ. We com-
pute the derivatives with respect to t at t = 7:

0 0

@@(t),ﬂ)!tﬂ = (1), @) + (p(7), f(§,u'(7))), @Jﬂt _, = (g4 (1)).

Now we have to differentiate with respect to v'(-) = (v/(+),¢'(+)). We however
see that the quantities to differentiate depend only on the values of u'(-) and
q'(+) at 7, i.e., on the finite-dimensional vector (v'(7),¢). We derive:

p(7 )+8fq< p(7), f(q(7), u(T))) = afq(q(t),U(t)%

where v(+) = (q(+), u(+)).
Of course, we can change 7 and perform the differentiation at any available
moment ¢. Finally, we obtain that (10) is equivalent to the identities

pt) + (% ((p(®), f(q(t), u(t))) — #(q(t), u(t))) = 0,
3% ((p(t), f(q(t), u(t))) = ¢(q(t), u(t))) =0,

which can be completed by the equation ¢ = f(g(t),u(t)). We introduce a
function h(p, ¢, u) = (p, f(q,u)) — ¢(q,u) which is called the Hamiltonian of
the optimal control problem (1), (2). This function permits us to present the
obtained relations in a nice Hamiltonian form:

Oh

p: _7(p,Q7u)
dq oh B
q= Bp b, q,

A more important fact is that system (11) has an intrinsic coordinate free
interpretation. Recall that in the triple (p, ¢, u) neither p nor u has an intrinsic
meaning; the pair (p,q) represents A € T*M while the pair (g, u) represents
v € V. First we consider an intermediate case V = M x U (when u is separated
from ¢ but coordinates in M are not fixed) and then turn to the completely
intrinsic setting.

IV =MxU,then f: MxU — TM and f(q,u) € T,M. The Hamiltonian
of the optimal control problem is a function h : T*M x U — R defined by
the formula h(A,u) = A\(f(q,u)) — go( u), VA € TyM, ¢ € M, u € U. For

any u € U we obtain a function h,, h( u) on T*M. The cotangent bundle
T*M possesses a canonical symplectic structure which provides a standard
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way to associate a Hamiltonian vector field to any smooth function on 7% M.
We will recall this procedure.

Let m : T*M — M be the projection, n(T, M) = {q}. The Liouville
(or tautological) differential 1-form ¢ on T*M is defined as follows. Let
x : Ta(T*M) — R be the value of ¢ at A € T*M, then g5 = X o m,,
the composition of m, : T\(T*M) — Tr)yM and the cotangent vector
At ThroyM — R. The coordinate presentation of the Liouville form is:

S(pg) = (p,dq) = Z pdq®, where p = (p',...,p"), ¢ = (¢*,...,q"). The
canonical symplectzc structure on T*M is the differential 2-form o = dg; its

coordinate representation is: o = Z dp® A dg*. The Hamiltonian vector field
i=1
associated to a smooth function a : T*M — R is a unique vector field a on

T*M which satisfies the equation o(-,a) = da. The coordinate representation
n

of this field is: a = > (g; 8‘3_ - g;_ 6%). Equations (11) can be rewritten in
2,:1 K2 T k2 2

the form:
oh

du
Now let V' be an arbitrary locally trivial bundle over M. Consider the Carte-
sian product of two bundles:

T*M xp V ={(A\v):v e VA€ TrM,qg € M}

that is a bundle over M whose fibers are Cartesian products of the correspon-
dent fibers of V and 7M. Hamiltonian of the optimal control problem takes
the form h(A,v) = A(f(v)) — ¢(v); this is a well-defined smooth function on
T*M xpU. Let p: T*M x 3V — T*M be the projection on the first factor,
p: (A\,v) — A. Equations (11) (or (12)) can be rewritten in the completely
intrinsic form as follows: (p*o),(-,A) = dh. One may check this fact in any
coordinates; we leave this simple calculation to the reader.

Of course, by fixing a local trivialization of V', we turn the last relation
back into a more convenient to study (12). A domain D in T*M is called
regular for the Hamiltonian h if for any A € D there exists a unique solution
u = u(\) of the equation %(A,u) = 0, where @()) is smooth with respect
to A. In particular, if U is an affine space and the functions u +— h(\, u) are
strongly concave (convex) and possess minima (maxima) for A € D, then D
is regular and @(\) is defined by the relation

h(A, a(N)) = Igleaéch()\,u) <h()\,u()\)) = umEIIIJl h(A,u)) .

In the regular domain, we set H(\) = h(\, @(\)), where %(A,ﬂ(/\)) =0. It
is easy to see that (12) are equivalent to one Hamiltonian system A = H(\).

Indeed, the equality d(>\ aonh = dyhgoy + ““)du = dxhg(y) immediately
implies that H(X) = hgy)(A).
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1.5 Second Order Information

We come back to the general setting of Sect.2 and try to go beyond the
Lagrange multipliers rule. Take a pair (¢,w) which satisfies (6). We call such
pairs (normal) Lagrangian points. Let &(w) = z. If w is a regular point of
@, then &~1(2) N O, is a smooth codimension dim N submanifold of W, for

some neighborhood O,, of w. In this case w is a critical point of J|<:b—1(z)mo, .

We are going to compute the Hessian of J | o at w without resolving

1(z
the constraints #(w) = z. The formula we obtaiil)makes sense without the
regularity assumptions as well.

Let s — ~(s) be a smooth curve in @~1(z) such that v(0) = w. Differenti-
ation of the identity @(v(s)) = z gives:

Dy®y =0, D2®(¥,%)+ Dy =0,

where 4 and 4 are the first and the second derivatives of v at s = 0. We also

have: -
= LA .. eq.(6
@J(’V(S)MS:O D?UJ(% 4) + Dy J¥ a4 )7

D2 J(%,%) + {Dy® = D2.J(¥,%) — {D2D(%, 7).

Finally,

Hessy(J|, 1 (.,) = (D2 J — (D, (13)

1(2) gzj)|keerq§'

Proposition 1.3. If quadratic form (13) is positive (negative) definite, then
w is a strict local minimizer (maximizer) of J‘qs,l(z),

If w is a regular point of @, then the proposition is obvious but one can
check that it remains valid without the regularity assumption. On the other
hand, without the regularity assumption, local minimality does not imply non-
negativity of form (13). What local minimality (maximality) certainly implies
is nonnegativity (nonpositivity) of form (13) on a finite codimension subspace
of ker D, @ (see [7, Ch. 20] and references there).

Definition. A Lagrangian point (¢,w) is called sharp if quadratic form (13)
is nonnegative or nonpositive on a finite codimension subspace of ker D,,®.

Only sharp Lagrangian points are counted in the conditional extremal
problems under consideration. Let Q be a real quadratic form defined on a
linear space E. Recall that the negative inertia index (or the Morse index)
ind@ is the maximal possible dimension of a subspace in E such that the
restriction of @ to the subspace is a negative form. The positive inertia index
of @ is the Morse index of —@Q. Each of these indices is a nonnegative integer
or +oo. A Lagrangian point (¢,w) is sharp if the negative or positive inertia
index of form (13) is finite.

In the optimal control problems, W is a huge infinite dimensional manifold
while IV usually has a modest dimension. It is much simpler to characterize
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Lagrange multipliers in T*N (see the previous section) than to work directly
with J | P-1(2)" Fortunately, the information on the sign and, more generally,

on the inertia indices of the infinite dimensional quadratic form (13) can also
be extracted from the Lagrange multipliers or, more precisely, from the so
called L-derivative that can be treated as a dual to the form (13) object.

L-derivative concerns the linearization of (6) at a given Lagrangian point.
In order to linearize the equation we have to present its left- and right-hand
sides as smooth mappings of some manifolds. No problem with the right-hand
side: w + d,,J is a smooth mapping from W to T*W. The variables (¢, w) of
the left-hand side live in the manifold

P*T*N = {(L,w) : L € Ty, we W} CT*N xW.

Note that @*T*N is a locally trivial bundle over W with the projector 7 :
(¢,w) — w; this is nothing else but the induced bundle from T*N by the
mapping @. We treat (6) as the equality of values of two mappings from
Q*T*N to T*W. Let us rewrite this equation in local coordinates.

So let N = R™ and W be a Banach space. Then T*N = R"* x R™ (where
T.N = R™ x {z}), T*W = W* x W, &*T*N = R™ x R™ x W. Surely,
R™* = R™ but in the forthcoming calculations it is convenient to treat the
first factor in the product R”* x R as the space of linear forms on the second
factor. We have: £ = ((,z) € R™ x R™ and (6) takes the form

do dJ

Linearization of system (14) at the point (¢, z,w) reads:

ad A0,

d*J
CI% +Cw(w )=

T dw?

W), L=z (15)

We set,

E?&w)(f’) ={l'=(¢,2) €eTy(T*N) : I € W s.t. (¢, 2, w) satisfies (15)}.

Note that subspace ‘C(()z,w)(@) C Ty(T*N) does not depend on the choice of
local coordinates. Indeed, to construct this subspace we take all (¢/,w’) €
T4,y (@*T*N) which satisfy the linearized (6) and then apply the projection
0wy L.

Recall that T;(T*N) is a symplectic space endowed with the canonical sym-
plectic form oy (cf. Sect. 1.4). A subspace S C Ty(T*N) is isotropic if o4|g = 0.
Isotropic subspaces of maximal possible dimension m = %dim Ty(T*N) are

called Lagrangian subspaces.

Proposition 1.4. E?Lw)(é) is an isotropic subspace of Te(T*N). If dim
W < o0, then 'C?z w)(@) is a Lagrangian subspace.
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Proof. First we will prove the isotropy of E )( p). Let (¢',2'),(¢",2") €
T,(T*N). We have o4(((',2"),(¢",2") = (= G — ¢"Z'; here the symbol (z
denotes the result of the application of the linear form ¢ € R™* to the vector
z € R™ or, in the matrix terminology, the product of the row (¢ and the
column z. Assume that (¢, 2, w’) and (¢, 2", w") satisfy (15); then

AP d2J AP
R i G Rt T S

The right-hand side of (16) is symmetric with respect to w’ and w”
due to the symmetry of second derivatives. Hence (’'z” = (”2’. In other

words, a,((¢',2),(¢"”,2")) = 0. So E?e w) () is isotropic and, in particular,
dim (E(()e’w)(@)) <m.

Now show that the last mequahty becomes the equality as soon as W is
finite dimensional. Set Q) =

— ¢4 de and consider the diagram:
d@ e T
(= Q') L (¢u) <<w>

Then E?va)(dg) = right(ker(left)). Passing to a factor space if necessary we
may assume that ker(left) N ker(right) = 0; this means that:

%w’ & Q' )=0 = w=0. (17)
Under this assumption, dim E(()e’w)(@) = dimker(left). On the other hand,
relations (17) imply that the mapping left : R™* x W — W?* is surjective.
Indeed, if, on the contrary, the map left is not surjective then there exists
a nonzero vector v € (W*)* = W which annihilateb the image of left; in
other words, ’giv — Q(w',v) = 0, V¢',w'. Hence d—fu =0& Qv,:) =
0 that contradicts (17). It follows that dlmﬁ(&w)( p) = dim(R™* x W)
dimW* =m. O
For infinite dimensional W, the space E(z w)(_) may have dimension
smaller than m due to an ill-posedness of (15); to guarantee dimension m

one needs certain coercivity of the form ¢4-2 I @ . I am not going to discuss here
what kind of coercivity is sufficient, it can be easily reconstructed from the
proof of Proposition 1.4 (see also [5]) Anyway, independently on any coerciv-
ity one can take a finite dimensional approximation of the original problem
and obtain a Lagrangian subspace /J(()Z’w)(qg) guaranteed by Proposition 1.4.
What happens with these subspaces when the approximation becomes better
and better, do they have a well-defined limit (which would be unavoidably
Lagrangian)? A remarkable fact is that such a limit does exist for any sharp
Lagrangian point. It contains E?&w)(@) and is called the L-derivative of &

t (¢,w). To formulate this result we need some basic terminology from set
theoretic topology.
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A partially ordered set (2, <) is a directed set if Vo, an € A 36 € A such
that ay < 8 and as < §. A family {x, }oea of points of a topological space X
indexed by the elements of 2 is a generalized sequence in X. A point z € X is
the limit of the generalized sequence {4 }aeq if for any neighborhood O, of
z in X Ja € A such that zg € Oy, VB > a; in this case we write z = ligr[n Te.

Let w be a finite dimensional submanifold of W and w € w. If (£, w) is
a Lagrangian point for @ = (J,®), then it is a Lagrangian point for @|,. A
straightforward calculation shows that the Lagrangian subspace L',((Jzyw)(@m)
depends on the tangent space W = T),to rather than on tv, i.e., K?&w) (d_5|m) =
‘C(()Z,w (®|w) as soon as Tt = T’ = W. We denote Ay = E?e,w)(@m)'
Recafl that Ay is an m-dimensional subspace of the 2m-dimensional space
Ty(T*N), i.e., Aw is a point of the Grassmann manifold of all m-dimensional
subspaces in T;(T*N).

Finally, we denote by 20 the set of all finite dimensional subspaces of
T, W partially ordered by the inclusion “C”. Obviously, (20, C) is a directed
set and {Aw }wegy is a generalized sequence indexed by the elements of
this directed set. It is easy to check that there exists Wy € 20 such that
Aw D E(()e,w)(q:))v YW D Wpy. In particular, if E(()e,w)(q:)) is m-dimensional,
then Aw, = [,((J[yw)(@), VYW O Wy, the sequence Ay, is stabilizing and
E(()Zyw)(@) = liﬁl Aw . In general, the sequence Ay, is not stabilizing, never-

theless the following important result is valid.

Theorem 1.1. If (¢,w) is a sharp Lagrangian point, then there exists
L) (P) = ligrnn Aw .

We omit the proof of the theorem, you can find this proof in paper [5]
with some other results which allow to efficiently compute 1%[1 Ayy. Lagrangian

subspace Ly ,)(P) = lg]n Ay is called the L-derivative of & = (J,®) at the

Lagrangian point (¢, w). - B
Obviously, L) (?) D E(()&w)(@). One should think on L, (®) as on a
completion of E(()M))(iﬁ) by means of a kind of weak solutions to system (15)
which could be missed due to the ill-posedness of the system. -
Now we should explain the connection between E(ng)(¢> and
Hess,, (J | 4571(2))' We start from the following simple observation:
Lemma 1.1. Assume that dimW < oo, w is a reqular point of @ and
ker D,,® Nker(D?J — (D2 ®) = 0. Then

ker Hessw(J|43 =0 & Lywn@NT(T;N)=0,

)

i.e., quadratic form Hessw(JLp, is nondegenerate if and only if the sub-

¢ 1(z))
space Lg,.)(P) is transversal to the fiber T} N .
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Proof. We make computations in coordinates. First, Ty(T;N) = {(¢’,0) :
¢’ € R™}; then, according to (15), (¢',0) € L., (®) if and only if there
exists w € W such that

do d*J £d2d5 _,add

- — [RR—— Y ’ — -
dw” T dw? (w's) dw? (w's) dw’
Regularity of w implies that C’g—f} # 0 and hence w’ # 0 as soon as ' # 0.

Equalities (18) imply: d*J (w',v) — Zd%(w’,v) =0, Vwekerf ie, w' €

dw? dw?
ker Hess,, (J ’ o1 (z)). Moreover, our implications are invertible: we could start
from a nonzero vector w’ € ker Hess,, (| o

(C/vo) € 'C(é,w)((f))' U

Remark. Condition ker D,,® Nker(D2.J — D2 ®) = 0 from Lemma 1.1 is not

heavy. Indeed, a pair (J, ®) satisfies this condition at all its Lagrangian points
if and only if 0 is a regular value of the mapping ({, w) — Cg—i — j—i. Standard

Transversality Theorem implies that this is true for generic pair (J, ).

(18)

1 (Z)) and arrive to a nonzero vector

1.6 Maslov Index

Lemma 1.1 is a starting point for a far going theory which allows to effectively
compute the Morse index of the Hessians in terms of the £-derivatives.

How to do it? Normally, extremal problems depend on some parameters.
Actually, z € N is such a parameter and there could be other ones, which
we do not explicitly add to the constraints. In the optimal control problems
a natural parameter is the time interval ¢t; — tg. Anyway, assume that we
have a continuous family of the problems and their sharp Lagrangian points:
0Dy Pr = dy Jry 10 < 7 < 7115 let A(T) = E(@mwT)(q:).,-). Our goal is to
compute the difference ind Hess,, (JTI|¢_1(Z )) — ind Hessw,o(,]m|¢_1( ))

T1 T1 T0

in terms of the family of Lagrangian subspaces A(7); that is to get a tool
to follow the evolution of the Morse index under a continuous change of the
parameters. This is indeed very useful since for some special values of the
parameters the index could be known a priori. It concerns, in particular,
optimal control problems with the parameter 7 = t; — to. If t1 — to is very
small then sharpness of the Lagrangian point almost automatically implies
the positivity or negativity of the Hessian.

First we discuss the finite-dimensional case: Theorem 1.1 indicates that
finite-dimensional approximations may already contain all essential informa-
tion. Let @, be a continuous family of quadratic forms defined on a finite-
dimensional vector space. If ker Q. =0, 79 < 7 < 7, then ind@, is constant
on the segment [7g, 71]. This is why Lemma 1.1 opens the way to follow evo-
lution of the index in terms of the L£-derivative: it locates values of the para-
meter where the index may change. Actually, £-derivative allows to evaluate
this change as well; the increment of ind@., is computed via so called Maslov
index of a family of Lagrangian subspaces. In order to define this index we
have to recall some elementary facts about symplectic spaces.

2z
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Let X', 0 be a symplectic space, i.e., X' is a 2n-dimensional vector space and
o be a nondegenerate anti-symmetric bilinear form on X'. The skew-orthogonal
complement to the subspace I' C X is the subspace ' = {z € ¥ : o(z,I") =
0}. The nondegeneracy of o implies that dim ' = 2n — dim I". A subspace
I’ is isotropic if and only if I'“ D I'; it is Lagrangian if and only if I'4 = I'.

Let IT = span{ey,...,e,} be a lagrangian subspace of Y. Then there exist
vectors fi,..., fn, € X such that o(e;, f;) = d;j, where d;; is the Kronecker
symbol. We show this using induction with respect to n. Skew-orthogonal
complement to the space span{es,...,e,_1} contains an element f which is

not skew-orthogonal to e,; we set f, = ﬁ f. We have

span{en, fn} N spanie,, fn}é =0

and the restriction of o to span{e,, f,}* is a nondegenerate bilinear form.
Hence span{e,, f,}* is a 2(n — 1)-dimensional symplectic space with a

Lagrangian subspace span{ei, ..., e,_1}. According to the induction assump-
tion, there exist fi,..., fn—1 such that o(e;, f;) = 0;; and we are done.
Vectors eq,...,en, f1,...,fn form a basis of X; in particular,

A = span{fi,..., fn} is a transversal to IT Lagrangian subspace, X' = IT @ A.
n . .
Ifa; = > (Cej+2/f), i=1,2and ¢ = (¢}y..., ), 20 = (2},...,20) 7T,

j=1
then o(z1,22) = (122 — (221. The coordinates ¢, z identify X with R™* x R"™;
any transversal to A n-dimensional subspace A C X has the following pre-

sentation in these coordinates:
A=1{z2T,842): 2 € R"},

where S, is an n X n-matrix. The subspace A is Lagrangian if and only if
S’ = Sa. We have:

AN ={(27,0): 2z € ker Sy},

the subspace A is transversal to I1 if and only if S, is nondegenerate.

That is time to introduce some notations. Let L(X) be the set of all
Lagrangian subspaces, a closed subset of the Grassmannian G, (X) of n-
dimensional subspaces in Y. We set

A" ={Ae L(X): AN A =0},

an open subset of L(X). The mapping A +— S, gives a regular parametriza-
tion of A™ by the n(n + 1)/2-dimensional space of symmetric n x n-matrices.
Moreover, above calculations show that L(X) = |J A™. Hence L(Y) is a
A€L(X)

n(n + 1)/2-dimensional submanifold of the Grassmannian G,,(X) covered by
coordinate charts A™. The manifold L(X) is called Lagrange Grassmannian
associated to the symplectic space Y. It is not hard to show that any coordi-
nate chart A™ is everywhere dense in L(X); our calculations give also a local
parametrization of its complement.
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Given IT € L(X), the subset
Mp =L\ O"={Aec L(X): AN # 0}

is called the train of II. Let Ag € Myr, dim(Ag N IT) = k. Assume that A is
transversal to both Ag and IT (i.e., A € ATNIT™). The mapping A +— S, gives
a regular parametrization of the neighborhood of Ay in M 7 by a neighborhood
of a corank k& matrix in the set of all degenerate symmetric n X n-matrices.
A basic perturbation theory for symmetric matrices now implies that a small
enough neighborhood of Ay in M7 is diffeomorphic to the Cartesian product
of a neighborhood of the origin of the cone of all degenerate symmetric k x k-
matrices and a (n(n + 1) — k(k + 1))/2-dimensional smooth manifold (see
[1, Lemma 2.2] for details). We see that Mz is not a smooth submanifold of
L(X) but a union of smooth strata, Mg = |J MSI;), where ./\/lgl;) ={A¢€

k>0
L(X) : dim(ANII) = k} is a smooth submanifold of L(X) of codimension
k(k+1)/2.

Let A(7), T € [to,t1] be a smooth family of Lagrangian subspaces (a
smooth curve in L(X)) and A(ty), A(t;) € II™. We are going to define the
intersection number of A(-) and M. It is called the Maslov index and is
denoted g7 (A(+)). Crucial property of this index is its homotopy invariance:
given a homotopy A°(+), s € [to, 1] such that A%(tg), A%(t1) € II™ Vs € [0, 1],
we have fuyr(A%()) = jurr (A1(:)).

It is actually enough to define p7(A(+)) for the curves which have empty
intersection with My \ M%) ; the desired index would have a well-defined
extension to other curves by continuity. Indeed, generic curves have empty
intersection with M \ Mg) and, moreover, generic homotopy has empty
intersection with M \ Mg) since any of submanifolds M%), k=2,...n
has codimension greater or equal to 3 in L(X). Putting any curve in general
position by a small perturbation, we obtain the curve which bypasses M \
./\/lg), and the invariance with respect to generic homotopies of the Maslov
index defined for generic curves would imply that the value of the index does
not depend on the choice of a small perturbation.

What remains is to fix a “coorientation” of the smooth hypersurface Mg)
in L(X), i.e., to indicate the “positive and negative sides” of the hypersurface.
As soon as we have a coorientation, we may compute 7 (A(+)) for any curve

A(+) which is transversal to M%) and has empty intersection with M \M%)

Maslov index of A(-) is just the number of points where A(-) intersects Mg) in
the positive direction minus the number of points where this curve intersects
Mg) in the negative direction. Maslov index of any curve with endpoints
out of Mz is defined by putting the curve in general position. Proof of the
homotopy invariance is the same as for usual intersection number of a curve
with a closed cooriented hypersurface (see, for instance, the nice elementary
book by J. Milnor “Topology from the differential viewpoint”, 1965).
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The coorientation is a byproduct of the following important structure on
the tangent spaces to L(X). It happens that any tangent vector to L(X) at
the point A € L(X) can be naturally identified with a quadratic form on A.
Here we use the fact that A is not just a point in the Grassmannian but an
n-dimensional linear space. To associate a quadratic form on A to the velocity
A(t) e Ty L(X) of a smooth curve A(-) we proceed as follows: given x € A(t)
we take a smooth curve 7 — z(7) in X' in such a way that z(r) € A(7), Vr
and x(t) = x. Then we define a quadratic form A(t)(x), = € A(t), by the
formula A(t)(z) = o(z, i(t)).

The point is that o(z,&(t)) does not depend on the freedom in the choice
of the curve 7 — xz(7), although #(¢) depends on this choice. Let us check
the required property in the coordinates. We have z = (2,5 A(t)%) for some

z€R" and z(7) = (2(7) ", Sa(r)2(7)). Then
J($7$(t)) = ZT(SA(t)Z + SA(t)é) - 2TSA(t)Z = ZTSA(t)Z;

vector Z does not show up. We have obtained a coordinate presentation of
Aty

A)(z7, Saw2) = 2" Saw 2,
which implies that A — A, A € TAL(¥) is an isomorphism of T4 L(X) on the
linear space of quadratic forms on A.

We are now ready to define the coorientation of Mg). Assume that A(t) €
Mg), ie., A(t) N II = Rz for some nonzero vector x € X. In coordinates,
x = (z",0), where Rz = ker Sy ;. It is easy to see that A(t) is transversal to
./\/lg) (i.e., S A(t) 1s transversal to the cone of degenerate symmetric matrices)
if and only if A(t)(z) # 0 (i.e., ZTSA(t)Z # 0). Vector z is defined up to a
scalar multiplier and A(t)(ax) = o2A(t)(x) so that the sign of A(t)(z) does
not depend on the selection of x.

Definition. We say that A(-) intersects M%) at the point A(¢) in the positive
(negative) direction if A(t)(x) > 0 (< 0).

This definition completes the construction of the Maslov index. A weak
point of the construction is the necessity to put the curve in general position
in order to compute the intersection number. This does not look as an efficient
way to do things since putting the curve in general position is nothing else but
a deliberate spoiling of a maybe nice and symmetric original object that makes
even more involved the nontrivial problem of the localization of its intersection
with M 7. Fortunately, just the fact that Maslov index is homotopy invariant
leads to a very simple and effective way of its computation without putting
things in general position and without looking for the intersection points with

Mir.

Lemma 1.2. Assume that I N A = A(t) N A = 0, V7 € [to,t1]. Then
pr(A(-) = indSpu,) — indSap,), where indS is the Morse index of the
quadratic form 2z Sz, z € R".



18 A.A. Agrachev

Proof. The matrices S,) and S,) are nondegenerate since A(tg) N II =
A(t1)NIT = 0 (we define the Maslov index only for the curves whose endpoints
are out of M 7). The set of nondegenerate quadratic forms with a prescribed
value of the Morse index is a connected open subset of the linear space of all
quadratic forms in n variables. Hence homotopy invariance of the Maslov index
implies that p7(A(-)) depends only on indS,,) and indS,). It remains to
compute gz of sample curves in A", say, for segments of the curve A(+) such
that

Sae) = AT : O
0 0 .. orin
In general, given curve is not contained in the fixed coordinate neighbor-
hood A™ but any curve can be divided into segments AC) iy riaa)y 1= 0,000,
in such a way that A(1) € AT Vr € [, 7iy1], where A; € TN, i =0,...,1;
then o7 (A()) = 3 pr (A()
K3

Lemma1.2 implies the following useful formula which is valid for the
important class of monotone increasing curves in the Lagrange Grassmannian,

i.e., the curves A(-) such that A(t) are nonnegative quadratic forms: A(t) >
0, Vt.

["'7:771‘4—1])'

Corollary 1.1. Assume that A(T) >0, V7 € [to,t1] and {7 € [to,t1] : A(T) N
IT # 0} is a finite subset of (to,t1). Then

i (A() = S dim(A(r) N 1), 0

TE(to,t1)

Corollary 1.1 can be also applied to the case of monotone decreasing curves
defined by the inequality A(t) < 0, V¢; the change of parameter ¢ — to+t; —t
makes the curve monotone increasing and and change sign of the Maslov
index.

Let me now recall that our interest to these symplectic playthings was
motivated by the conditional minimum problems. As it was mentioned at
the beginning of the section, we are going to apply this stuff to the case
Y =T, (T*"M), t; € T M, Il =T, (T; M), A(T) = L, w.)(P-), where
zr = @ (w;). In this case, not only A but also IT and even symplectic space
2} depend on 7. We thus have to define Maslov index in such situation. This
is easy. We consider the bundle

&) : €€y (T"M), to <7 <t} (19)

over the segment [tg,t1] induced from T(T*M) by the mapping 7 +— £,.
Bundle (19) endowed with the symplectic structure and its subbundle

{(&7): £ e Ty (T2 M)}
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are trivial as any bundle over a segment. More precisely, let ¢ € [to,t1],
Xy = Ty, (T*M), Iy = Ty, (T} M); then there exists a continuous with re-
spect to 7 family of linear symplectic mappings =, : T, (T*M) — X, such
that = (Ty, (T M)) = II;, to < 7 < t;, 5; = Id. To any continuous family of
Lagrangian subspaces A(7) C Ty (T*M), where A(t;) N II;; =0, i = 0,1, we

associate a curve = A(+) : 7 — S, A(7) in the Lagrange Grassmannian L(Et)

and set u(A(+)) = wrr, (5 A(+)). Homotopy invariance of the Maslov index

implies that pr, (£ A(+)) does not depend on the choice of t and =,

Theorem 1.2. Assume that dim W < oo,
=(J @) : W—-RXM, 7E€lto,ti]

is a continuous one-parametric family of smooth mappings and (0-,w;) is a
continuous family of their Lagrangian points such that £ # 0, w, is a reqular
point of @, and ker Dy, &, Nker(D3 J. — D2 &,) =0, tg < 7 < t1.
Let z. = ®(w;), A1) = L, (D). If Hessy, (Jt, i=1,2, are

nondegenerate, then

o (2))

ind Hess,, | Jto’@ ))—indHesswt Jtl‘@ Ztl)) w(A()).

Remark. If ¢, = 0, then w, is a critical point of J, (without restriction to
the level set of @,). Theorem 1.2 can be extended to this situation (with the
same proof) if we additionally assume that ker Hess,, J, = 0 for any 7 such
that £, = 0.

Proof. We introduce simplified notations: A, = D, ®,, Q; = DfUT J, —
0, D2, &.; the L-derivative L (D7) = A(7) is uniquely determined by the
linear map A, and the symmetric bilinear form @,. Fix local coordinates in
the neighborhoods of w, and z,; and set:

A4, Q) ={(¢, Av) : A+ Q(v,-) = 0} € L(R™ x R");

then A, = A(A,,Q;).

The assumption ker A.Nker @), = 0 implies the smoothness of the mapping
(4,Q) — A(A, Q) for (A, Q) close enough to (A, Q). Indeed, as it is shown
in the proof of Proposition 1.4, this assumption implies that the mapping
lefty : (¢,v) — CAr 4+ Q- (v,-) is surjective. Hence the kernel of the mapping

(Ca U) = CA + Q(’U, ) (20)

smoothly depends on (A, Q) for (A, Q) close to (A,,Q.). On the other hand,
A(A, Q) is the image of the mapping (¢, v) — (¢, Av) restricted to the kernel
of map (20).

Now we have to disclose a secret which the attentive reader already knows
and is perhaps indignant with our lightness: @), is not a well-defined bilinear
form on Ty, W, it essentially depends on the choice of local coordinates in M.
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What is well-defined is the mapping QT‘ker A ker A; — T W (check this by
yourself or see [3, Sect. 2.3]), the map A, : T, W — T, M and, of course, the
Lagrangian subspace A(7) = E(gmwT)(Ql). By the way, the fact that QTfker A
is well-defined guarantees that assumptions of Theorem 1.2 do not depend on
the coordinates choice.

Recall that any local coordinates {z} on M induce coordinates {((,z) :
¢ € R"™ z € R"} on T*M and T*M = {(¢,0) : ¢ € R"™} in the induced
coordinates.

Lemma 1.3. Given 2 € M, ¢ € T:M \ {0}, and a Lagrangian subspace A €
Ty(T; M)" € L(Ty(T*M)), there exist centered at 2 local coordinates on M
such that A = {(0,z) : z € R"} in the induced coordinates on To(T*M).

Proof. Working in arbitrary local coordinates we have ¢ = (({p,0), A =
{(Sz,2) : z € R"}, where S is a symmetric matrix. In other words, A is
the tangent space at ({p,0) to the graph of the differential of the function
a(z) = (oz + 32" Sz. Any smooth function with a nonzero differential can be
locally made linear by a smooth change of variables. To prove the lemma it
is enough to make a coordinates change which kills second derivative of the
function a, for instance: z — z + ﬁ(zTSz)COT. O

We continue the proof of Theorem 1.2. Lemma 1.3 gives us the way to take
advantage of the fact that () depends on the choice of local coordinates in M.
Indeed, bilinear form @ is degenerate if and only if A,N{(0,z2) : z € R"} # 0;
this immediately follows from the relation

Az ={(¢, Arv) 1 (Ar + Q7 (v,-) = 0}.

Given t € [to,t1] take a transversal to T, (77 M) and A(t) Lagrangian
subspace Ay C Ty, (T*M) and centered at z; local coordinates in M such
that A, = {(0, 2) : z € R"} in these coordinates. Then A(7) is transversal to
{(0,2) : z € R"} for all 7 from a neighborhood O; of ¢ in [tg, t1]. Selecting an
appropriate finite subcovering from the covering Oy, t € [to,t1] of [to,t1] we
can construct a subdivision tg = 79 < 71 < ... < T, < Tr1 = t1 of [to, 1]
with the following property: Vi € {0,1, ..., k} the segment {z; : 7 € [7, Ti41]}
of the curve z, is contained in a coordinate neighborhood O! of M such
that A- N {(0,2) : z € R"} = 0 VY7 € [r,7541] in the correspondent local
coordinates.

We identify the form @, with its symmetric matrix, i.e., Q(vy,v2) =
v{ Q,vs. Then @, is a nondegenerate symmetric matrix and

A(r) ={(¢,—A,Q7TAICTY, 7 <7 < T (21)

Now focus on the subspace A(7;); it has a nontrivial intersection with
{(¢,0) : ¢ e R™} =Ty, (T M) if and only if the matrix A, Q' Al is de-
generate. This is the matrix of the restriction of the nondegenerate quadratic
form v — v'Q-'v to the image of the linear map A]. Hence A, Q-'A]
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can be made nondegenerate by the arbitrary small perturbation of the map
Az, + Ty, W — T, M. Such perturbations can be realized simultaneously
for i = 1,...,k? by passing to a continuous family 7 — A, to < 7 < tq,
arbitrary close and homotopic to the family 7 — A,. In fact, A” can be
chosen equal to A, out of an arbitrarily small neighborhood of {7,..., 7 }.
Putting now A/ instead of A, in the expression for A(7) we obtain a fam-
ily of Lagrangian subspaces A’(7). This family is continuous (see the para-
graph containing formula (20)) and homotopic to A(+). In particular, it has
the same Maslov index as A(-). In other words, we can assume without
lack of generality that A(7;) N Ty, (Tz*n- M) =10, i=0,1,...,k + 1. Then

k

w(A()) = Z:O,u (A('M[n,ﬁﬂl) . Moreover, it follows from (21) and Lemma 1.2
i=

that

I (/1(-)

Besides that, indQ,, = indQ-,,, since Q. is nondegenerate for all 7 € [7;, 7;11]
and continuously depends on 7.

Recall that Hess,,_ (JT‘Q_l(z )) = Q-
of the theorem it remains to show that

ndQr = ind (Qs |y, , ) +ind(4,Q; A7) (22)

hmﬂ) =ind(A,,,, Q1 AL ) —ind(A, Q- AL).

Ker A, In order to complete proof

for 7 =7, Tiy1.
Let us rearrange the second term in the right-hand side of (22). The change
of variables v = Q1A 2, z € R", implies:
. 14T\ _ .
ind (ATQT AT) = ind (QT‘{Q;lAIZIZGR"}> .
We have: Q,(v,ker A,) = 0 if and only if Q,(v,-) = 2" A, for some z € R",
ie,v'Q,=2"A;, v=Q7'Al 2. Hence the right-hand side of (22) takes the

form
ind@; = ind (QT’kcrAT) + ind (QT’{’U Q- (v,ker AT):O})

and QT‘{'U:Q (v ker A,)=0} is a nondegenerate form for 7 = 7, 7,41. Now
equality (22) is reduced to the following elementary fact of linear algebra:

If @ is a nondegenerate quadratic form on R™ and £ C R™ is a lin-
ear subspace, then indQ = ind (Q|g) + ind (Q|E5) + dim(E N ES), where

E§ = {ve€R™: Q(v,E) = 0} and ENES = ker (Q) = ker (Q|E$) O

Remark. Maslov index f7 is somehow more than just the intersection num-
ber with M. It can be extended, in a rather natural way, to all continuous

2 We do not need to perturb A;, and Atk+1: assumption of the theorem and
Lemma 1.1 guarantee the required nondegeneracy property.
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curves in the Lagrange Grassmannian including those whose endpoint belong
to M. This extension allows to get rid of the annoying nondegeneracy as-
sumption for Hess,,,, (Je in the statement of Theorem 1.2. In general,

qsgil(zti))
Maslov index computes 1/2 of the difference of the signatures of the Hessians
which is equal to the difference of the Morse indices in the degenerate case
(see [3] for this approach).

1.7 Regular Extremals

A combination of the finite-dimensional Theorem 1.2 with the limiting proce-
dure of Theorem 1.1 and with homotopy invariance of the Maslov index allows
to efficiently compute Morse indices of the Hessians for numerous infinite-
dimensional problems. Here we restrict ourselves to the simplest case of a
regular extremal of the optimal control problem.

We use notations and definitions of Sects.3 and 4. Let h(A,u) be the
Hamiltonian of a smooth optimal control system and A\, to <t < 1, be an
extremal contained in the regular domain D of h. Then ), is a solution of the
Hamiltonian system A = H()), where H(\) = h(\, @(\)), %h()\, a(A)) =0.

Let q(t) = w(A\t), to, <t < t; be the extremal path. Recall that the pair
(Ao, At) is a Lagrange multiplier for the conditional minimum problem defined
on an open subset of the space

M X Loo([to, t1],U) = {(qr, u(*)) : ¢4 € M,u(-) € Loo([to,t1],U)},

where u(-) is control and ¢; is the value at ¢ of the solution to the differential
equation ¢ = f(q,u(7)), T € [to,t1]. In particular, F;(q¢, u(-)) = ¢;. The cost
is Jf (g, u(-)) and constraints are Fy, (¢, u(-)) = q(to), g = q(t).

Let us set Jy(u) = Jf (q(t),u(-)), P¢(u) = Fy,(q(t),u(:)). A covector X €
T*M is a Lagrange multiplier for the problem (J;, @;) if and only if there exists
an extremal A., to < 7 < t, such that \j, = \, A, € T3 »yM. In particular,
At, is a Lagrange multiplier for the problem (.J;, @;) associated to the control
u(+) = u(A.). Moreover, all sufficiently close to A, Lagrange multipliers for this
problem are values at ¢y of the solutions A(7), top < 7 <t to the Hamiltonian
system A = H()\) with the boundary condition \(t) € ThnM.

We will use exponential notations for one-parametric groups of diffeomor-
phisms generated ordinary differential equations. In particular, e . T*M —
T*M, 7 € R, is a flow generated by the equation A = H()), so that
M7') = e =DH(X(7),7,7" € R, and Lagrange multipliers for the problem
(J;,®;) fill the n-dimensional submanifold e(fo—tH (T*(t)M).

q

We set &; = (J;, ®;); it is easy to see that the L-derivative L2 u) (@) is
the tangent space to e(to—t)H (T;(t)M> sies Ling ) (D))= egfoft)HT,\t (T;(t)M) i
Indeed, let us recall the construction of the L-derivative. First we lin-
earize the equation for Lagrange multipliers at A;,. Solutions of the
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linearized equation form an isotropic subspace /J(())\ )(5,5) of the sym-
_ to U
plectic space Ty, (T"M). If E?/\ )(sﬁt) is a Lagrangian subspace (i.e.,
— to)u — —
dimﬁ(())\to,u)(@t) = dim M), then E(Ago,u)(@) = L(x,, ) (Pt), otherwise we
need a limiting procedure to complete the Lagrangian subspace. In the case
under consideration, L?Ato,u)(@t) = eito_t)j{TAt (T;(t)M) has a proper di-
mension and thus coincides with Ly, ) (®4). We can check independently

that egf"_t)HTAt (T(;‘(t)M) is Lagrangian: indeed, T}, <T(;‘(t)M) is Lagrangian

and elo"VH Ty, (T*M) — Ty, (T*M) is an isomorphism of symplectic

spaces since Hamiltonian flows preserve the symplectic form.
So t +— Lx,.u)(Pt) is a smooth curve in the Lagrange Grassmannian

L (TM0 (T*M)) and we can try to compute Morse index of

Hess,, (Jtl = Hess,, (Jttol

|¢~;11(q(to))> |thl(q(to»ﬂF,;l(q(tl)))

via the Maslov index of this curve. Of course, such a computation has no sense
if the index is infinite.

Proposition 1.5. (Legendre condition) If quadratic form %(At, u(t)) is neg-
ative definite for any t € [to,t1], then ind Hess, (Jt1|<p;11(q(t0))) < oo and

Hess,, (Jt|¢*1(q(to))> is positive definite for any t sufficiently close to (and
t

strictly greater than) to. If %(At,u(t)) £ 0 for some t € [to,t1], then

ind Hess,, (J,g1

|¢;;(q<to>>) -
We do not give here the proof of this well-known result; you can find it in
many sources (see, for instance, the textbook [7]). It is based on the fact

that 24 (A, u(t) = M2 (q(t), u(t))) — 22 (q(t), u(t)) is the infinitesimal (for
the “infinitesimally small interval” at t) version of \;, D2®;, — D?J,, while

Hess,, (Jtl |45;11(q(t0))> = (D2J;, — A\, D2 @tl)‘ker D@,

w

Next theorem shows that in the “regular” infinite dimensional situation of
this section we may compute the Morse index similarly to the finite dimen-
sional case. The proof of the theorem requires some information about second
variation of optimal control problems which is out of the scope of these notes.
The required information can be found in Chaps. 20 and 21 of [7]. Basically,
it implies that finite dimensional arguments used in the proof of Theorem 1.2
are legal also in our infinite dimensional case.

We set: A(t) = o~ DHT, (T;(t)M).
Theorem 1.3. Assume that %(At, u(t)) is a negative definite quadratic form
and u is a regular point of ®¢, Yt € (to,t1]. Then:
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e The form Hess, (J,g1 ) is degenerate if and only if A(t;) N

|¢?11(¢1(t0))

A(to) # 0 B
o If A(t1) N A(to) = 0, then there exists t > to such that
ind Hess, (Jtl |¢t_11(q(t0))) — (A(.)\[m]) . Vre(tyd. O

Note that Legendre condition implies monotonicity of the curve A(-); this
property simplifies the evaluation of the Maslov index. Fix some local coordi-
nates in M so that T*M = {(p,q) € R™ x R"}.

Lemma 1.4. Quadratic form A(t) is equivalent (with respect to a linear
change of variables) to the form —azH()\t) = @Tazh’()\t,ﬁ()\t))g—z.

Oop? — 9p Ou?
Proof. Equality %21?]2{ = —g—g*%g—g is an easy corollary of the identi-
: = dh o’H 9%h_ da
ties H(p,q) = h(p, ¢, (P 0), 5¢lymagpy = 0- Indeed, Go = 255050 +
o)

g—z—r%g—g and 7 (%) = aizahu + %g—g = 0. Further, we have: %A(t) =
d glo—0H (T;(t)M) = ftoOH 4 5:06*_EHTM+E (T;(HE)M) . Set Ae) =
e 8Ty, (T;(HE)M) € L (Ty)(T*M)). It is enough to prove that A(0) is
equivalent to 7%2715(&). Indeed, A(t) = eff“_t)HTAtA'(O), where

e (T M) — Ty, (T* M)

is a symplectic isomorphism. )
The association of the quadratic form A(t) on the subspace A(t) to the tangent
vector A(t) € L (TMO (T*M)) is intrinsic, i.e., depends only on the symplectic

structure on (Ty,, (T*M). Hence A(0)(€) = A(t) (eSEO‘”Hg), VE € A(0) =
T, (T M) |
What remains, is to compute A(0); we do it in coordinates. We have:
. 2 2
&) = €55 emr) + 0T GE (Ner), £(0) € R }
. 2 2 o ;
(r) = =GB M) = 55\, 1(0)=0

: . ) 0’H
(O)(E0)) = o ((€(0).0) (£(0).1(0))) = E(0)i(0) = ~€(0) 57 (AEO) -
O
Now combining Lemma 1.4 with Theorem 1.3 and Corollary 1.1 we obtain
the following version of the classical “Morse formula”

[

Corollary 1.2. Under conditions of Theorem 1.3, if {T € (to,t1] : A(T) N
A(to) # 0} is a finite subset of (to,t1), then

indHesthlléal(q(to)): > dim(A(r) N Aft).

TE(to,t1)
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2 Geometry of Jacobi Curves

2.1 Jacobi Curves

Computation of the £-derivative for regular extremals in the last section has
led us to the construction of curves in the Lagrange Grassmannians which
works for all Hamiltonian systems on the cotangent bundles, independently
on any optimal control problem. Set Ay = T\(T; M), where A € Ty M, q € M.
The curve 7 +— e*_THAETH()\) in the Lagrange Grassmannian L (Ty(T*M)) is
the result of the action of the flow ' on the vector distribution {Ay}xer=ars-
Now we are going to study differential geometry of these curves; their geom-
etry will provide us with a canonical connection on T M associated with the
Hamiltonian system and with curvature-type invariants. All that gives a far
going generalization (and a dynamical interpretation) of classical objects from
Riemannian geometry.

In fact, construction of the basic invariants does not need symplectic struc-
ture and the Hamiltonian nature of the flow, we may deal with more or less
arbitrary pairs (vector field, rank n distribution) on a 2n-dimensional manifold
N. The resulting curves belong to the usual Grassmannian of all n-dimensional
subspaces in the 2n-dimensional one. We plan to work for some time in this
more general situation and then come back to the symplectic framework.

In these notes we mainly deal with the case of involutive distributions (i.e.,
with n-foliations) just because our main motivation and applications satisfy
this condition. The reader can easily recover more general definitions and
construction by himself.

So we consider a 2n-dimensional smooth manifold N endowed with a
smooth foliation of rank n. Let z € N, by F, we denote the passing through z
leaf of the foliation; then F, is an n-dimensional submanifold of V. Point z has
a coordinate neighborhood O, such that the restriction of the foliation to O,
is a (trivial) fiber bundle and the fibers E%¢, 2’ € O, of this fiber bundle are
connected components of E., N O,. Moreover, there exists a diffeomorphism
0, 2 R" x R", where R" x {y}, y € R", are identified with the fibers so that
both the typical fiber and the base are diffeomorphic to R™. We denote by
O./FE'"* the base of this fiber bundle and by 7 : O, — O, /E!°® the canonical
projection.

Let ¢ be a smooth vector field on N. Then 2’ — m.((2'), 2/ € EY is a
smooth mapping of EX¢ to TW(Z)(OZ/EZOC). We denote the last mapping by
II,(¢) : B¢ — Tﬂ(z)(OZ/E“’C).

Definition. We call ¢ a lifting field if IT,({) is a constant mapping Vz € N;
The field ¢ is called reqular if II,({) is a submersion, z € N.

The flow generated by the lifting field maps leaves of the foliation in the
leaves, in other words it is leaves-wise. On the contrary, the flow generated by
the regular field “smears” the fibers over O, /E'¢; basic examples are second
order differential equations on a manifold M treated as the vector fields on
the tangent bundle TM = N.
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Let us write things in coordinates: We fix local coordinates acting in
the domain O C N, which turn the foliation into the Cartesian product
of vector spaces: O {(z,y) : z,y € R"}, m : (x,y) — y. Then vec-
tor field ¢ takes the form ¢ = > ((ﬂ% + bla%_), where a’,b" are smooth

i=1 ‘ ‘
functions on R™ x R™. The coordinate representation of the map I, is:
gy x— (bl(a:,y), . .7b”(ac,y))—r. Field ¢ is regular if and only if I1(,

L .
%) ~ is a nondegenerate
i,j=

are submersions; in other words, if and only if (
J

matrix. Field ¢ is lifting if and only if ng; =0,4,j=1,...,n.

Now turn back to the coordinate free setting. The fibers E,, z € N are
integral manifolds of the involutive distribution & = {T. E, : z € N}. Given a
vector field ¢ on N, the (local) flow e generated by ¢, and z € N we define
the family of subspaces

J.(t) = (e7"%) E|. C T.N.

In other words, J.(t) = (e7¢), Toic(z)Eerc(s), J2(0) = TLE..
Jz(t) is an n-dimensional subspace of T, N, i.e., an element of the Grass-
mannian G, (T, N). We thus have (the germ of) a curve ¢t — J,(¢) in G,,(T. N)

which is called a Jacobi curve.

Definition. We say that field ¢ is k-ample for an integer k if Vz € N and
for any curve t — J,(t) in G, (T.N) with the same k-jet as J.(t) we have
J, 0)N J, (t) = 0 for all ¢ close enough but not equal to 0. The field is called
ample if it is k-ample for some k.

It is easy to show that a field is 1-ample if and only if it is regular.

2.2 The Cross-Ratio

Let X be a 2n-dimensional vector space, vg,v1 € Gp(X), vo Nv; = 0. Then
2 = vy +v;. We denote by 7., : X — v; the projector of X' onto v; parallel
to vo. In other words, m,,,, is a linear operator on X' such that my,,, ‘Uo =0,

Tyovy ’vl = id. Surely, there is a one-to-one correspondence between pairs of
transversal n-dimensional subspaces of X' and rank n projectors in GL(X).

Lemma 2.1. Let vy € G,,(X); we set v = {v € G,,(¥) : vNvy = 0}, an open
dense subset of G (X). Then {Tyy, : v € ]} is an affine subspace of GL(X).

Indeed, any operator of the form oy, +(1—a) Ty, , where o € R, takes values
in vy and its restriction to vy is the identity operator. Hence oy, +(1—) Ty,
is the projector of X' onto vy along some subspace.

The mapping v +— Ty, thus serves as a local coordinate chart on G, (X).
These charts indexed by vg form a natural atlas on G,,(X).
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Projectors m,,, satisfy the following basic relations:?

7T’U01)1 + 7T’U1Uo = Zd’ 7TU0U27T’U11)2 = 7rU1’U27 7T’U01)1 7TU0’U2 = 7T’U0U17 (1)

where v; € G, (X), v;Nv; =0 for i # j. If n = 1, then G,,(X) is just the
projective line RP'; basic geometry of G,,(X) is somehow similar to geometry
of the projective line for arbitrary n as well. The group GL(X) acts transitively
on Gp(X). Let us consider its standard action on (k + 1)-tuples of points in
Gn(X):

Avo, ..., ve) 2 (Avo,..., Avp), A€ GL(Y), v; € Gu(5).

It is an easy exercise to check that the only invariants of a triple (vg, vy, v2)
of points of G, (X) for such an action are dimensions of the intersections:
dim(v; Nw;), 0 <4 <2, and dim(vg N vy Nv2). Quadruples of points possess
a more interesting invariant: a multidimensional version of the classical cross-
ratio.

Definition. Let v; € G, (X), 1 = 0,1,2,3, and vo N v = v2 Nwg = 0. The
cross-ratio of v; is the operator [vg, v1,v2,v3] € gl(v1) defined by the formula:

[UO> U1, V2, ’US} = Tgv, Tvgvs |v1 .

Remark. We do not lose information when restrict the product 7, v, Ty,0s t0O
v1; indeed, this product takes values in v, and its kernel contains vy.

For n = 1, vy is a line and [vg, v1, v2, v3] is a real number. For general n, the
Jordan form of the operator provides numerical invariants of the quadruple
vi, i =0,1,2,3.

We will mainly use an infinitesimal version of the cross-ratio that is an
invariant [£o, &1] € gl(v1) of a pair of tangent vectors &; € T,,G,, (%), i = 0,1,
where vo Nw; = 0. Let 7;(t) be curves in G,(X) such that ~;(0) =
(I %%(t)’tzo = &;, i = 0,1. Then the cross-ratio: [o(t),v1(0),70(7),v1(6)]
is a well defined operator on v; = 71(0) for all ¢,7,0 close enough
to 0. Moreover, it follows from (1) that [yo(t),71(0),70(0),71(0)] =

[%(0),71(0),70(#), 71.(0)] = [%0(0),71(0),70(0), 1. (#)] = id. We set

0-&1) = 55 bo(®) 71 (0),70(0), (], )

It is easy to check that the right-hand side of (2) depends only on &y, &; and

that (£o,&1) — [0, &1] is a bilinear mapping from T, G, (X) x Ty, G, (X) onto

gl(v1).

Lemma 2.2. Let vg,v1 € Gp(X), voNwvy =0, & € To,,Gp(X), and & =
. 2

0] i—gr T = 0,1 Then [§0,&] = 525201 0(r) .,

t=7’=0.

and vi,vy are
t=7=0

. . 82
invariant subspaces of the operator 5rs-T, (t)o(r) |v1 o

3 Numbering of formulas is separate in each of two parts of the paper.
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. o, . 2
Proof. According to the definition, [£y,&1] = %(ﬂ'w(thl(o)ﬂ'w(o)%(ﬂ)
|v1 - The differentiation of the identities 7. )y, (0)Tyo(t)y:(r)
Ty (H)71(0)s Tya ()71 (1) Tro(0)m () = Ty (0)ya (r) ives the equalities:

0? 0?
257 MMM O T0O% ()|, __ = ~Moov ra=TeOm () |,__
82
= 7ata7_7r70(t)’)’1(7') _ :Oﬂvovr

It remains to mention that 6t6¢ 77.“(,5)70(7—) %;TWVO(T)W(,&). ]

2.3 Coordinate Setting

Given v; € G (X), i1 =0,1,2,3, we coordinatize ¥ =R" x R" = {(x,y) : x €
R™ y € R™} in such a way that v; N {(0,y) : y € R"} = 0. Then there exist
n X n-matrices S; such that

v; = {(x,S;x) :x € R"}, 1=0,1,2,3. (3)
The relation v; Nv; = 0 is equivalent to det(S; —S;) # 0. If Sy = 0, then the
-1
projector m,,,, is represented by the 2n x 2n-matrix (8 S}. ) . In general,
o Sa'S —Su
vov1 Sl S(;ll SO _Sl S(il )

where Sp; = Sp — S1. Relation (3) provides coordinates {x} on the spaces v;.
In these coordinates, the operator [vg,v1,ve,v3] on v; is represented by the
matrix:

we have

1 1
[vo, v1, v2,v3] = S1y S03555 S21,

where S;; = 5; — 5.

We now compute the coordinate representation of the infinitesimal cross-
ratio. Let vo(t) = {(z, Stx) : @ € R"}, v (t) = {(J: Si4ex) : ¢ € R"} so that
& = %'Yi(t)’tzo is represented by the matrix S; = jtSt 1 =20,1. Then
[€0,&1] is represented by the matrix

-

0% o . .- e
%Sulstﬂ'sﬂ) Sot 1=0 = asulsl‘tzo = 501150501151~
So ) '
€0, 1] = So1' G055, 51 (4)

There is a canonical isomorphism T, Gy (X) = Hom(vg, X/vp); it is de-
fined as follows. Let & € T,,Gn(X), & = L~(t)[i=0, and 29 € vo. Take
a smooth curve z(t) € ~(t) such that z(0) = zp. Then the residue class
(2(0) + vg) € X /vg depends on £ and zp rather than on a particular choice
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of y(t) and z(t). Indeed, let 7/(¢) be another curve in G, (X) whose velocity
at t = 0 equals {. Take some smooth with respect to ¢ bases of 7(t) and
0 20 = spanler(D)enD), 20 = panldi (..., 40), wher
ei(0) = e( ), @ = 1,...,n; then (&(0)—¢€.(0)) € vy, ¢ = 1,...,n. Let

z(t) = ;ai(t)ei( ), 2'(t ) ZZ: L(t)el(t), where a;(0) = «(0). We have:

£(0) = 2(0) = Y ((@i(0) = &(0))es(0) + a}(0)(¢:(0) — €:(0))) € v,
i=1

i.e., Z(O) +vg = Z’(O) + vg.

We associate to & the mapping & : vg — X /vg defined by the formula 2y =
#(0)+wvp. The fact that ¢ — ¢ is an isomorphism of the linear spaces T, G, (%)
and Hom(vg, ¥'/vg) can be easily checked in coordinates. The matrices S;
above are actually coordinate presentations of &;, i = 0, 1.

The standard action of the group GL(X) on G,,(X) induces the action of
GL(X) on the tangent bundle T'G,,(X). It is easy to see that the only invariant
of a tangent vector ¢ for this action is rank ¢ (tangent vectors are just “double
points” or “pairs of infinitesimally close points” and number (n—rank ¢) is the
infinitesimal version of the dimension of the intersection for a pair of points
in the Grassmannian). Formula (4) implies:

rank[¢g, £1] < min{rank &y, rank &; }.

2.4 Curves in the Grassmannian

Let t +— v(t) be a germ at ¢ of a smooth curve in the Grassmannian G,,(X).

Definition. We say that the germ v(-) is ample ifv(t)No(t) =0Vt £ 1
and the operator-valued function ¢ + ), has a pole at . We say that
the germ v(+) is regular if the function ¢ — 7Tv(t o(p) has a simple pole at .
A smooth curve in G, (X) is called ample (regular) if all its germs are ample
(regular).

Assume that ¥ = {(z,y) : z,y € R"} is coordinatized in such a way that
v(t) = {(x,0) : x E R”} Then v(t) = {(z,Siz) : © € R"}, where S(t) = 0
and T,(¢)u(F) = 0 Sot . The germ v(-) is ample if and only if the scalar
function ¢ +— det S; has a finite order root at ¢. The germ v(-) is regular if
and only if the matrix S is not degenerate. More generally, the curve 7 —
{(z,S;2) : € R"} is ample if and only if V¢ the function 7 — det(S,; — S;)
has a finite order root at ¢. This curve is regular if and only if det S, #+0, Vt.
The intrinsic version of this coordinate characterization of regularity reads:
the curve v(-) is regular if and only if the map ©(t) € Hom(v(t), ¥ /v(t)) has
rank n, Vit.
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Coming back to the vector fields and their Jacobi curves (see Sect. 2.1) one
can easily check that a vector field is ample (regular) if and only if its Jacobi
curves are ample (regular).

Let v(-) be an ample curve in G,,(X). We consider the Laurent expansions
at t of the operator-valued function 7+ 7, (7yu (1),

m

7Tv(7')v(t) = Z (T — t)iﬂ'z + O(T - t)m+1.

i=—ky

Projectors of X on the subspace (t) form an affine subspace of gl(X) (cf.
Lemma2.1). This fact implies that 7 is a projector of X on v(t); in other
words, 7Y = Tyo(¢)u(t) for some v°(t) € v(t)™. We thus obtain another curve
t— v°(t) in Gp(X), where X' = v(t) @ v°(t), Vt. The curve ¢t — v°(t) is called
the derivative curve of the ample curve v(-).

The affine space {7y, @ w € v(t)M} is a translation of the linear space
Nv(t)) = {n: X — v(t) | n|ye = 0} C gl(X)} containing only nilpotent
operators. It is easy to see that 7} € 9(v(t)) for i # 0.

The derivative curve is not necessary ample. Moreover, it may be non-
smooth and even discontinuous.

Lemma 2.3. If v(-) is regular then v°(-) is smooth.

Proof. We will find the coordinate representation of v°(:). Let v(t) =
{(z,Siz) : * € R"}. Regularity of v(:) is equivalent to the nondegeneracy
of S;. We have:
S 's, =S
ﬂ-U(T)’U(t) - StSﬂ:tlST 7StS7—_tl )
where S, = S, — S;. Then S;,' = (1 —)71S; ' — 45,18,8, ' + O(r — t) as
T —t and - .
S B
e =70 (Stsglst 557!
I—35718,8.1s, 18,718,851
PSCSSCIS 5SS N L o0y,
Sy —18,5,15,5, 18, 18,571 5.5,

Y1 .71‘ I + AtSt —At .
We set Ay = —%St SpSy 5 then Tyo (4)o(r) = (St 4 S, A,S, —S,A, is smooth
with respect to t. Hence ¢ — v°(t) is smooth. We obtain:
v (t) = {(Aw, y + SeAry) 1y € R} ()

2.5 The Curvature

Definition. Let v be an ample curve and v° be the derivative curve of v.
Assume that v° is differentiable at ¢ and set R, (t) = [0°(¢), ©(¢)]. The operator
R, (t) € gl(v(t)) is called the curvature of the curve v at t.
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If v is a regular curve, then v° is smooth, the curvature is well-defined
and has a simple coordinate presentation. To find this presentation, we will
use formula (4) applied to & = 0°(t), & = 0(t). As before, we assume that
v(t) = {(z,Sx) : * € R™}; in particular, v(¢) is transversal to the sub-
space {(0,y) : y € R™}. In order to apply (4) we need an extra assumption
on the coordinatization of X: the subspace v°(t) has to be transversal to
{(0,y) : y € R™} for given t. The last property is equivalent to the nonde-
generacy of the matrix A; (see (5)). It is important to note that the final
expression for R, (t) as a differential operator of S must be valid without this
extra assumption since the definition of R,(¢) is intrinsic! Now we compute:
vo(t) = {(z,(A7" + 8)2) : € R} Ry(t) = [0°(t),0(t)] = A (A" +
St)AtSt = (AtSt)Q — AtSt = i(St_lst)Q — Atst. We also have AS =
14518615 = (S71)? - 151 §. Finally,

3

d
— 2 _
4(

7807 = 4 (080718 — (@8078)" . ®

1. ..
Rolt) = 350 50— @

the matrix version of the Schwartzian derivative.

Curvature operator is a fundamental invariant of the curve in the Grass-
mannian. One more intrinsic construction of this operator, without using the
derivative curve, is provided by the following

Proposition 2.1. Let v be a reqular curve in G, (X). Then

[0(7),0(t)] = (r —t)"2id + éRv(t) +O0(r —t)
as T —t.

Proof. It is enough to check the identity in some coordinates. Given ¢ we may
assume that

o(t) = {(z,0) :x e R"}, 0°() = {(0,y) : y € R"}.

Let v(7) = {(x, Sy : & € R"}, then S; = S; = 0 (see (5)). Moreover, we may
assume that the bases of the subspaces v(t) and v°(t) are coordinated in such

a way that S; = I. Then R,(t) = 1 §; (see (5)). On the other hand, formula
(4) for the infinitesimal cross-ratio implies:

(7). (0] = 578,97 = - (57)
T — 3 -1
:_ddT<(T—t)I+< Gt) st> L O(r— 1)

= 7% ((T — )7 — Lgt) 'S't) +0(r—t) = (Tft)*ué Sy +O(1 —t).

]



32 A.A. Agrachev

Curvature operator is an invariant of the curves in G,, (%) with fixed para-
metrizations. Asymptotic presentation obtained in Proposition 2.1 implies a
nice chain rule for the curvature of the reparameterized curves.

Let ¢ : R — R be a regular change of variables, i.e., ¢ # 0, Vt. The
standard imbedding R ¢ RP' = G (R?) makes ¢ a regular curve in G;(R?).
As we know (see (6)), the curvature of this curve is the Schwartzian of :

_Pm 320y
Fel= 250 " 1 (sb(t)) '
We set v,(t) = v(p(t)) for any curve v in G, (X).

Proposition 2.2. Let v be a regular curve in Gp(X) and ¢ : R — R be a
reqular change of variables. Then

Ro, (t) = @*()Ru((1)) + Ry (1) (7)

Proof. We have
[0p(T), 0y (8)] = (T — t)*Qid + %R% (t)+ O(r —t).

On the other hand,

We treat ¢ as a curve in RP' = G (R?). Then [p(7), ¢(t)] = %, see

(4). The one-dimensional version of Proposition 2.1 reads:

1

(@) 9(0)] = (¢ =72 + S Ry(8) + O(r - 1)

Finally,

[0p (1), 0o (1)] = (t = 7) 72 + % (Re(t) + @* () Ru(p(t)) + O(r —t). O

The following identity is an immediate corollary of Proposition 2.2:
1 . .9 1 .
R,, — E(trR%)ld (t)=¢“(t) | Ro — E(ter)ld (p(t))- (8)

Definition. An ample curve v is called flat if R, (¢) = 0.
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It follows from Proposition 2.1 that any small enough piece of a regular
curve can be made flat by a reparametrization if and only if the curvature
of the curve is a scalar operator, i.e., Ry(t) = 2(trR,(t))id. In the case of a
nonscalar curvature, one can use equality (8) to define a distinguished para-
metrization of the curve and then derive invariants which do not depend on
the parametrization.

Remark. In this paper we are mainly focused on the regular curves. See
paper [6] for the version of the chain rule which is valid for any ample curve
and for basic invariants of unparameterized ample curves.

2.6 Structural Equations

Assume that v and w are two smooth curves in G, (X) such that v(t) Nw(t) =
0, Vt.

Lemma 2.4. For any t and any e € v(t) there exists a unique fo € w(t)
with the following property: 3 a smooth curve e, € v(7), e; = e, such that
%67—|T:t = fe. Moreover, the mapping @7 : e — f; is linear and for any
eo € v(0) there exists a unique smooth curve e(t) € v(t) such that e(0) = eg

and
e(t) = d%e(t), Vt. (9)

Proof. First we take any curve é, € v(7) such that e, = e. Then é, = a, + b,
where a, € v(t), b, € w(t). We take z, € v(7) such that z; = a; and set
er = é; + (t — 7)x,. Then é; = b; and we put f. = b;.

Let us prove that b; depends only on e and not on the choice of e,.. Comput-
ing the difference of two admissible e, we reduce the lemma to the following
statement: if z(7) € v(7), V7 and z(¢) = 0, then 2(t) € v(?).

To prove the last statement we take smooth vector-functions e € v(r),
n

i = 1,...,n such that v(7) = span{el,...,e"}. Then z(7) = > a;(7)el

i=1 v
a;(t) = 0. Hence 2(t) = > dq;(t)el € v.
i=1

Linearity of the maf) Py follows from the uniqueness of f.. Indeed, if
for = d%eHT:t, then %(alel + ageZ)LZt = a1 fer + aafe2; hence ag for +
Oégfez = falel+a2627 Ve € ’U(t), a; R, 1=1,2.

Now consider the smooth submanifold V' = {(t,e) : t € R, e € v(t)} of
R x . We have (1,®{"e) € Ty )V since (1,97"e) is the velocity of a curve
T (1,e7) in V. So (t,e) — (1, e), (t,e) € V is a smooth vector field
on V. The curve e(t) € v(t) satisfies (9) if and only if (¢,e(t)) is a trajectory
of this vector field. Now the standard existence and uniqueness theorem for
ordinary differential equations provides the existence of a unique solution to
the Cauchy problem for small enough ¢ while the linearity of the equation
guarantees that the solution is defined for all t. [
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It follows from the proof of the lemma that ®}Ve = Wv(t)w(t)éT‘T:t for
any e, € v(7) such that vy, = e. Let v(t) = {(z,Spx) : z € R"}, w(t) =
{(z,Swtx) : © € R™}; the matrix presentation of @} in coordinates x is
(Swt — Svt)ilsm. Linear mappings @} and ®"¥ provide a factorization of

the infinitesimal cross-ratio [w(t), 0(t)]. Indeed, equality (4) implies:
[w(t),5(1)] = —PY" D™ (10)

Equality (9) implies one more useful presentation of the infinitesimal cross-
ratio: if e(t) satisfies (9), then

[w(t), o(t)]e(t) = =Py P e(t) = =P é(t) = —Tw@pwé(t).  (11)

Now let w be the derivative curve of v, w(t) = v°(t). It happens that é(t) € v(t)
in this case and (11) is reduced to the structural equation:

ét) = —[0°(1), 0(t)]e(t) = — Ry (t)e(t),
where R, (t) is the curvature operator. More precisely, we have the following

Proposition 2.3. Assume that v is a regular curve in G, (X), v° is its deriv-
ative curve, and e(-) is a smooth curve in X such that e(t) € v(t), Vt. Then
é(t) € v°(t) if and only if é(t) € v(t).
Proof. Given ¢, we take coordinates in such a way that v(t) = {(z,0) : x €
R™}, v°(t) = {(0,y) : y € R"}. Then v(7) = {(x, S;x) : € R"} for 7 close
enough to ¢, where Sy = Sy = 0 (see (5)).

Let e(7) = {(x(7), S;z(7))}. The inclusion é(t) € v°(t) is equivalent to the
equality #(¢) = 0. Further,

é(t) = {i(t), Sex(t) + 28,2 (t) + Sii(t)} = {i(t), 28} € v(t).

Regularity of v implies the nondegeneracy of S(t). Hence é(t) € v(t) if and
only if z(¢) =0. O
Now equality (11) implies

Corollary 2.1. If é(t) = &YV e(t), then é(t) + Ry(t)e(t) = 0.

Let us consider invertible linear mappings V; : v(0) — wv(¢) defined by
the relations Vie(0) = e(t), é(1) = ®¥""e(r), 0 < 7 < t. It follows from
the structural equation that the curve v is uniquely reconstructed from ©(0)
and the curve ¢t +— V; 'Ry (t) in gl(v(0)). Moreover, let vy € G,(X) and
€ € TyyGrn(X), where the map ¢ € Hom(vg, X /vg) has rank n; then for any
smooth curve ¢ — A(t) in gl(vg) there exists a unique regular curve v such that
9(0) = € and V; 'R, (t)V; = A(t). Indeed, let ¢;(0), i = 1,...,n, be a basis of

v and A(t)e;(0) = i:l a;;(t)e;(0). Then v(t) = span{ei(t),...,e,(t)}, where
&(T) + Zaij(f)ej(f) =0, 0<7<t, (12)

are uniquely defined by fixing the v(0).



Geometry of Optimal Control Problems and Hamiltonian Systems 35

The obtained classification of regular curves in terms of the curvature is
particularly simple in the case of a scalar curvature operators R, (t) = p(t)id.
Indeed, we have A(t) = V; 'R, (t)V; = p(t)id and system (12) is reduced to n
copies of the Hill equation é(7) + p(7)e(r) = 0.

Recall that all £ € TG, (¥) such that rank £ = n are equivalent under the
action of GL(X) on TG, (X) induced by the standard action on the Grass-
mannian G, (X). We thus obtain

Corollary 2.2. For any smooth scalar function p(t) there exists a unique, up
to the action of GL(X), regular curve v in G, (X) such that R, (t) = p(t)id.

Another important special class is that of symmetric curves.
Definition. A regular curve v is called symmetric if ViR, (t) = R, (t)V;, Vt.

In other words, v is symmetric if and only the curve A(t) = V, 'R, (t)V; in
gl(v(0)) is constant and coincides with R, (0). The structural equation implies

Corollary 2.3. For any n X n-matrix Ao, there exists a unique, up to the
action of GL(X), symmetric curve v such that R,(t) is similar to Ap.

The derivative curve v° of a regular curve v is not necessary regular. The
formula R, (t) = &¢°*®y"" implies that v° is regular if and only if the curvature
operator R,(t) is nondegenerate for any t. Then we may compute the second
derivative curve v°° = (v°)°.

Proposition 2.4. A regular curve v with nondegenerate curvature operators
18 symmetric if and only if v°° = v.

Proof. Let us consider system (12). We are going to apply Proposition 2.3
to the curve v° (instead of v) and the vectors é;(t) € v°(t). According to
Proposition 2.3, v°° = v if and only if j—;éi(t) € v°(t). Differentiating (12) we
obtain that v°° = v if and only if the functions «;;(t) are constant. The last
property is none other than a characterization of symmetric curves. [

2.7 Canonical Connection

Now we apply the developed theory of curves in the Grassmannian to the
Jacobi curves J,(t) (see Sect.2.1).

Proposition 2.5. All Jacobi curves J.(-), z € N, associated to the given
vector field ¢ are reqular (ample) if and only if the field ¢ is regular (ample).

Proof. The definition of the regular (ample) field is actually the specification
of the definition of the regular (ample) germ of the curve in the Grassmannian:
general definition is applied to the germs at ¢ = 0 of the curves t — J,(t).
What remains is to demonstrate that other germs of these curves are regular
(ample) as soon as the germs at 0 are. The latter fact follows from the identity
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J.(t+71)= e*_tCJetq(z)(T) (13)

(7 _ -

(which, in turn, is an immediate corollary of the identity e,
e %). Indeed, (13) implies that the germ of J.(-) at ¢ is the image of the germ
of Jetc(r)(+) at 0 under the fixed linear transformation er 'S Towc(syN — T.N.
The properties of the germs to be regular or ample survive linear transforma-
tions since they are intrinsic properties. [

Let ¢ be an ample field. Then the derivative curves J2(t) are well-defined.
Moreover, identity (13) and the fact that the construction of the derivative
curve is intrinsic imply:

o

J2(t) = " T (2 (0). (14)

The value at 0 of the derivative curve provides the splitting T,.M = J,(0) &
J2(0), where the first summand is the tangent space to the fiber, J,(0) =
T.FE,.

Now assume that J2(¢) smoothly depends on z; this assumption is au-
tomatically fulfilled in the case of a regular ¢, where we have the explicit
coordinate presentation for J2(t). Then the subspaces J2(0) C T,N, z € N,
form a smooth vector distribution, which is the direct complement to the ver-
tical distribution & = {T,E, : z € N}. Direct complements to the vertical
distribution are called Ehresmann connections (or just nonlinear connections,
even if linear connections are their special cases). The Ehresmann connection
Ec ={J2(0) : z € N} is called the canonical connection associated with ¢ and
the correspondent splitting TN = £ © & is called the canonical splitting. Our
nearest goal is to give a simple intrinsic characterization of £ which does not
require the integration of the equation z = ((z) and is suitable for calculations
not only in local coordinates but also in moving frames.

Let F = {F, C TN : z € N} be an Ehresmann connection. Given a
vector field § on E we denote &uer(2) = T, 7. (0)6s Ehor(2) = Ty (0)r. &, the
“vertical” and the “horizontal” parts of £(z). Then & = &yer + Ehor, Where per
is a section of the distribution £ and &, is a section of the distribution F.
In general, sections of £ are called vertical fields and sections of F are called
horizontal fields.

Proposition 2.6. Assume that ¢ is a reqular field. Then F = E¢ if and only
if the equality
[Ca [C7 V]]hor = 2[4-’ [C7 V]'uer]hor (15)

holds for any vertical vector field v. Here [, ] is Lie bracket of vector fields.

Proof. The deduction of identity (15) is based on the following classical
expression:

i —tC¢ _ o—IC
dte*t g_e*t [C7€]7 (16)

for any vector field £.



Geometry of Optimal Control Problems and Hamiltonian Systems 37

Given z € N, we take coordinates in T, N in such a way that T,N =
{(z,y) : z,y € R}, where J,(0) = {(x,0) : z € R"}, J2(0) = {(0,y) : y €
R™}. Let J.(t) = {(x, Six) : @ € R™}, then Sy = Sy = 0 and det Sy # 0 due
to the regularity of the Jacobi curve J,.

Let v be a vertical vector field, v(z) = (x0,0) and (e;tcl/) (2) = (@, y1)-

Then (a¢,0) = (eftcu) (2), (0,9¢) = (e,ftcu> (z). Moreover, y; = Siay

hor

since (e;tcu) (z) € J.(t). Differentiating the identity y; = S;x; we obtain:

O = Sixy + Sydy. In particular, gy = Soxo. It follows from (16) that (&g,0) =
(€, Y]vers (0,90) = [C, ¥]nor. Hence (0, Soxo) = [C, V]hor(z), where, I recall, v is
any vertical field. Now we differentiate once more and evaluate the derivative
at 0:

Z:jo = S’()[Eo + QSox.o + So.fo = 2501‘0. (17)

The Lie bracket presentations of the left and right hand sides of (17) are:
(0,90) = [¢, [¢, Y]] hors (0, Soig) = [C, [¢, V]ver]hor- Hence (17) implies identity
(15).

Assume now that {(0,y) : y € R"} # J°(0); then Spzo # 0 for some .
Hence §jo # 2S0&0 and equality (15) is violated. O

Inequality (15) can be equivalently written in the following form that is
often more convenient for the computations:

T K? [Cv VH(Z) = 2m, [C? [Cv V]UCT](Z)7 Vz € N. (18)

Let Ry, (t) € gl(J.(t)) be the curvature of the Jacobi curve J, (). Identity
(13) and the fact that construction of the Jacobi curve is intrinsic imply that

Ry (t) =e;"“Ry . (0)el

fC(z>( J=(t)"

Recall that J,(0) = T, E,; the operator Ry, (0) € gl(T,E.) is called the curva-

ture operator of the field ¢ at z. We introduce the notation: R¢(z) def R;.(0);
then R = {R¢(2)},cp is an automorphism of the “vertical” vector bundle

{TzEz}zeM'

Proposition 2.7. Assume that ¢ is an ample vector field and J2(0) is smooth
with respect to z. Let TN = £ @ & be the canonical splitting. Then

RCV = _[Ca [Ca V]hor]ver (19)
for any vertical field v.

Proof. Recall that Ry (0) = [J2(0),.J.(0)], where [-,-] is the infinitesimal
cross-ratio (not the Lie bracket!). The presentation (10) of the infinitesimal
cross-ratio implies:

Re(2) = Ry.(0) =~ "y
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where &§"e = T, 0)w(0)€o for any smooth curve e, € v(7) such that ey = e.
Equalities (14) and (16) imply: @gzjsu(z) = [(, V]per(2), Yz € M. Similarly,
@0‘]2 Jz,u(z) = [(, ]hor(z) for any horizontal field u and any z € M. Finally,

Re(2)v(z) = 0323 = —[C, (¢, VInor ver (2). O

2.8 Coordinate Presentation

We fix local coordinates acting in the domain O@ C N, which turn the foliation
into the Cartesian product of vector spaces: O = {(z,y) : =,y € R"}, 7 :

(z,y) — y. Then vector field ¢ takes the form ¢ = ) (aia%i + biai%), where
i=1

a’,b’ are smooth functions on R™ x R™. Below we use abridged notations:
% = 0y,, % = ,, etc. We also use the standard summation agreement for
repeating indices.

Recall the coordinate characterization of the regularity property for the
vector field (. Intrinsic definition of regular vector fields is done in Sect. 8; it
is based on the mapping II, whose coordinate presentation is: Il(, ) : = +—

T . . . .
(bl (z,y),...,0"(x, y)) . Field ¢ is regular if and only if I, are submersions;
. n
in other words, if and only if (b;j) is a non degenerate matrix.
i,j=1

Vector fields 0,,, i = 1, ..., n, provide a basis of the space of vertical fields.

As soon as coordinates are fixed, any Ehresmann connection finds a unique

basis of the form: 4
(8yi)hor = a% + Cgawj7

where ¢] 4,7 =1,...,n, are smooth functions on R” x R™. To characterize a

connection in coordinates thus means to find functions cZJ . In the case of the

canonical connection of a regular vector field, the functions ¢ can be easily

recovered from identity (18) applied to v = 9,,, i = 1,...,n. We will do
it explicitly for two important classes of vector fields: second order ordinary
differential equations and Hamiltonian systems.

A second order ordinary differential equation

Y=z, .C'L':f(l',y) (20)

there corresponds to the vector field ¢ = f'0,, + 2;0,,, where f =
(fiy--s fu)T. Let v = 0,,; then

[C’l/] - 78@11' - fgiazjy Kvy]ver = (Cz - qu«q)aTja

TG [V = £2.0y,, TG (¢ Vver] = (fL, — €])Dy,-
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Hence, in virtue of equality (18) we obtain that CZ = % fa{l for the canonical
connection associated with the second order differential equation (20).

Now consider a Hamiltonian vector field ¢ = —hy, 0y, + hy,0y,, where h
is a smooth function on R™ x R™ (a Hamiltonian). The field ¢ is regular if

and only if the matrix h;, = (hximj):lj:l is non degenerate. We are going to

A\
characterize the canonical connection associated with (. Let C' = (C’Z ) ;
i,j=1
the straightforward computation similar to the computation made for the
second order ordinary differential equation gives the following presentation
for the matrix C"

2 (hxacChxx)ij = hﬂfkhﬂfﬂjyk - hyk hﬂfﬂjmk - hxiykhxkxj - hxixkhykxj
or, in the matrix form:

where {h, h,.} is the Poisson bracket: {h, hoe}ij = {7, hayz; } = hayhayegy, —

hykhiﬂjwk'
Note that matrix C' is symmetric in the Hamiltonian case (indeed,
hazhys = (hmyhm)T). This is not occasional and is actually guaranteed

by the fact that Hamiltonian flows preserve symplectic form dz; A dy;. See
Sect. 10 for the symplectic version of the developed theory.

As soon as we found the canonical connection, formula (19) gives us the
presentation of the curvature operator although the explicit coordinate ex-
pression can be bulky. Let us specify the vector field more. In the case of
the Hamiltonian of a natural mechanical system, h(z,y) = %|z[> + U(y), the
canonical connection is trivial: c{ = 0; the matrix of the curvature operator
is just Uyy.

Hamiltonian vector field associated to the Hamiltonian h(z,y) =
g% (y)x;xz; with a non degenerate symmetric matrix (gij )ijl generates
a (pseudo-)Riemannian geodesic flow. Canonical connection in this case is
classical Levi-Civita connection and the curvature operator is Ricci operator
of (pseudo-)Riemannian geometry (see [4, Sect. 5] for details). Finally, Hamil-
tonian h(z,y) = ¢“(y)x;x; + U(y) has the same connection as Hamiltonion
h(z,y) = g" (y)z;x; while its curvature operator is sum of Ricci operator and
second covariant derivative of U.

2.9 Affine Foliations

Let [€] be the sheaf of germs of sections of the distribution £ = {T,E, : z € N}
equipped with the Lie bracket operation. Then [£], is just the Lie algebra of
germs at z € M of vertical vector fields. Affine structure on the foliation E
is a sub-sheaf [£]* C [£] such that [£]? is an Abelian sub-algebra of [£], and

{s(z) :c € [€]1} =T.E., Yz € N. A foliation with a fixed affine structure is
called the affine foliation.
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The notion of the affine foliation generalizes one of the vector bundle. In
the case of the vector bundle, the sheaf [£]” is formed by the germs of vertical
vector fields whose restrictions to the fibers are constant (i.e., translation
invariant) vector fields on the fibers. In the next section we will describe an
important class of affine foliations which is not reduced to the vector bundles.

Lemma 2.5. Let £ be an affine foliation, < € [£]7 and <(z) = 0. Then
§‘EZ =0.

Proof. Let ¢1,...,5, € [€]] be such that ¢(2), ..., s, (z) form a basis of T, E..
Then ¢ = b1y + - - - + by sy, where b; are germs of smooth functions vanishing
at z. Commutativity of [€]? implies: 0 = [g;,<] = (b1)s1 + -+ + (Sibn ).
Hence functions b;|g, are constants, i.e., b;j|g. =0, i=1,...,n. O

Lemma 2.5 implies that ¢ € [£]7 is uniquely reconstructed from ¢(z). This
property permits to define the vertical derivative of any vertical vector field v
on M. Namely, Vv € T, FE, we set

D,v = [, V](z), where s € [€]?, ¢(z) = v.

Suppose ( is a regular vector field on the manifold N endowed with the affine
n-foliation. The canonical Ehresmann connection £ together with the vertical
derivative allow to define a canonical linear connection V on the vector bundle
&. Sections of the vector bundle £ are just vertical vector fields. We set

Vgl/ = [fa V]ver + Du(fver)a

where £ is any vector field on N and v is a vertical vector field. It is easy
to see that V satisfies axioms of a linear connection. The only non evident
one is: Vyev = bVev for any smooth function b. Let z € N ,¢ € [£]7, and
¢(z) = v(z). We have

Vb.fy = [b€7 V]'uer + [§, bgver] =b ([67 V]ver + [<v gverD - (Vb)gver + (gb)g'uerﬂ

Hence

(Voev)(2) = b(2) ([§; V]ver (2) 4[5, Sver](2)) = (0Ver)(2).

Linear connection V gives us the way to express Pontryagin characteristic
classes of the vector bundle £ via the regular vector field ¢. Indeed, any linear
connection provides an expression for Pontryagin classes. We are going to
briefly recall the correspondent classical construction (see [13] for details).
Let RY(¢,n) = [Ve,Vy] — Vi, be the curvature of linear connection V.
Then RY(&,n)v is C°°(M)-linear with respect to each of three arguments
¢€,m,v. In particular, RV (-, )v(z) € A*(T*N)® T.E., z € N. In other words,

RY(.,-) € Hom (5,/\2(T*N) ® 5).
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Consider the commutative exterior algebra
AN'N=c=nyoNTNae-o N @ N

of the even order differential forms on N. Then RY can be treated as an
endomorphism of the module A“° N ® £ over algebra A“’ N, ie., RV €
Endper (AN M ®E).

Now consider characteristic polynomial det(t] + 3=RY) = t" + Z Git"

where the coefficient ¢; is an order 2 differential form on N. All forms ¢; are
closed; the forms ¢o,_1 are exact and the forms ¢of, represent the Pontryagin
n

characteristic classes, k = 1,...,[5].

2.10 Symplectic Setting

Assume that N is a symplectic manifold endowed with a symplectic form o.
Recall that a symplectic form is just a closed non degenerate differential 2-
form. Suppose F is a Lagrange foliation on the symplectic manifold (N, o); this
means that oz, = 0, Vz € N. Basic examples are cotangent bundles endowed
with the standard symplectic structure: N = T*M, E, = T;(Z)M , where
7 : T*M — M is the canonical projection. In this case 0 = dr, where 7 = {7 :
z € T*M} is the Liouville 1-form on T* M defined by the formula: 7, = zom,.
Completely integrable Hamiltonian systems provide another important class
of Lagrange foliations. We will briefly recall the correspondent terminology.
Details can be found in any introduction to symplectic geometry (for instance,
n [10]).

Smooth functions on the symplectic manifold are called Hamiltonians.
To any Hamiltonian there corresponds a Hamiltonian vector field h on M
defined by the equation: dh = o(-,h). The Poisson bracket {hi,ha} of the
Hamiltonians hy and hs is the Hamiltonian defined by the formula: {hy, ha} =
o(hy,hy) = hyhy. Poisson bracket is obviously anti-symmetric and satisfies
the Jacobi identity: {h1, {ho, h3}} + {hs, {h1, ha}} + {h2, {hs, hi}} = 0. This
identity is another way to say that the form o is closed. Jacobi identity implies
one more useful formula: {h1, ha} = [hy, hy].

We say that Hamiltonians hy, ..., hy are in involution if {h;, h;} = 0; then
h; is constant along trajectories of the Hamiltonian equation z = h;(z), i,j =
1,...,n. We say that hy,..., h, are independent if d,hy A---Ad h, #0, z €
N. n independent Hamiltonians in involution form a completely integrable
system. More precisely, any of Hamiltonian equations 2 = h;(z) is completely
integrable with first integrals hq, ..., hy.

Lemma 2.6. Let Hamiltonians hq, ..., h, form a completely integrable sys-
tem. Then the n-foliation E, = {z' € M : hi(2') = hi(2), i=1,...,n}, z€
N, 1s Lagrangian.
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Proof. We have h;h; = 0, 4,5 = 1,...,n, hence h,(z) are tangent to E..
Vectors hy(z),...,h,(z) are linearly independent, hence

spani{hi(z),...,h,(2)} = T.E..

Moreover, o(h;,h;) = {h;,h;} =0, hence g|g, =0. O

Any Lagrange foliation possesses a canonical affine structure. Let [£] be
the sheaf of germs of the distribution £ = {T,E, : z € N} as in Sect.9; then
[£]" is the intersection of [€] with the sheaf of germs of Hamiltonian vector
fields.

We have to check that Lie algebra [£]7 is Abelian and generates T, E., Vz €
N. First check the Abelian property. Let hy,hy € [€]7; we have [hy, hy] =

- 27

{h1,h2}, {h1,ha} = o(hi,hy) =0, since h; are tangent to F, and o|g. = 0.
The second property follows from the Darboux—Weinstein theorem (see [10])
which states that all Lagrange foliations are locally equivalent. More precisely,
this theorem states that any z € M possesses a neighborhood O, and local
coordinates which turn the restriction of the Lagrange foliation E to O, into
the trivial bundle R™ x R™ = {(z,y) : x,y € R"} and, simultaneously, turn

n

o|o. into the form _ da; Ady;. In this special coordinates, the fibers become

=1
coordinate subspaces R" x {y}, y € R™, and the required property is obvi-
ous: vector fields % are Hamiltonian fields associated to the Hamiltonians

—Yi, t=1,...,n.

Suppose ( is a Hamiltonian field on the symplectic manifold endowed with
the Lagrange foliation, ¢ = h. Let ¢ € [£]?, ¢ =s; then ¢h = {s, h}. The field
h is regular if and only if the quadratic form s — {s,{s, h}}(2z) has rank n.
Indeed, in the “Darboux—Weinstein coordinates” this quadratic form has the
matrix {%a};j Piz1-

Recall that the tangent space T.N to the symplectic manifold N is a
symplectic space endowed with the symplectic structure o,. An n-dimensional

subspace v C T, N is a Lagrangian subspace if 0,|, = 0. The set
L(T,N) ={v € Go(T.:M) : 0,], =0}

of all Lagrange subspaces of T, M is a Lagrange Grassmannian.

Hamiltonian flow e preserves the symplectic form, (e'*)” o = o. Hence
(eth)* :ToN — T, N transforms Lagrangian subspaces in the Lagrangian
ones. It follows that the Jacobi curve J.(t) = (e=™) T,m(,)E.m(,) consists
of Lagrangian subspaces, J,(t) € L(T,N).

We need few simple facts on Lagrangian Grassmannians (see Sect. 1.6 for
the basic information and [3, Sect. 4] for a consistent description of their geom-
etry). Let (X,3) be a 2n-dimensional symplectic space and vg,v; € L(X)
be a pair of transversal Lagrangian subspaces, vy N v; = 0. Bilinear form
o induces a non degenerate pairing of the spaces vy and vy by the rule
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(e,f) — ale, f), e € vg,f € v1. To any basis eq,...,e, of vy we may as-
sociate a unique dual basis fi,..., f, of vy such that &(e;, f;) = J;;. The
form & is totally normalized in the basis eq,...,e,, f1,..., fn of X, since

o(ei,ej) = o(fi, f;) = 0. It follows that symplectic group
Sp(S) = {A € GL(S) : 5(Ae, Af) = o(c. f), e, f € T}

acts transitively on the pairs of transversal Lagrangian subspaces.
Next result is a “symplectic specification” of Lemma 2.1 from Sect. 9.

Lemma 2.7. Let vg € L(X); then {7y, : v € vINL(X)} is an affine subspace
of the affine space {7y, : v € VI'} characterized by the relation:

v E Ug‘ NL(XE) & d(Tpwes) T 70, M) = (5 0).

Proof. Assume that v; € v] NL(X). Let e, f € X, e=eo+e1, f= fo+ fr
where e;, f; € v;, i =0,1; then

ae, f) =aleo +e1, fo + f1) = d(eo, f1) +7(e1, fo)

= 5’(607 f) + 5’(6, fO) = a-(ﬂ-vu)oe’ f) + 6-(ev7rv1vof)'

Conversely, let v € UB“ is not a Lagrangian subspace. Then there exist e, f € v
such that & (e, f) # 0, while 6(myy,€, f) = (€, Ty, f) =0. O

Corollary 2.4. Let v(-) be an ample curve in Gy (X) and v°(-) be the deriv-
ative curve of v(-). If v(t) € L(X), Vt, then v°(t) € L(X).

Proof. The derivative curve v° was defined in Sect. 11. Recall that m,o 4y =
79, where 7 is the free term of the Laurent expansion

o

To(r)u(t) Z (1 —t)'m;.

i=—ky

The free term 7{ belongs to the affine hull of Tu(r)u(t), When 7 runs a neigh-
borhood of . Since 7, (+),(¢) belongs to the affine space {my,, : v € v NL(2)},
then 79 belongs to this affine space as well. [

We call a Lagrange distribution any rank n vector distribution {A, C T, N :
z € N} on the symplectic manifold N such that A, € L(T,N), z € N.

Corollary 2.5. Canonical Ehresmann connection E = {J2(0) : z € N} as-
sociated to an ample Hamiltonian field ¢ = h is a Lagrange distribution. [

It is clearly seeing in coordinates how Lagrange Grassmanian is sitting in
the usual one. Let X = R™ x R" = {(n,y) : n € R™,y € R"}. Then any
v e ({0} x R”)m has a form v = {(y',Sy) : y € R"}, where S is an n x n-
matrix. It is easy to see that v is a Lagrangian subspace if and only if S is a
symmetric matrix, S = ST,
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2.11 Monotonicity

We continue to study curves in the Lagrange Grassmannian L(7,N), in partic-
ular, the Jacobi curves t — (e_tH)* Tem (o) Eema(y). In Sect. 6 we identified the
velocity A(t) of any smooth curve A(-) in L(T,N) with a quadratic form A(t)
on the subspace A(t) C T, N. Recall that the curve A(-) was called monotone
increasing if A(t) > 0, Vt; it is called monotone decreasing if A(t) < 0. It is
called monotone in both cases.

Proposition 2.8. Set A(t) = (e*tH)*TetH(z)EetH(z); then quadratic form

A(t) is equivalent (up to a linear change of variables) to the form

¢ —(cocH)(e™(2)), <€ [E]tm.), (21)
on Egm,.
Proof. Let z; = e (2), then

d _ 4 (to—t)H _ (to—om d —eH
dt/l(t) =56 T.E. =ex e, T, E

* Zt Zt .
de le=0 e

Set A(e) = e;*HT,,, E.,,. € L(T.,N). It is enough to prove that A(0) is

equivalent to form (21). Indeed, A(t) = egf"_t)HthA‘(O), where
TN T, N

is a symplectic isomorphism. The association of the quadratic form A(t) on the
subspace A(t) to the tangent vector A(t) € L (tho N) is intrinsic, i.e., depends
only on the symplectic structure on 7%, N. Hence A(0)(€) = A(t) (eito_t)Hf),
VE e A(0) =T, E.,. .

What remains, is to compute A(0); we do it in the Darboux—Weinstein
coordinates z = (x,y). We have: A(e) =

) =M EL () + (1) TS (2r), £(0) = € e R }
{(5(5)’”@) i) = P (6T — S (s (), 1(0) =0 € R [

2

A(0)() = o ((€,0), (€(0),(0))) = &0(0) = ~€ 2 5 (z0¢T.

Recall now that form (21) has matrix %27}21(2,5) in the Darboux—Weinstein
coordinates. [J

This proposition clearly demonstrates the importance of monotone curves.
Indeed, monotonicity of Jacobi curves is equivalent to the convexity (or con-
cavity) of the Hamiltonian on each leaf of the Lagrange foliation. In the case of
a cotangent bundle this means the convexity or concavity of the Hamiltonian
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with respect to the impulses. All Hamiltonians (energy functions) of mechan-
ical systems are like that! This is not an occasional fact but a corollary of the
list action principle. Indeed, trajectories of the mechanical Hamiltonian sys-
tem are extremals of the least action principle and the energy function itself
is the Hamiltonian of the correspondent regular optimal control problem as it
was considered in Sect. 7. Moreover, it was stated in Sect. 7 that convexity of
the Hamiltonian with respect to the impulses is necessary for the extremals
to have finite Morse index. It turns out that the relation between finiteness
of the Morse index and monotonicity of the Jacobi curve has a fundamental
nature. A similar property is valid for any, not necessary regular, extremal of
a finite Morse index. Of course, to formulate this property we have first to
explain what are Jacobi curve for non regular extremals. To do that, we come
back to the very beginning; indeed, Jacobi curves appeared first as the result
of calculation of the £-derivative at the regular extremal (see Sects.7 and 8).
On the other hand, £-derivative is well-defined for any extremal of the finite
Morse index as it follows from Theorem 1.1. We thus come to the following
construction in which we use notations and definitions of Sects. 3 and 4.

Let h(A,u) be the Hamiltonian of a smooth optimal control system,
Aty to < t < ¢y, an extremal, and ¢(t) = w(\), to,< t < t; the extremal
path. Recall that the pair (A, A;) is a Lagrangian multiplier for the condi-
tional minimum problem defined on an open subset of the space

M x Log([to, t1], U) = {(gqe,u(-)) : ¢ € M, u(-) € Leo([to, t1], U)},
where u(-) is control and ¢; is the value at ¢ of the solution to the differential
equation ¢ = f(q,u(r)), T € [to, t1]. In particular, Fi(qg:, u(-)) = ¢;. The cost
is Jttol(qt,u(-)) and constraints are Fy, (g, u(-)) = q(to), q = q(t).

Let us set Jy(u) = Jf (q(t),u(-)), P¢(u) = Fy,(q(t),u(:)). A covector X €
T*M is a Lagrange multiplier for the problem (J;, @;) if and only if there exists
an extremal 5\7, to < 1 < t, such that Ay, = A, M\ € Tq*(t)M. In particular,
At, is a Lagrange multiplier for the problem (J;, @;) associated to the control
u(-) = u(X.).

Assume that ind Hess,, (Jtl
(J¢, @t). The curve

|¢t_11(q(t0))) < 00, tg <t < t; and set &y =

t— L(Ato’“) (ét)7 tO S t S tl

in the Lagrange Grassmannian L (TM0 (T*M)) is called the Jacobi curve as-
sociated to the extremal X\, to <t < ;.

In general, the Jacobi curve t — ﬁ()\t07u) (@) is not smooth, it may even
be discontinues, but it is monotone decreasing in a sense we are going to
briefly describe now. You can find more details in [2] (just keep in mind that
similar quantities may have opposite signs in different papers; sign agree-
ments vary from paper to paper that is usual for symplectic geometry).
Monotone curves in the Lagrange Grassmannian have analytic properties
similar to scalar monotone functions: no more than a countable set of dis-
continuity points, right and left limits at every point, and differentiability
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almost everywhere with semi-definite derivatives (nonnegative for monotone
increasing curves and nonpositive for decreasing ones). True reason for such
a monotonicity is a natural monotonicity of the family &@,. Indeed, let 7 < t,
then @, is, in fact, the restriction of @; to certain subspace: &, = &, o p,,
where p» ()(s) = {58 T
discontinues) monotone curve in the Lagrange Grassmannian and the relation
between the Morse and Maslov index indices from Theorem 1.3 remains true.

In fact, Maslov index is a key tool in the whole construction. The starting
point is the notion of a simple curve. A smooth curve A(7), 70 <7 < 7, in
the Lagrange Grassmannian L(X) is called simple if there exists A € L(X)
such that AN A(t) = 0, V7 € [r9,71]; in other words, the entire curve is
contained in one coordinate chart. It is not hard to show that any two points of
L(X) can be connected by a simple monotone increasing (as well as monotone
decreasing) curve. An important fact is that the Maslov index p(A;(-)) of a
simple monotone increasing curve A(7), 79 < 7 < 71 is uniquely determined by
the triple (I1, A(1o), A(71)); i.e., it has the same value for all simple monotone
increasing curves connecting A(1p) with A(71). A simple way to see this is
to find an intrinsic algebraic expression for the Maslov index preliminary
computed for some simple monotone curve in some coordinates. We can use
Lemma1.2 for this computation since the curve is simple. The monotonic
increase of the curve implies that Sy(,) > Sae,)-

. One can define the Maslov index of a (maybe

Exercise. Let Sy, S1 be nondegenerate symmetric matrices and S; > Sj.
Then indSy — indS; = ind (S5 ' — S71).

Let « € (A(m) + A(m1)NIT so that © = o+ x1, where ; € A(1;), i =0, 1.
We set q(z) = o(z1,20). If A(19) N A(11) = 0, then A(mo) + A(m) = X, x is
any element of II and zq,x; are uniquely determined by x. This is not true
if A(19) N A(71) # 0 but q(x) is well-defined anyway: o(x1,z2) depends only
on zo + x1 since o vanishes on A(7;), i =0, 1.

Now we compute g in coordinates. Recall that

A(Tl) = {(yTa S/I(Ti)y) : an}a i1=0,1, Il = {yTvo) ‘Y e Rn}
We have
a(z) =y Sagro)¥o — Yo Sar)Y1s

where z = (y4 +y ,0), SA(ro)Yo+Sa(r)y1 = 0. Hence y; = —S’X(ltaul)S’A(To)yo
and

T 4 _ _
q(z) = *yoTSA(m)yo - (5/1(70)2/0) SA(ln)SA(To)yO = yT (SA(l'ro) - SA(1T1)> Y,

where y = S4(r,)y0. We see that the form g is equivalent, up to a linear change
-1

of coordinates, to the quadratic form defined by the matrix Sg(lm) ) A(r1)”

Now we set J
indr(A(70), A(m1)) < ind g.

The above exercise and Lemma 1.2 imply the following:
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Lemma 2.8. If A(7), 70 < 7 < 71, is a simple monotone increasing curve,
then
u(A(+)) = indgz (A(7o), A(T1)).

Note that definition of the form q does not require transversality of A(7;)
to IT. Tt is convenient to extend definition of ind ;7 (A(79), A(71)) to this case.
General definition is as follows:

The Maslov index also has appropriate extension (see [3, Sect.4]) and
Lemma 2.8 remains true.
Index ind (A, A1) satisfies the triangle inequality:

indH(A07 /12) < indH(Ao, Al) + il’ldn(/ll,/lg).

Indeed, the right-hand side of the inequality is equal to the Maslov index of a
monotone increasing curve connecting Ay with A, i.e., of the concatenation
of two simple monotone increasing curves. Obviously, the Maslov index of a
simple monotone increasing curve is not greater than the Maslov index of any
other monotone increasing curve connecting the same endpoints.

The constructed index gives a nice presentation of the Maslov index of any
(not necessary simple) monotone increasing curve A(t), to <t < ti:

l
pr(AC)) =Y indg(A(r), A(Tiga)), (22)
=0

where tp =10 <71 < -+ <7 <T4+1 =1t and A are simple pieces of

[TiaTi+1]
the curve A(-). If the pieces are not simple, then the right-hand side of (22)
gives a low bound for the Maslov index (due to the triangle inequality).

Let now A(t), to < t < t1, be a smooth curve which is not monotone

increasing. Take any subdivision tp = 70 < 71 < -+ < 77 < |41 =t

!
and compute the sum > ind;(A(7;), A(741)). This sum inevitably goes
i=0
to infinity when the subdivision becomes finer and finer. The reason is as
follows: ind 7 (A(7;), A(Ti41)) > 0 for any simple piece A|[T_ o] such that
A(T) # 0, V7 € 1, 7i51] and gz (A roran) = 0 I advise reader to play with
the one-dimensional case of the curve in L(R?) = S! to see better what’s
going on.

This should now be clear how to manage in the general nonsmooth case.
Take a curve A(-) (an arbitrary mapping from [tg, 1] into L(X')). For any finite
subset 7 = {7’1...,7’1} C (to,tl), wheretg = < < -~ <71 < Ti+1 = t1,

l

we compute the sum 17 = Y ind;(A(7;), A(7i+1)) and then find supremum
i=0

of these sums for all finite subsets: Ir7(A(+)) = sup I7. The curve A(-) is called
T
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monotone increasing if I;; < oo; it is not hard to show that the last property
does not depend on IT and that monotone increased curves enjoy listed above
analytic properties. A curve A(-) is called monotone decreasing if inversion of
the parameter t +— ty + t; — t makes it monotone increasing.

We set pu(A(-)) = Ip(A(-)) for any monotone increasing curve and
w(A() = —Ig(A(-) for a monotone decreasing one, where A(t) =
A(to + t1 — t). The defined in this way Maslov index of a discontinues
monotone curve equals the Maslov index of the continues curve obtained by
gluing all discontinuities with simple monotone curves of the same direction
of monotonicity.

IfA(t) = Lo, ) (@4) is the Jacobi curve associated to the extremal with
a finite Morse index, then A(-) is monotone decreasing and its Maslov in-

dex computes ind Hess,, (Jt1 ) in the way similar to Theorem 1.3.

’45? '(q(to))
Of course, these nice things have some value only if we can effectively find
Jacobi curves for singular extremals: their definition was too abstract. Fortu-
nately, this is not so hard; see [5] for the explicit expression of Jacobi curves
for a wide class of singular extremals and, in particular, for singular curves
of rank 2 vector distributions (these last Jacobi curves have found important
applications in the geometry of distributions, see [11,14]).

One more important property of monotonic curves is as follows.

Lemma 2.9. Assume that A(-) is monotone and right-continues at to, i.e.,
Alto) = th\nt1 A(t). Then A(to) N A(t) = ()  A(t) for any t sufficiently close
0

t(] STSt
to (and greater than) to.

Proof. We may assume that A(-) is monotone increasing. Take centered
at A(tg) local coordinates in the Lagrange Grassmannian; the coordinate
presentation of A(t) is a symmetric matrix Sy, where Sy,) = 0 and
t—y's A(tY 18 a monotone increasing scalar function Vy € R™. In particular,
ker Sa¢) = A(t) N A(to) is a monotone decreasing family of subspaces. O

We set Iy = (] A(7), a monotone decreasing family of isotropic sub-
to<7t<t
spaces. Let I' = max I}, then Iy = I for all ¢t > t, sufficiently close to tp.
0

We have: A(t) = A(t)“ and A(t) D I for all t > to close enough to ¢; hence
I'# D A(t). In particular, A(t) can be treated as a Lagragian subspace of the
symplectic space I'“/I". Moreover, Lemma 2.9 implies that A(t) N A(tg) = I
In other words, A(t) is transversal to A(ty) in I'“/I". In the case of a real-
analytic monotone curve A(-) this automatically implies that A(-) is an ample
curve in I'“/I". Hence any nonconstant monotone analytic curve is reduced
to an ample monotone curve. It becomes ample after the factorization by a
fixed (motionless) subspace.
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2.12 Comparison Theorem

We come back to smooth regular curves after the deviation devoted to a more
general perspective.

Lemma 2.10. Let A(t), t € [to,t1] be a regular monotone increasing curve
in the Lagrange Grassmannian L(X). Then {t € [to,t1] : A(t) N IT # 0} is a
finite subset of [to,t1] VII € L(X). If tg and t1 are out of this subset, then

na(AC) = 3 dim(A(t) N 1T).

te(to,t1)

Proof. We have to proof that A(t) may have a nontrivial intersection with IT
only for isolated values of ¢; the rest is Lemma 1.1. Assume that A(¢) N IT # 0
and take a centered at IT coordinate neighborhood in L(X) which contains
A(t). In these coordinates, A(7) is presented by a symmetric matrix S(7)
for any 7 sufficiently close to ¢ and A(7) N II = ker S,(;y. Monotonicity and
regularity properties are equivalent to the inequality S A(r) > 0. In particular,
yTSA(t)y >0 Vy € ker Sy \ {0}. The last inequality implies that Sy, is a
nondegenerate for all 7 sufficiently close and not equal to t.

Definition. Parameter values 7y, 7 are called conjugate for the continues
curve A(-) in the Lagrange Grassmannian if A(79) N A(71) # 0; the dimension
of A(1o) N A(my) is the multiplicity of the conjugate parameters.

If A(-) is a regular monotone increasing curve, then, according to
Lemma 2.9, conjugate points are isolated and the Maslov index p144,) (/1‘ [t tl])

equals the sum of multiplicities of the conjugate to ty parameter values loc-
ated in (¢,¢1). If A(+) is the Jacobi curve of an extremal of an optimal control
problem, then this Maslov index equals the Morse index of the extremal; this
is why conjugate points are so important.

Given a regular monotone curve A(-), the quadratic form A(t) defines an
Euclidean structure (-, -) ;) on A(t) so that A(t)(z) = (z, ) j(y)- Let Ra(t) €
gl(A(t)) be the curvature operator of the curve A(-); we define the curvature
quadratic form r,(t) on A(t) by the formula:

ra(t)(@) = (Ra(t)z, ) jpy, @ € A).

Proposition 2.9. The curvature operator R (t) is a self-adjoint operator for
the Euclidean structure (,-) j,). The form ra(t) is equivalent (up to linear

changes of variables) to the form A°(t), where A°(-) is the derivative curve.

Proof. The statement is intrinsic and we may check it in any coordinates.
Fix t and take Darboux coordinates {(n,y) : n € R™,y € R"} in X in
such a way that A(t) = {(y",0) : y € R*}, A°(t) = {(0,y) : y € R"},
At)(y) =yTy. Let A(1) ={(y",S,y) : y € R"}, then S; = 0. Moreover, S(t)
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is the matrix of the form A(t) in given coordinates, hence S, = I. Recall that
A°(1) ={(y"Ar,y + S; Ary) 1 y € R"}, where A, = —15715,. 571 (see (5)).
Hence S; = 0. We have: RA(t) = % Se, ra(t)(y) = %yT St v,

e

£ @) =0 (0.0, 67 4,0)) = v dw= 24" Srv

So ra(t) and A°(t) have equal matrices for our choice of coordinates in A(t)

and A°(t). The curvature operator is self-adjoint since it is presented by a sym-

metric matrix in coordinates where form A(t) is the standard inner product.

O

Proposition 2.9 implies that the curvature operators of regular monotone

curves in the Lagrange Grassmannian are diagonalizable and have only real
eigenvalues.

Theorem 2.1. Let A(-) be a regular monotone curve in the Lagrange Grass-
mannian L(X), where dim X = 2n:

e If all eigenvalues of RA(t) do not exceed a constant ¢ > 0 for any t from
the domain of A(+), then |1 — 19| > % for any pair of conjugate parameter
values 1o, 1. In particular, If all eigenvalues of RA(t) are nonpositive ¥,
then A(-) does not possess conjugate parameter values

o IftrR,(t) > nc for some constant ¢ > 0 and Vt, then, for arbitrary 7o < t,
the segment [t,t + %} contains a conjugate to Ty parameter value as soon

as this segment is contained in the domain of A(-).

Both estimates are sharp.

Proof. We may assume without lack of generality that A(-) is ample monotone
increasing. We start with the case of nonpositive eigenvalues of R,(t). The
absence of conjugate points follows from Proposition 2.9 and the following

Lemma 2.11. Assume that A(-) is an ample monotone increasing (decreas-
ing) curve and A°(-) is a continues monotone decreasing (increasing) curve.
Then A(-) does not possess conjugate parameter values and there exists a
tllinoo Alt) = A

Proof. Take some value of the parameter 7o; then A(7y) and A°(7p) is a pair of
transversal Lagrangian subspaces. We may choose coordinates in the Lagrange
Grassmannian in such a way that S,y = 0 and Sjo(r) = I, i.e., A(7) is
represented by zero n x n-matrix and A°(79) by the unit matrix. Monotonicity
assumption implies that ¢ + S, is a monotone increasing curve in the
space of symmetric matrices and ¢ +— S40(;) is @ monotone decreasing curve.
Moreover, transversality of A(t) and A°(t) implies that Spe) — Sy is a
nondegenerate matrix. Hence 0 < S,y < Spopy < [ for any ¢t > 79. In
particular, A(t) never leaves the coordinate neighborhood under consideration
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for T > 79, the subspace A(t) is always transversal to A(79) and has a limit
Ao, where Sy, = sup Sy- a
t>T10

Now assume that the eigenvalues of R () do not exceed a constant ¢ > 0.
We are going to reparametrize the curve A(-) and to use the chain rule (7).
Take some { in the domain of A(-) and set

o(t) = \% (arctan(ﬁt) + g) +t, Ay(t) = Alp(t)).

We have: ¢(R) = (BF+ %), $(0) = ey, Rolt) = — ey Hence,
according to the chain rule (7), the operator

1
Ry, (t) = [ (Ra(e(t)) —cI)
has only nonpositive eigenvalues. Already proved part of the theorem implies
that A, does not possess conjugate values of the parameter. In other words,
any length % interval in the domain of A(-) is free of conjugate pairs of the
parameter values.

Assume now that trR(t) > nc. We will prove that the existence of A €
L(X) such that AN A(t) =0 for all ¢ € [t, 7] implies that 7 — ¢ < T2+ We will
prove it by contradiction. If there exists such a A, then A|[E,r] is completely
contained in a fixed coordinate neighborhood of L(X), therefore the curvature
operator R, (t) is defined by the formula (6). Put B(t) = (25;)'S;, b(t) =
trB(t), t € [t,7]. Then

B(t) = B(t) + Ra(t), b(t) = trB2(t) + trR(t).

%(trA)2,
the inequality b > % + nc holds. Hence b(t) > 3(t), t <t < 7, where 3(+)
is a solution of the equation § = ’%2 + ne, ie., B(t) = ny/etan(y/c(t — to)).
The function b(-) together with 3(-) are bounded on the segment [¢, 7]. Hence
T—1< LC

To verify that the estimates are sharp, it is enough to consider regular
monotone curves of constant curvature. [

Since for an arbitrary symmetric n x n-matrix A we have trA? >

2.13 Reduction

We consider a Hamiltonian system on a symplectic manifold N endowed with
a fixed Lagrange foliation . Assume that g : N — R is a first integral of our
Hamiltonian system, i.e., {h,g} = 0.

Lemma 2.12. Let z € N, g(z) = c. The leaf E. is transversal to g~ (c) at z
if and only if g(z) ¢ T.E..
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Proof. Hypersurface g~1(c) is not transversal to g~*(c) at z if and only if
d.g(T.E.) =0 & o(g(2),T.E.) =0 & g(2) € (T.E.)* =T.FE,. O

If all points of some level g~!(c) satisfy conditions of Lemma2.12, then
g~ %(c) is a (2n-1)-dimensional manifold foliated by (n — 1)-dimensional sub-

manifolds E, N g~!(c). Note that Rg(z) = kercr|Tg , hence X9 =

“1(o)
T.g 1 (c)/Rg(z) is a 2(n — 1)-dimensional symplectic space and AY =

T. (E. N g '(c)) is a Lagrangian subspace in LY, i.e., A € L(X9).

The submanifold g~'(c) is invariant for the flow e®. Moreover, elPg =
g. Hence e induces a symplectic transformation ef? : 29 — Efth(z). Set
JI(t) = e;“‘Azth(z). The curve t — J9(t) in the Lagrange Grassmannian
L(X9) is called a reduced Jacobi curve for the Hamiltonian field h at z € N.

The reduced Jacobi curve can be easily reconstructed from the Jacobi
curve J,(t) = e; B (Teth(Z)Eeth(Z)) € L(T,N) and vector g(z). An elementary
calculation shows that

JI(t) = J.(t) N g(2)” +Re(2).

Now we can temporary forget the symplectic manifold and Hamiltonians and
formulate everything in terms of the curves in the Lagrange Grassmannian.
So let A(-) be a smooth curve in the Lagrange Grassmannian L(X) and v a
one-dimensional subspace in X. We set A7(t) = A(t) Ny + v, a Lagrange
subspace in the symplectic space v /7. If v ¢ A(t), then A7(-) is smooth
and A (t) = A(t)| Az B8 it easily follows from the definitions. In particu-
lar, monotonicity of A(-) implies monotonicity of A7(-); if A(-) is regular and
monotone, then A7(-) is also regular and monotone. The curvatures and the
Maslov indices of A(:) and AY(-) are related in a more complicated way. The
following result is proved in [9].

Theorem 2.2. Let A(t), t € [to,t1] be a smooth monotone increasing curve in
L(X) and v a one-dimensional subspace of X such that v ¢ A(t), ¥Vt € [to, t1].
Let I € L(X), v ¢ I, A(to) NII = A(t;) NII = 0. Then:

prr(AC)) < p (AY()) < pr(A()) +1
If A(%) is regular, then ra~(t) > ra

rank (rm(t) —TA(t)‘A(t)mé> <1

(1) |A(t)ﬂ74 and

The inequality r4+(t) > ra turns into the equality if v C

(t)’A(t)rwé
A°(t), Vt. Then v C ker Ao(t). According to Proposition 2.9, to v there corre-
sponds a one-dimensional subspace in the kernel of r,(t); in particular, r4(t)
is degenerate.

Return to the Jacobi curves J,(t) of a Hamiltonian field h. There al-
ways exists at least one first integral: the Hamiltonian A itself. In general,
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h(z) ¢ J2(0) and the reduction procedure has a nontrivial influence on the
curvature (see [8,9] for explicit expressions). Still, there is an important class
of Hamiltonians and Lagrange foliations for which the relation h(z) € J2(0)
holds Vz. These are homogeneous on fibers Hamiltonians on cotangent bun-
dles. In this case the generating homotheties of the fibers Euler vector field
belongs to the kernel of the curvature form.

2.14 Hyperbolicity

Definition. We say that a Hamiltonian function h on the symplectic manifold
N is regular

have nondegenerate second derivatives at z, Vz € N (second derlvatlve is
well-defined due to the canonical affine structure on E.). We say that h is
monotone with respect to £ if h|, is a convex or concave function Vz € N.

z

Typical examples of regular monotone Hamiltonians on the cotangent bun-
dles are energy functions of natural mechanical systems. Such a function
is the sum of the kinetic energy whose Hamiltonian system generates the
Riemannian geodesic flow and a “potential” that is a constant on the fibers
function. Proposition 2.8 implies that Jacobi curves associated to the regular
monotone Hamiltonians are also regular and monotone. We will show that
negativity of the curvature operators of such a Hamiltonian implies the hy-
perbolic behavior of the Hamiltonian flow. This is a natural extension of the
classical result about Riemannian geodesic flows.

Main tool is the structural equation derived in Sect.13. First we will
show that this equation is well coordinated with the symplectic structure.
Let A(t), t € R, be a regular curve in L(X) and X = A(t) ® A°(t) the corre-
spondent canonical splitting. Consider the structural equation

é(t) + Ra(t)e(t) =0, where e(t) € A(t), é(t) € A°(t), (23)
(see Corollary 2.1).

Lemma 2.13. The mapping e(0) @ é(0) — e(t) ® é(t), where e(-) and é(+)
satisfies (23), is a symplectic transformation of X.

Proof. We have to check that o(e1(t), ea(t)), o(é1(t),é2(t)), olei(t), éa(t)) do
not depend on ¢ as soon as ¢;(t), é;(t), ¢ = 1,2, satisfy (23). First two quanti-
ties vanish since A(t) and A°(t) are Lagrangian subspaces. The derivative of
the third quantity vanishes as well since é;(t) € A(t). O

Let h be a regular monotone Hamiltonian on the symplectic manifold
N equipped with a Lagrange foliation E. As before, we denote by J,(t) the
Jacobi curves of h and by J"(¢) the reduced to the level of h Jacobi curves (see
previous section). Let R(z) = Ry (0) and R"(z) = Rjn(0) be the curvature
operators of J,(-) and J!(-) correspondently. We say that the Hamiltonian
field h has a negative curvature at z with respect to E if all eigenvalues of
R(z) are negative. We say that h has a negative reduced curvature at z if all
eigenvalues of R! are negative.



54 A.A. Agrachev

Proposition 2.10. Let zg € N, z; = e'®(2). Assume that that {z; : t € R} is
a compact subset of N and that N is endowed with a Riemannian structure. If
h has a negative curvature at any z € {z; : t € R}, then there exists a constant
a >0 and a splitting T,,N = AL @ A_ , where A;E are Lagrangian subspaces
of T.,N such that eT?(AL) = Ai _Vt,T €R and

e i”“ci|\>e°”||<i|| V(e AL, r>0,teR. (24)

z¢)

Similarly, if h has a negative reduced curvature al any z € {z¢ : t € R}, then
there exists a splitting T,,(h~'(c)/Rh(z)) = A+ @ AZt, where ¢ = h(z) and
Ai are Lagrangian subspaces of T.,(h=*(c )/Rh(zt)) such that elh(ﬁi) =
Ai Vi, 7 € R and ||eE™¢o| > e*T||Cx]| V¢ e AE, >0, teR.

Zt4r zZt)

Proof. Obviously, the desired properties of Azit and Azit do not depend on
the choice of the Riemannian structure on N. We will introduce a special
Riemannian structure determined by h. The Riemannian structure is a smooth
family of inner products (-,-), on T, N, z € N. We have T, N = J,(0) ® J2(0),
where J,(0) = T, E.. Replacing h with —h if necessary we may assume that
h|Ez is a strongly convex function. First we define (-, .>Z’Jz(0) to be equal to
the second derivative of h|Ez. Symplectic form ¢ induces a nondegenerate
pairing of J,(0) and J2(0). In particular for any ¢ € J,(0) there exists a
unique ¢° € J2(0) such that o(¢°, - |J o = 7.>Z|Jz(0). There exists a unique
extension of the inner product (-,-), from J,(0) to the whole T, N with the
following properties:

e J2(0) is orthogonal to J,(0) with respect to (-,-).
o (C1sG2)x = ((1,¢5)= V1, G2 € J(0)

We will need the following classical fact from Hyperbolic Dynamics (see,
for instance, [12, Sect. 17.6]).

Lemma 2.14. Let A(t), t € R, be a bounded family of symmetric n x n-
matrices whose eigenvalues are all negative and uniformly separated from 0.
Let I'(t,7) be the fundamental matriz of the 2n-dimensional linear system
&= -y, y=A(t)x, where x,y € R", i.e.,
0 _
&F(t’ﬂ:(g OI)F(t,T), F(T,T):((I)(I)). (25)

Then there exist closed conic neighborhoods Cl‘f, Cr., where C’l‘f NCr =0, of
some n-dimensional subspaces of R®™ and a constant o > 0 such that

I(t,7)Cf CCf, ()6 ] = e DIgy ], Ve e Ot < 7,
and
L(t,7)Cr CCp, |[(t,1)é | >e"DIe |, VE_ €Cp, t> T

The constant o depends only on upper and lower bounds of the eigenvalues of
A(t). O
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Corollary 2.6. Let C’% be the cones described in Lemma 2.14; then
[0,4t)CE C I(0;+7)CE for any t > 7 > 0 and the subsets K =

I'0,t CE are Lagrangian subspaces of R™ x R™ equipped with the standard
r
t>0
symplectic structure.

Proof. The relations I'(7,t)C} C Cf and I'(1,t)Cy C Cp imply:
[(0,4t)C%E = (0, +7)[(£7, +t)CE € T'(0,+7)CE.

In what follows we will study KIJE; the same arguments work for K.
Take vectors ¢,(’ € K;'; then ¢ = I'(0,t)¢; and ¢’ = I"(0,t)¢} for any ¢ > 0
and some (;,(; € C. Then, according to Lemma2.14, (| < e~?*|¢|, |¢/| <
e~ ¢, i.e., ¢ and (] tend to 0 as t — +o00. On the other hand,

(¢, ¢") = a(L(0,1)G, (0, 8)¢;) = (G, G) VE=0

since I'(0,t) is a symplectic matrix. Hence o(¢, (") = 0.

We have shown that Kl‘f is an isotropic subset of R™ x R™. On the other
hand, K- contains an n-dimensional subspace since C. contains one and
I'(0,t) are invertible linear transformations. Isotropic n-dimensional subspace
is equal to its skew-orthogonal complement, therefore Klf is a Lagrangian
subspace. [

Take now a regular monotone curve A(t), t € R in the Lagrange Grass-
mannian L(X). We may assume that A(-) is monotone increasing, i.e.,
A(t) > 0. Recall that A(t)(e(t)) = o(e(t),é(t)), where e(:) is an arbitrary
smooth curve in X' such that e(r) € A(7), V7. Differentiation of the identity
o(e1(7),ea(r)) = 0 implies: o(eq(t), é2(t)) = —a(é1(t), ea(t)) = o(ea(t), é1(t))
if e;(r) € A(7), V1, i = 1,2. Hence the Euclidean structure (,-) i, defined
by the quadratic form A(t) reads: (e;(t), es () Ay = oler(t), é2(1)).

Take a basis €1(0),...,e,(0) of A(0) such that the form A(t) has the unit
matrix in this basis, i.e., 0(e;(0),€;(0)) = d;;. In fact, vectors é;(0) are de-
fined modulo A(0); we can normalize them assuming that ¢é;(0) € A°(0), i =
1,...,n. Then e1(0),...,e,(0),é1(0),...,é,(0) is a Darboux basis of X. Fix
coordinates in X' using this basis: X' = R™ x R™, where (3 ) € R™ x R" is iden-

tified with Y (27€;(0) + y7¢;(0)) € X,z = («',...,2") T,y = (', ...,y") .
j=1

We claim that there exists a smooth family A(t), ¢ € R, of symmetric
n X n matrices such that A(t) has the same eigenvalues as R4 (t) and

Aty =T(0,t) (%), A°(t) =TI(0,t)(gx), VteR

in the fixed coordinates, where I'(t,7) satisfies (25). Indeed, let e;(t), i =
1,...,n, be solutions to the structural equations (23). Then

A(t) = span{e1(t),...,en(t)}, A°(t) = span{éi(t),...,é,(t)}.
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Moreover, é;(t) = — i aij(t)e;(t), where A(t) = {a;;(t)}}';—; is the matrix of
the operator R 4(t) irzl tlhe “moving” basis e1(t),. .., ey (t). Lemma1.13 implies
that (e;(t),e;(t)) i) = olei(t),€é;(t)) = di;. In other words, the Euclidean
structure (-, -) j;) has unit matrix in the basis e, (t), . .., €, (t). Operator R4 (t)
is self-adjoint for the Euclidean structure (-, -) i, (see Proposition 2.9). Hence
matrix A(t) is symmetric.

Let e;(t) = (wgg) € R™ x R™ in the fixed coordinates. Make up n x n-

matrices X (t) = (x1(t),...,zn(t)), Y(t) = (y1(2),...,yn(t)) and a 2n x 2n-
. X () X(t)
matrix (Y(t) Y(t)) We have

LG 0- (@) (-6

Hence ( ) (1) = I'(t,0)" = (0, ).
Let now A(+) be the Jacobi curve, A(t) = J,, (). Set &(z) = elPei(t),
ni(z) = e'Pé;(t); then

§1(21), -5 &nl2e),m(ze), - M (2e) (26)
is a Darboux basis of T%, N, where J, (0) = span{&i(2),...,&a(2t)}, J5,(0) =
span{ni(zt),...,nn(2¢)}. Moreover, the basis (26) is orthonormal for the inner

product (-,-),, on T, N.

The intrinsic nature of the structural equation implies the translation in-
variance of the construction of the frame (26): if we would start from z, instead
of zo and put A(t) = J. (t), €i(0) = &(z;), €;(0) = n;(z;) for some s € R,
then we would obtain elPe;(t) = & (zs1¢), ePéi(t) = ni(2s1t)-

The frame (26) gives us fixed orthonormal Darboux coordinates in T, N
for Vs € R and the correspondent symplectic 2n x 2n-matrices I, (7,t). We
have: I, (7,t) == I, (s + 7,s + t); indeed, I, (7,t) (y) is the coordinate
presentation of the vector

S (Z '€ (2541) + yini(Zert))
in the basis & (2s4+), 7i(2s++). In particular,

e, ™ (Z 2 (zo4t) + yiﬁi(Zert))

i

I11%.(0,) ()] = (27)

Zs

Recall that &1 (2z7), ..., &n(zr),m(2r), ..., Mn(z7) is an orthonormal frame for
the scalar product (-,-)., and [|C[|., = /((,C), -



Geometry of Optimal Control Problems and Hamiltonian Systems 57

We introduce the notation:
Wng{Zwlfl )+ m(zs)-(i)EW},

for any W C R™ x R™. Let Cljfzo be the cones from Lemma2.14. Then
—7h + _ +
e, LFZS(O,t)CFZOJZS# = LFZS—T<07t+T)CFZUJZS—1—7 Vt,T,s. (28)

Now set K+ ﬂ Ct. o Kr = ﬂ C’_O and Af = LK¥ _Jz,. Corollary

2.6 implies that Ai are Lagranglan subspaces of T,,N. Moreover, it follows
from (28) that ethAi Ai , while (28) and (27) nnply inequalities (24).

This finishes the proof of the part of Proposition 2.10 which concerns
Jacobi curves J,(t). We leave to the reader a simple adaptation of this proof
to the case of reduced Jacobi curves J(t). O

Remark. Constant « depends, of course, on the Riemannian structure on N.
In the case of the special Riemannian structure defined at the beginning of the
proof of Proposition 2.10 this constant depends only on the upper and lower
bounds for the eigenvalues of the curvature operators and reduced curvature
operators correspondently (see Lemma 2.14 and further arguments).

Let !X |t € R be the flow generated by the the vector field X on a manifold
M. Recall that a compact invariant subset W C M of the flow e'¥ is called a
hyperbolic set if there exists a Riemannian structure in a neighborhood of W,
a positive constant «, and a splitting T.M = Ef @ B ®RX (z), z € W, such
that X(z) # 0, elXEF = EZx ), and || ¥ ¢H|| > e*||¢H]|, vt 2 0, ¢t €
EF. Just the fact some invariant set is hyperbolic implies a rather detailed
information about asymptotic behavior of the flow in a neighborhood of this
set (see [12] for the introduction to Hyperbolic Dynamics). The flow e!X is
called an Anosov flow if the entire manifold M is a hyperbolic set.

The following result is an immediate corollary of Proposition 2.10 and the
above remark.

Theorem 2.3. Let h be a regular monotone Hamiltonian on N, c € R, W C
h=1(c) a compact invariant set of the flow e'®, t € R, and d.h # 0, Yz € W. If
h has a negative reduced curvature at every point of W, then W is a hyperbolic
set of the flow 6th|h—1(c)' O

This theorem generalizes a classical result about geodesic flows on com-
pact Riemannian manifolds with negative sectional curvatures. Indeed, if N is
the cotangent bundle of a Riemannian manifold and e*? is the geodesic flow,
then negativity of the reduced curvature of h means simply negativity of the
sectional Riemannian curvature. In this case, the Hamiltonian A is homoge-
neous on the fibers of the cotangent bundle and the restrictions eth| h-1(c) ATe
equivalent for all ¢ > 0.
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The situation changes if h is the energy function of a general natural
mechanical system on the Riemannian manifold. In this case, the flow and
the reduced curvature depend on the energy level. Still, negativity of the
sectional curvature implies negativity of the reduced curvature at h~!(c) for all
sufficiently big c. In particular, eth’ h=1() is an Anosov flow for any sufficiently

big ¢; see [8,9] for the explicit expression of the reduced curvature in this case.
Theorem 2.3 concerns only the reduced curvature while the next result
deals with the (not reduced) curvature of h.

Theorem 2.4. Let h be a regular monotone Hamiltonian and W a compact
invariant set of the flow e™. If h has a negative curvature at any point of W,
then W is a finite set and each point of W is a hyperbolic equilibrium of the
field h.

Proof. Let z € W; the trajectory z; = e(2), t € R, satisfies conditions
of Proposition 2.10. Take the correspondent splitting 7>, N = Af & A_. In
particular, h(z;) = h*(2;) + h™(2;), where h*(z;) € Azit.

We have eZ"h(z;) = h(z;,,). Hence

B(ze4)ll = lleT™h(ze)[| > leI™h " (o) | — [leZ™h (20|
> e®7||h*(z)| —e”*7[|h7(2)], V7 >0.

Compactness of {z; : t € R} implies that h™(z;) is uniformly bounded; hence
h*(z;) = 0. Similarly, |h(z;—-| > e®T||h~ (z)|| — e 7 ||h"(2;)| that implies
the equality h™(z;) = 0. Finally, h(z;) = 0. In other words, z; = 2 is an
equilibrium of h and T, N = AT ® A7 is the splitting of T, N into the repelling
and attracting invariant subspaces for the linearization of the flow e® at z.
Hence z is a hyperbolic equilibrium; in particular, z is an isolated equilibrium
of h. O

We say that a subset of a finite dimensional manifold is bounded if it has
a compact closure.

Corollary 2.7. Assume that h is a reqular monotone Hamiltonian and h has
everywhere negative curvature. Then any bounded semi-trajectory of the sys-
tem z = h(z) converges to an equilibrium with the exponential rate while
another semi-trajectory of the same trajectory must be unbounded. [

Typical Hamiltonians which satisfy conditions of Corollary 2.7 are energy
functions of natural mechanical systems in R™ with a strongly concave poten-
tial energy. Indeed, in this case, the second derivative of the potential energy
is equal to the matrix of the curvature operator in the standard Cartesian
coordinates (see Sect. 2.8).
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Introduction

The subject of logically switched dynamical systems is a large one which
overlaps with many areas including hybrid system theory, adaptive control,
optimal control, cooperative control, etc. Ten years ago we presented a lecture,
documented in [1], which addressed several of the areas of logically switched
dynamical systems which were being studied at the time. Since then there
have been many advances in many directions, far to many too adequately
address in these notes. One of the most up to date and best written books on
the subject is the monograph by Liberzon [2] to which we refer the reader for
a broad but incisive perspective as well an extensive list of references.

In these notes we will deal with two largely disconnected topics, namely
switched adaptive control (sometimes called supervisory control) and “flock-
ing” which is about the dynamics of reaching a consensus in a rapidly changing
environment. In the area of adaptive control we focus mainly on one problem
which we study in depth. Our aim is to give a thorough analysis under realistic
assumptions of the adaptive version of what is perhaps the most important
design objective in all of feedback control, namely set-point control of a single-
input, single output process admitting a linear model. While the non-adaptive
version the set-point control problem is very well understood and has been so
for more than a half century, the adaptive version still is not because there
is no credible counterpart in an adaptive context of the performance theories
which address the non-adaptive version of the problem. In fact, even just the
stabilization question for the adaptive version of the problem did not really
get ironed out until ten years ago, except under unrealistic assumptions which
ignored the effects of noise and/or un-modeled dynamics.

As a first step we briefly discuss the problem of adaptive disturbance re-
jection. Although the switching logic we consider contains no logic or discrete

*This research was supported by the US Army Research Office, the US National
Science Foundation and by a gift from the Xerox Corporation.
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event sub-system, the problem nonetheless sets the stage for what follows.
One of the things which turns out (in retrospect) to have impeded progress
with adaptive control has been the seemingly benign assumption that the
parameters of the (nominal) model of the process to be controlled are from
a continuum of possible values. In Chap.4 we briefly discuss the unpleasant
consequences of this assumption and outline some preliminary ideas which
might be used to deal with them.

In Chap. 5 we turn to detailed discussion of a switched adaptive controller
capable of causing the output of an imprecisely modeled process to approach
and track a constant reference signal. The material in this chapter provides a
clear example of what is meant by a logically switched dynamical system. Fi-
nally in Chap. 6 we consider several switched dynamical systems which model
the behavior of a group of mobile autonomous agents moving in a rapidly
changing environment using distributed controls. We begin with what most
would agree is the quintessential problem in the area of switched dynamical
systems.

1 The Quintessential Switched Dynamical System
Problem

The quintessential problem in the area of switched dynamical systems is this:
Given a compact subset P of a finite dimensional space, a parameterized
family of n x n matrices A = {4, : p € P}, and a family S of piecewise-
constant switching signals o : [0, 00) — P, determine necessary and sufficient
conditions for A, to be exponentially stable for every o € S. There is a large
literature on this subject. Probably its most comprehensive treatment to date
is in the monograph [2] by Liberzon mentioned before. The most general
version of the problem is known to be undecidable [3]. These notes deal with
two special versions of this problem. Each arises in a specific context and thus
is much more structured than the general problem just formulated.

1.1 Dwell-Time Switching

In the first version of the problem, S consists of all switching signals whose
switching times are separated by 7p times unit where 7p is a pre-specified
positive number called a dwell time. More precisely, o € S is said to have
dwell time 7p if and only if o switches values at most once, or if it switches
more that once, the set of time differences between any two successive switches
is bounded below 7p. In Sect. 5.1 we will encounter a switching logic which
generates such signals.

Note that the class & just defined contains constant switching signal
o(t) = p, t > 0 for any value of p € P. A necessary condition for A, to
be exponentially stable for every o € S, is therefore that each A, € A is ex-
ponentially stable. In other words, if A, to be exponentially stable for every
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o € S, then for each p € P there must exist non-negative numbers ¢, and
Ay, with \, positive such that [e4»!| < e*e(t2=1) ¢ > 0. Here and elsewhere
through the end of Chap. 5, the symbol | - | denotes any norm on a finite di-
mensional linear space. It is quite easy to show by example that this condition
is not sufficient unless 7p is large. An estimate of how large 7p has to be in
order to guarantee exponential stability, is provided by the following lemma.

Lemma 1.1. Let {4, : p € P} be a set of real, n x n matrices for which there
are non-negative numbers t, and A\, with A, positive such that

ledrt| < eMvlte=t) >0 (1.1)
Suppose that Tp is a finite number satisfying
D >tp7 pEP (12)

For any switching signal o : [0,00) — P with dwell time Tp, the state transi-
tion matrix of A, satisfies

@(t, )| < ATV > >0 (1.3)

where X\ is a positive number defined by
A—inf i, (1= 2 (1.4)
o pEP P D ’

2
T = — sup{Aptp} (1.5)
peEP

and

A

Moreover,
Ae(0,M], peP. (1.6)

The estimate given by this lemma can be used to make sure that the “slow
switching assumption” discussed in Sect. 5.2 is satisfied.

Proof of Lemma 1.1: Since P is a closed, bounded set, sup,cpt, < oc.

Thus a finite 7p satisfying (1.2) exists. Clearly A, (1 — %) >0, p € P. From
this and the definition of A it follows that (1.6) holds and that

eAp(tprD) é e*)\‘f‘p’ p 6 7)
This and (1.1) imply that for ¢t > 7p

‘eApt| S e/\p(tpft) — eAp(tT_,*TD)ef)\p(thD) S ef)\TDef)\p(thD)

< e AP AETTD) <o s 1 e P (1.7)
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Tt also follows from (1.1) and the definition of T' that
et < eMNZ0D te[0,7p), peP (1.8)
Set tg = 0 and let t1,%5 ... denote the times at which o switches. Write p;

for the value of o on [t;_1,t;). Note that for t;_1 < p <t; <t; <t <t;qq,

i
@(t, Iu) _ eAqu+1(t—t'i) H equ (tq—tq—1) eApj (tj—p)

q=j+1
In view of (1.7) and (1.8)
[2(t, )] < Jeisr | Jentetann)] et o)
q=j+1
< AME—(t=t) H e~ Mtg=tg—1) | MF—(t;—p))

q=j+1

AMT=(t=p)
On the other hand, for i > 0, t;_; < u <t <t;, (1.8) implies that
|B(t, )| < eMT—(=m) < MT—(t=p)

and so (1.3) is true. O

Input—Output Gains of Switched Linear Systems

In deriving stability margins and systems gains for the supervisory control
systems discussed in Sect. 5 we will make use of induced “gains” (i.e. norms)
of certain types of switched linear systems. Quantification of stability margins
and the devising of a much needed performance theory of adaptive control,
thus relies heavily on our ability to characterize these induced gains. In this
section we make precise what types of induced gains we are referring to and
we direct the reader to some recent work aimed at their characterization.

To begin, suppose that {(4,, By, Cp, D,) : p € P} is a family of coefficient
matrices of m-input, r-output, n-dimensional, exponentially stable linear sys-
tems. Then any o € S determines a switched linear system of the form

A [ =A,x+ Bou
Yo = {y = C’ngngu} (1.9)

Thus if x(0) 2 0, then y = Y, o u, where Y, is the input—output mapping

¢
U — / Coty@(t, 7) Dy (yBo (T)u(T)dT + Dou,
0
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and @ is the state transition matrix of A,. Let prime denotes transpose and,
for any integrable, vector-valued signal v on [0, 00), let || - || denotes the two-
norm

A oo
W2y [ vt
0
The input—output gain of X, is then the induced two-norm

A .
o) 2 int{g : ||V o ul| < gllull, Yu € £2}

where Lo is the space of all signals with finite two-norms. Define the gain g
of the multi-system {(A,, Bp,Cp, D,),p € P} to be

A
g =supy(o)
oc€eS
Thus g is the worst case input—output gain of (1.9) as o ranges over all switch-
ing signals in S. Two problems arise:

1. Derive conditions in terms of 7p and the multi-system {(A,, B,,C), D)),
p € P} under which g is a finite number.

2. Assuming these conditions hold, characterize g in terms of {(A4,, B,, Cp,
D,),p € P} and 1p.

The first of the two problems just posed implicitly contains as a sub-
problem the quintessential switched dynamical system problem posed at the
beginning of this section. A sufficient condition for g to be finite is that 7p
satisfies condition (1.2) of Lemma 1.1. For the second problem, what would
be especially useful would be a characterization of g which is coordinate-
independent; that is a characterization which depends only on the transfer
matrices Cp(sI — Ap) ' B, + Dy, p € P and not on the specific realizations of
these transfer matrices which define {(A4,, B,,Cp, D,),p € P}. For example,
it is reasonable to expect that there might be a characterization of g in terms
of the H* norms of the C,(sI — A,)"'B, + D,, p € P, at least for 7p
sufficiently large.

The problem of characterizing g turns out to be a good deal more difficult
that one might at first suspect, even if all one wants is a characterization of the
limiting value of g as 7p — oo [4]. In fact, contrary to intuition, one can show
by example that this limiting value may, in some cases, be strictly greater
than the supremum over P of the Ho norms of the Cy,(sI — A,) "' B, + D,,.
We refer the interested reader to [4] for a more detailed discussion of this
subject. It is results along these lines which will eventually lead to a bona fide
performance theory for adaptive control.

1.2 Switching Between Stabilizing Controllers

In many applications, including those discussed in Chap.5, the matrix A,
arises within a linear system which models the closed loop connection con-
sisting of fixed linear system in feedback with a switched linear system. For
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|

Fig. 1. A switched control system

Iﬁlp T
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Fig. 2. A Linear Control System

example, it is possible to associate with a given family of controller transfer
functions {k, : p € P} together with a given process model transfer func-
tion 7, a switched control system of the form shown in Fig.1 where C, is a
switched controller with instantaneous transfer function k.

Not always appreciated, but nonetheless true is the fact that the input—
output properties of such a system depends on the specific realizations of
the k. Said differently, it is really not possible to talk about switched linear
systems from a strictly input—output point of view. A good example, which
makes this point, occurs when for each p € P, the closed loop systems shown
in Fig. 2 is stable. Under these conditions, the system shown in Fig. 1 turns out
to be exponentially stable for every possible piecewise continuous switching
signal, no matter how fast the switching, but only for certain realizations of
the k,, [5]. The key idea is to first use a Youla parameterization to represent
the entire class of controller transfer functions and second to realize the family
in such a way so that what is actually being switched within C, are suitably
defined realizations of the Youla parameters, one for each r,. We refer the
reader to [5] for a detailed discussion of this idea.

1.3 Switching Between Graphs

The system just discussed is a switched dynamical system because the con-
troller within the system is a switched controller. Switched dynamical systems
can arise for other reasons. An interesting example of this when the overall sys-
tem under consideration models the motions of a group of mobile autonomous
agents whose specific movements are governed by strategies which depend on
the movements of their nearby agents. A switched dynamical model can arise
in this context because each agent’s neighbors may change over time. What
is especially interesting about this type of system is the interplay between the
underlying graphs which characterize neighbor relationships, and the evolu-
tion of the system over time. Chapter 6 discusses in depth several example of
this type of system.
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2 Switching Controls with Memoryless Logics

2.1 Introduction

Classical relay control can be thought of as a form of switching control in which
the logic generating the switching signal is a memoryless system. A good ex-
ample of this is the adaptive disturbance rejector devised by I. M. Lie Ying
at the High Altitude Control Laboratory at the Tibet Institute of Technology
in Lhasa. Ying’s work provides a clear illustration of what the use of switch-
ing can accomplish in a control setting, even if there is no logic or memory
involved.

2.2 The Problem

In [6], Ying gives a definitive solution to the long-standing problem of con-
structing an adaptive feedback control for a one-dimensional siso linear system
with an unmeasurable, bounded, exogenous disturbance input so as to cause
the system’s output to go to zero asymptotically. More specifically he consid-
ered the problem of constructing an adaptive feedback control u = f(y) for
the one-dimensional linear system

y=-y+tu+d

so as to cause the system’s output y to go to zero no matter what exogenous
disturbance d : [0,00) — IR might be, so long as d is bounded and piecewise-
continuous. Up until the time of Ying’s work, solutions to this long standing
problem had been shown to exist only under the unrealistic assumption that
d could be measured [7]. Ying made no such assumption.

2.3 The Solution

The adaptive control he devised is described by the equations

u=—ko(y)
k= lyl
where
o ={ 12 (2.1)
The closed-loop system is thus
g =—y—ko(y) +d, (2.2)

k= ly|



68 A.S. Morse
2.4 Analysis

Concerned that skeptical readers might doubt the practicality of his idea, Ying
carried out a full analysis of the system. Here is his reasoning.
To study this system’s behavior, let b be any positive number for which

l[d(t)] <b, t>0 (2.4)
and let V' denote the Lyapunov function

2 2
y* (k=)
V=="4+-—> 2.5
In view of the definition of o in (2.1), the rate of change of V' along a solution

to (2.2) and (2.3) can be written as
V =gy +k(k—b) = —y* = kly| +dy + |y|(k —b)
Since (2.4) implies that dy < bly|, V must satisfy
V < —y? — Kly| + bly| + |yl (k — )

Therefore

V< —y2.
From this and (2.5) it follows that y and k are bounded and that y has a
bounded £2 norm. In addition, since (2.2) implies that 3 is bounded, it must
be true that y — 0 as t — oo (cf. [8]) which is what is desired. The practical
significance of this result, has been firmly established by computer simulation
performed be numerous graduate students all over the world.

3 Collaborations

Much of the material covered in these notes has appeared in one form or an-
other in published literature. There are however several notable exceptions
in Chap. 6. Among these are the idea of composing directed graphs and the
interrelationships between rooted graphs, Sarymsakov graphs, and neighbor
shared graphs discussed in Sect. 6.1. The entire section on measurement delays
(Sect. 6.3) is also new. All of the new topics addressed in Chap. 6 were devel-
oped in collaboration with Ming Cao and Brian Anderson. Daniel Spielman
also collaborated with us on most of the convergence results and Jia Fang
helped with the development as well. Most of this material will be published
elsewhere as one or more original research papers.
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4 The Curse of the Continuum

Due to its roots in nonlinear estimation theory, parameter identification the-
ory generally focuses on problems in which unknown model parameters are
assumed to lie within given continuums. Parameter-adaptive control, which is
largely an outgrowth of identification theory, also usually addresses problems
in which unknown process model parameters are assumed to lie within contin-
uums. The continuum assumption comes with a large price tag because a typ-
ical parameter estimation problem over a continuum is generally not tractable
unless the continuum is convex and the dependence on parameters is linear.
These practical limitations have deep implications. For example, a linearly
parameterized transfer matrix on a convex set can easily contain points in
its parameter spaces at which the transfer matrix has an unstable pole and
zero in common. For nonlinear systems, the problem can be even worse — for
those process model parameterizations in which parameters cannot be sepa-
rated from signals, it is usually impossible to construct a finite-dimensional
multi-estimator needed to carry out the parameter estimation process. We
refer to these and other unfortunate consequences of the continuum assump-
tion as the Curse of the Continuum. An obvious way to avoid the curse, is to
formulate problems in such a way so that the parameter space of interest is
finite or perhaps countable. But many problems begin with parameter spaces
which are continuums. How is one to reformulate such a problem using a finite
parameter space, without serious degradation in expected performance? How
should a parameter search be carried out in a finite parameter space so that
one ends up with a provably correct overall adaptive algorithm? It is these
questions to which this brief chapter and Chap.5 are addressed.

4.1 Process Model Class

Let P be a process to be controlled and suppose for simplicity that P is a
siso system admitting a linear model. Conventional linear feedback theory
typically assumes that P’s transfer function lies in a known open ball

B(v,r)
of radius r centered at nominal transfer function v in a metric space 7. In

contrast, main-stream adaptive control typically assumes P’s transfer function
lies in a known set of the form

M= U B(vp, p)

pEP

where P is a compact continuum within a finite dimensional space and p—r,
is at least bounded.
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(a) (b)

Fig. 3. Non-adaptive control

() (b)

Fig. 4. Adaptive control

In a conventional non-adaptive control problem, a controller transfer func-
tion k is chosen to endow the feedback system shown in Fig.3a with sta-
bility and other prescribed properties for each candidate transfer function
7 € B(v,r). Control of P is then carried out by applying to P a controller C
with transfer function s as shown in Fig. 3b.

In the adaptive control case, for each p € P, controller transfer function
kp is chosen to endow the feedback system shown in Fig.4a with stability
and other prescribed properties for each 7 € B(v,,r,). Adaptive control of
P is then carried, in accordance with the idea of “certainty equivalence by
using a parameter-varying controller or multi-controller C, with instantaneous
transfer function s, where o is the index in P of the “best” current estimate
of the ball within which P’s transfer function resides.!

Since P is a continuum and &, is to be defined for each p € P, the actual
construction of , is at best a challenging problem, especially if the construc-
tion is based on LQG or H*> techniques. Moreover, because of the continuum,
the associated estimation of the index of the ball within which P’s transfer
function resides will be intractable unless demanding conditions are satis-
fied. Roughly speaking, P must be convex and the dependence of candidate

L Certainty equivalence is a heuristic idea which advocates that the feedback con-
troller applied to an imprecisely modeled process should, at each instant of time,
be designed of the basis of a current estimate of what the process is, with the
understanding that each such estimate is to be viewed as correct even though
it may not be. The term is apparently due to Herbert Simon [9] who used in
a 1956 paper [10] to mean something somewhat different then what’s meant
here and throughout the field of parameter adaptive control. The consequence
of using this idea in an adaptive context is to cause the interconnection of the
controlled process, the multi-controller and the parameter estimator to be de-
tectable through the error between the output of the process and its estimate for
every frozen parameter estimate — and this is true whether the three subsystems
involved are linear or not [11].
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process models on p must be linear. And in the more general case of nonlinear
process models, a certain separability condition [11,12] would have to hold
which models as simple as

gy =sin(py) + u

fail to satisfy. The totality of these implications is rightly called the curse of
the continuum.

Example

The following example illustrates one of the difficulties which arises as a conse-
quence of the continuum assumption. Ignoring un-modeled dynamics, suppose
that M is simply the parameterized family of candidate process model transfer

functions .
s—=(p+2
M:{2 5 +2)
s? +ps — 5p(p +2)

where P = {p : —1 < p < 1}. Note that there is no transfer function in M
with a common pole and zero because the polynomial function

: pEP}

2
2
5%+ ps — §p(p +2)li=1(pr2)

is nonzero for all p € P. The parameterized transfer function under consider-
ation can be written as

s—gp+2)
s2+ps+q
where 5
q= —§p(p +2). (4.1)

Thus M is also the set of transfer functions

M:{sé(erQ) .

s2+ps+q

(p,q) € Q} 7 (4.2)

where Q is the two-parameter space

2
Q={(p,q):q+§p(p+2):0, -1<p<1}

The set of points in Q form a parabolic curve segment as shown in Fig. 5.

Although the parameterized transfer function defining M in (4.2) depends
linearly on p and ¢, the parameter space Q is not convex. Thus devising a
provably parameter estimation algorithm for this parameterization would be
difficult. In a more elaborate example of this type, where more parameters
would be involved, the parameter estimation problem would typically be in-
tractable.
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Fig. 6. Parameter space Q

There is a natural way to get around this problem, if the goal is identi-
fication as opposed to adaptive control. The idea is to embed Q in a larger
parameter space which is convex. The smallest convex space Q containing Q
is the convex hull of Q as shown in Fig. 6.

The corresponding set of transfer functions is

_ {sé(p+2)

M: 9 ) 9
P — (pq)GQ}

It is easy to see that any linearly parameterized family of transfer functions
containing M which is defined on a convex parameter space, must also contain
M. While this procedure certainly makes tractably the problem of estimating
parameters, the procedure introduces a new problem. Note that if the newly

parameterized transfer function is evaluated at the point (0, fé) € Q, what
results is the transfer function

s—t(p+2) s— %
R e I
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This transfer function has a common pole and zero in the right half plane at
s = % In summary, the only way to embed M in a larger set which is linearly
parameterized on a convex parameter space, is to introduce candidate process
model transfer functions which have right half plane pole-zero cancellations.
For any such candidate process model transfer function 7, it is impossible
to construct a controller which stabilizes the feedback loop shown in Fig. 4a.
Thus the certainty equivalence based approach we have outlined for defining
C, cannot be followed here.

There is a way to deal with this problem if one is willing to use a different
paradigm to construct C, [13]; the method relies on an alternative to certainty
equivalence to define C, for values of ¢ which are “close” to points on para-
meter space at which such pole zero cancellations occur. Although the method
is systematic and provably correct, the multi-controller which results is more
complicated than the simple certainty-equivalence based multi-controller de-
scribed above. There is another way to deal with this problem [14] which we
discuss next.

4.2 Controller Covering Problem

As before let P be a siso process to be controlled and suppose that P has a

model in
M= U B(vp, p)
pEP

where B(v,, r,,) is a ball of radius r, centered at nominal transfer function v,
in a metric space 7 with metric u. Suppose in addition that P is a compact
continuum within a finite dimensional space and p — 7, is at least bounded.
Instead of trying re-parameterize as we did in the above example, suppose
instead we try to embed M is a larger class of transfer functions which is
the union of a finite set of balls in 7, each ball being small enough so that it
can be adequately controlled with a single conventional linear controller. We
pursue this idea as follows.

Let us agree to say that a finite set of controller transfer functions K is a
control cover of M if for each transfer function 7 € M there is at least one
transfer function x € K which endows the closed-loop system shown in Fig. 7
with at least stability and possible other prescribed properties.

The controller covering problem for a given M is to find a control cover,
if one exists.

O K T

Fig. 7. Feedback loop
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4.3 A Natural Approach

There is a natural way to try to solve the controller covering problem if each
of the balls B(v;,r;) is small enough so that each transfer function in any
given ball can be adequately controlled by the same fixed linear controller. In
particular, if we could cover M with a finite set of balls — say {B(vp,r,) : p €
Q} where Q is a finite subset of P — then we could find controller transfer
functions k,, p € Q, such that for cach p € Q and each 7 € B(vp,1,), kp
provides the system shown in Fig. 4a with at least stability and possibly other
prescribed properties. The problem with this approach is that M is typically
not compact in which case no such finite cover will exist. It is nevertheless
possible to construct a finite cover of M using enlarged versions of some of
the balls in the set
{B(vy,1y) i p € P}

In fact, M can be covered by any one such ball. For example, for any fixed
q € P, MC B(vy,s,) where

Sq = sup rp + sup p(vp, vq)
peEP peEP
This can be checked by simply applying the triangle inequality. The real prob-
lem then is to construct a cover using balls which are small enough so that all
transfer functions in any one ball can be adequately controlled by the same
linear controller. The following lemma [15] takes a step in this direction.

Lemma 4.1. If Q is a finite subset of P such that
{v, :peP}C U B(vy,7q)

qeQ

then
M | Blyg,rg + 54)
qeQ
where for q € Q,
Sq = sup rp
PEP,

and Py, is the set of all p € P such that v, € B(vg,rq).

In other words, if we can cover the set of nominal process model transfer
functions V' = {v,, : p € P} with a finite set of balls from the set {B(v,,7}) :
p € P}, then by enlarging these balls as the lemma suggests, we can over M.
Of course for such a cover of A to exist, N” must be compact. It is reasonable
to assume that this is so and we henceforth do. But we are not yet out of the
woods because the some of enlarged balls we end up with may still turn out
to be too large to be robust stabilizable with linear controllers, even if each of
the balls in the original set {B(vp,7p) : p € P} is. There is a different way to
proceed which avoids this problem if certain continuity conditions apply. We
discuss this next.
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4.4 A Different Approach

Let us assume that

1. p—— 1, is continuous on P.
2. For each p € P and each positive number ¢, there is a number 4, for
which

1(ve, vp) < é€p
whenever |¢—p| < 6, where || is the norm in the finite-dimensional space
within which P resides.

The following lemma is from [14].

Lemma 4.2. Let the preceding assumptions hold. For each function p — s,
which is positive on P, there is a finite subset @ C P such that

M C () Brg,rg + 54)

qeQ

The key point here is that if the continuity assumptions hold, then it is possible
to cover M with a finite set of balls which are arbitrarily close in size to the
originals in the set {B(vp,r,) : p € Q}. Thus if each of the original balls is
robustly stabilizable with a linear controller, then so should be the expanded
balls if they are chosen close enough in size to the originals. Of course small
enlargements may require the use of lots of balls to cover M.

4.5 Which Metric?

In order to make use of the preceding to construct a control cover of M, we
need a metric which at least guarantees that if s stabilizes v, {i.e., if 1 + kv
has all its zeros in the open left-half plane}, then k also stabilizes any transfer
function in the ball B(v,r) for r sufficiently small. Picking a metric with this
robust stabilization property is not altogether trivial. For example, although
for sufficiently small g the transfer function

o s—14+g
P [y

can be made arbitrarily close to the transfer function
1

Tg|g:0 - (5+ 1)

in the metric space of normed differences between transfer function coeffi-
cients, for any controller transfer function x which stabilizes v one can always
find a non-zero value of g sufficiently small such that x does not stabilize 7,
at this value. This metric clearly does not have the property we seek. Two
metrics which do are the gap metric [16] and the v-metric [17]. Moreover
the v-metric is known to satisfy the continuity assumption stated just above
Lemma 4.2 [14]. Thus we are able to construct a controller cover as follows.

vV =
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4.6 Construction of a Control Cover

Suppose that the admissible process model transfer function class

M= U B(varp)

pEP

is composed of balls B(v,,r,) which are open neighborhoods in the metric
space of transfer functions with the v-metric p. Suppose that these balls are
each small enough so that for some sufficiently small continuous, positive
function p —— p, we can construct for each p € P, a controller transfer
function k, which stabilizes each transfer function in B(v, rp+pp). By Lemma
4.2, we can then construct a finite subset @ C P such that

M C U B(vp, rp + pp)

peEQ

By construction, k, stabilizes each transfer function in B(vy, 1,4 pp). Thus for
each 7 € M there must be at least one value of ¢ € Q such that s, stabilizes
7. Since Q is a finite set, {k, : ¢ € Q} is a controller cover of M.

5 Supervisory Control

Much has happened in adaptive control in the last 40 years. The solution to
the classical model reference problem is by now very well understood. Provably
correct algorithms exist which, at least in theory, are capable of dealing with
un-modeled dynamics, noise, right-half-plane zeros, and even certain types
of nonlinearities. However despite these impressive gains, there remain many
important, unanswered questions: Why, for example, is it still so difficult to
explain to a novice why a particular algorithm is able to functions correctly in
the face of un-modeled process dynamics and £ bounded noise? How much
un-modeled dynamics can a given algorithm tolerate before loop-stability is
lost? How do we choose an adaptive control algorithm’s many design parame-
ters to achieve good disturbance rejection, transient response, etc.?

There is no doubt that there will eventually be satisfactory answers to all
of these questions, that adaptive control will become much more accessible
to non-specialists, that we will be able to much more clearly and concisely
quantify un-modeled dynamics norm bounds, disturbance-to-controlled out-
put gains, and so on and that because of this we will see the emergence of a
bona fide computer-aided adaptive control design methodology which relies
much more on design principals then on trial and error techniques. The aim
of this chapter is to take a step towards these ends.

The intent of the chapter is to provide a relatively uncluttered analysis
of the behavior of a set-point control system consisting of a poorly modeled
process, an integrator and a multi-controller supervised by an estimator-based
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algorithm employing dwell-time switching. The system has been considered
previously in [18,19] where many of the ideas which follow were first pre-
sented. Similar systems have been analyzed in one form or another in [20-22]
and elsewhere under various assumptions. It has been shown in [19] that the
system’s supervisor can successfully orchestrate the switching of a sequence
of candidate set-point controllers into feedback with the system’s imprecisely
modeled siso process so as (i) to cause the output of the process to approach
and track a constant reference input despite norm-bounded un-modeled dy-
namics, and constant disturbances and (ii) to insure that none of the signals
within the overall system can grow without bound in response to bounded
disturbances, be they constant or not. The objective of this chapter is to de-
rive the same results in a much more straight forward manner. In fact this has
already been done in [23] and [24] for a supervisory control system in which
the switching between candidate controllers is constrained to be “slow.” This
restriction not only greatly simplified the analysis in comparison with that
given in [19], but also made it possible to derive reasonably explicit upper
bounds for the process’s allowable un-modeled dynamics as well as for the
system’s disturbance-to-tracking error gain. In these notes we also constrain
switching to be slow.

Adaptive set-point control systems typically consist of at least a process
to be controlled, an integrator, a parameter tunable controller or “multi-
controller,” a parameter estimator or “multi-estimator,” and a tuner or
“switching logic.” In sharp contrast with non-adaptive linear control sys-
tems where subsystems are typically analyzed together using one overall linear
model, in the adaptive case the sub-systems are not all linear and cannot be
easily analyzed as one big inter-connected non-linear system. As a result, one
needs to keep track of lots of equations, which can be quite daunting. One way
to make things easier is to use carefully defined block diagrams which sum-
marize equations and relations between signals in a way no set of equations
can match. We make extensive use of such diagrams in this chapter.

5.1 The System

This section describes the overall structure of the supervisory control system
to be considered. We begin with a description of the process.

Process =P

The problem of interest is to construct a control system capable of driving to
and holding at a prescribed set-point 7, the output of a process modeled by
a dynamical system with “large” uncertainty. The process P is presumed to
admit the model of a siso linear system whose transfer function from control
input u to measured output y is a member of a continuously parameterized
class of admissible transfer functions of the form
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M= J{wp+5:151 <}

peP
where P is a compact subset of a finite dimensional space,

a9

vp =
By

is a pre-specified, strictly proper, nominal transfer function, €, is a real non-
negative number, § is a proper stable transfer function whose poles all have
real parts less than the negative of a pre-specified stability margin A > 0, and
| - | is the shifted infinity norm

[6] = sup [6(jw — )|
welR

It is assumed that the coefficients of o, and 3, depend continuously on p and
for each p € P, that (3, is monic and that a;, and ), are co-prime. All transfer
functions in M are thus proper, but not necessarily stable rational functions.
Prompted by the requirements of set-point control, it is further assumed that
the numerator of each transfer function in M is non-zero at s = 0. The specific
model of the process to be controlled is shown in Fig. 8.

Here y is the process’s measured output, d is a disturbance, and p* is the
index of the nominal process model transfer function which models P.

We will consider the case when P is a finite set and also the case when
P contains a continuum. Although both cases will be treated more or less
simultaneously, there are two places where the continuum demands special
consideration. The first is when one tries to construct stabilizable and de-
tectable realizations of continuously parameterized transfer functions, which
are continuous functions of p. In particular, unless the transfer functions in
question all have the same McMillan degree, constructing realizations with
all of these properties can be quite a challenge. The second place where
the continuum requires special treatment, is when one seeks to characterize
the key property implied by dwell time switching. Both of these matters will
be addressed later in this chapter.

d

+ +
+
——<g—~ Vp= Y

Fig. 8. Process model
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In the sequel, we define one by one, the component subsystems of the
overall supervisory control system under consideration. We begin with the
“multi-controller.”

Multi-Controller = C,.

We take as given a continuously parameterized family of “off-the-shelf” loop
controller transfer functions K 2 {kp : p € P} with at least the following
property:

Stability margin property: For each p € P, —\ is greater than the real
parts of all of the closed-loop poles® of the feedback interconnection (Fig.9).

We emphasize that stability margin property is only a minimal requirement on
the kp. Actual design of the , could be carried out using any one of a number
of techniques, including linear quadratic or H* methods, parameter-varying
techniques, pole placement, etc.

We will also take as given an integer no > 0 and a continuously para-
meterized family of ne-dimensional realizations {Ac(p), be(p), fe(p), 9c(p)},
one for each x, € K. These realizations are required to be chosen so that for
eachp € P, (fo(p), N[+ Ac(p)) is detectable and (Al + Ac(p), be(p)) is stabi-
lizable. There are a great many different ways to construct such realizations,
once one has in hand an upper bound n, on the McMillan Degrees of the k.
One is the 2n,-dimensional identifier-based realization

(F2) ) () nn) o

where (A7,by) is any given parameter-independent, n,-dimensional siso, con-
trollable pair with A; stable and f, are g, are respectively a parameter-
dependent 1 x 2n,, matrix and a parameter dependent scalar. Another is the
n.-dimensional observer-based realization

{AO + kpf07 bp7 fO7gp}

O

Fig. 9. Feedback interconnection

2 By the closed-loop poles are meant the zeros of the polynomial $ppBp + VpQp,
where g—;’ and Z—z are the reduced transfer functions v, and x, respectively.
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where (fo, Ao) is any given n,.-dimensional, parameter-independent, observ-
able pair with Ao stable and k, and g, are respectively a parameter-dependent
n, X 1 matrix and a parameter dependent scalar. Thus for the identifier-based
realization nc = 2n, whereas for the observer-based realization nc = n,. In
either case, linear systems theory dictates that for a these realizations to exist,
it is necessary to be able to represent each transfer function in K as a rational
function p(s) with a monic denominator of degree n,. Moreover, p(s) must be
defined so that the greatest common divisor of its numerator and denominator
is a factor of the characteristic polynomial of A; or Ap depending on which
type of realization is being used. For the case when /C is a finite set, this is eas-
ily accomplished by simply multiplying both the numerator and denominator
of each reduced transfer function &, in K by an appropriate monic polynomial
tp of sufficiently high degree so that the rational function p(s) which results
has a denominator of degree n,. Carry out this step for the case when P con-
tains a continuum is more challenging because to obtain a realization which
depends continuously on p, one must choose the coefficients of p, to depend
continuously on p as well. One obvious way to side-step this problem is to
deal only with the case when all of the transfer functions in I have the same
McMillan degree, because in this case p, can always be chosen to be a fixed
polynomial not depending on p. We will not pursue this issue in any greater
depth in these notes. Instead, we will simply assume that such a continuously
parameterized family of realizations of the &, has been constructed.

Given such a family of realizations, the sub-system to be supervised is of
the form shown in Fig. 10 where C, is the no-dimensional switchable dynam-
ical system

Fig. 10. Supervised sub-system

tc = Ac(o)xc + bo(o)er v = fo(o)xe + go(o)er, (5.2)
called a multi-controller, v is the input to the integrator
i=wv, (5.3)
er is the tracking error
er 27— Y, (5.4)

and o is a piecewise constant switching signal taking values in P.

Supervisor=E + W 4+ D

Our aim here is to define a “supervisor” which is capable of generating o in
real time so as to ensure both:
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1. Global boundedness of all system signals in the face of an arbitrary but
bounded disturbance inputs

2. Set-point requlation {i.e., er — 0} in the event that the disturbance signal
is constant

As we shall see, the kind of supervisor we will define will deliver even more —
a form of exponential stability which will ensure that neither bounded mea-
surement noise nor bounded system noise entering the system at any point
can cause any signal in the system to grow without bound.

Parallel Realization of an Estimator-Based Supervisor

To understand the basic idea behind the type of supervisor we ultimately
intend to discuss, it is helpful to first consider what we shall call a parallel
realized estimator-based supervisor. This type of supervisor is applicable only
when P is a finite set. So for the moment assume that P contains m elements
P1,P2,---,Pm and consider the system shown in Fig. 11.

Here each y, is a suitably defined estimate of y which would be asymptot-
ically correct if v, were the process model’s transfer function and there were
no noise or disturbances. The system which generates y,, would typically be an
observer for estimating the output of a linear realization of nominal process
transfer function v,. For each p € P, e, = y, — y denotes the pth output es-
timation error and p,, is a suitably defined norm-squared value of e, called a
monitoring signal which is used by the supervisor to assess the potential per-
formance of controller p. S is a switching logic whose function is to determine

Yy
Yy — -
eStp] yp1 epl || H /’Lpl -
v — +
Yy
Yy — - e
esty, [y )
v —_— +
i i 5 —— o
| Y |
Yy — = )
eStp’ ypz epz || H Mpl -
Y — +
| y |
Yy — Ypm — X Cpn Hopr,
eStpm;’é—’ Il ~
v — +

Fig. 11. Parallel realization of an estimator-based supervisor
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o on the basis of the current values of the ji),. The underlying decision making
strategy used by such a supervisor is basically this: From time to time select
for o, that candidate control index ¢ whose corresponding monitoring signal
g is the smallest among the u,, p € P. The justification for this heuristic
idea is that the nominal process model whose associated monitoring signal is
the smallest, “best” approximates what the process is and thus the candidate
controller designed on the basis of this model ought to be able to do the best
job of controlling the process.

Estimator-Based Supervisor

The supervisor shown in Fig. 11 is a hybrid dynamical system whose inputs are
v and y and whose output is . One shortcoming of this particular architecture
is that it is only applicable when P is a finite set. The supervisor we will
now define is functionally the same as the supervisor shown in Fig.11 but
has a different realization, one which can be applied even when P contains
a continuum of points. The supervisor consists of three subsystems: a multi-

estimator E, a weight generator W, and a specific switching logic S 2 D called
dwell-time switching (Fig.12).
We now describe each of these subsystems in greater detail.

Multi-Estimator = E
By a multi-estimator E for %N , is meant an ng-dimensional linear system

(30 w0 w-()

Here (A,b) is any (n, + 1)-dimensional, single input controllable pair cho-
sen so that (Al + A) is exponentially stable, and n, is an upper bound on
the McMillan degrees of the v, p € P. Because of this particular choice of
matrices, it is possible to construct for each p € P, a row vector cg(p) for
which

where

{Ag +dgce(p),be,ce(p)}

realizes Lv, and (A + Ag + dgc(p), bg) is stabilizable. We will assume that
such a cg(p) has been constructed and we will further assume that it depends
continuously on p. We will not explain how to carry out such a construction

Lo Ly

rp
E - W s D —>= 0o

v

Fig. 12. Estimator-based supervisor
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here, even though the procedure is straight forward if P is a finite set or if all
the transfer functions in N have the same McMillan degree.

The parameter-dependent row vector cg(p) is used in the definition of W
which will be given in Sect. 5.1. With ¢g(p) in hand it is also possible to define
output estimation errors

ep Zcp(p)rp —y, peP (5.6)

While these error signals are not actually generated by the supervisor, they
play an important role in explaining how the supervisor functions. It should
be mentioned that for the case when P contains a continuum, the same issues
arise in defining the quadruple {Agp+dgcp(p), bg, cp(p)} to realize the Lv,, as
were raised earlier when we discussed the problem of realizing the x, using the
identifier-based quadruple in (5.1). Like before, we will sidestep these issues
by assuming for the case when P is not finite, that all nominal process model
transfer functions have the same McMillan degree.

Weight Generator = W

The supervisor’s second subsystem, W, is a causal dynamical system whose
inputs are zp and y and whose state and output W is a symmetric “weight-
ing matrix” which takes values in a linear space W of symmetric matrices.
W together with a suitably defined monitoring function M : W x P — R
determine a scalar-valued monitoring signal of the form

1y = M (W, p) (5.7)

which is viewed by the supervisor as a measure of the expected performance
of controller p. W and M are defined by

W = —2\W + (m;) (”j) K (5.8)

M(W,p) = (ca(p) —1) W (cu(p) —1)’ (5.9)

respectively, where W (0) may be chosen to be any matrix in W. The defin-
itions of W and M are prompted by the observation that if j, are given by
(5.7), then

and

Pop = —2App + 627 peP
because of (5.6), (5.8) and (5.9). Note that this implies that

pp(T) = e ley||7 + e M(W(0),p), T20,peP

where, for any piecewise-continuous signal z : [0,00) — IR", and any time
T > 0, ||z||7 is the exponentially weighted 2-norm
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T
A
el 2 / e2M (1) 2dt

Thus if W(0) = 0, u,(t) is simply a scaled version of the square of the expo-
nentially weighted 2-norm of e,,.

Duwell-time Switching Logic =D

The supervisor’s third subsystem, called a dwell-time switching logic D, is a
hybrid dynamical system whose input and output are W and o respectively,
and whose state is the ordered triple {X, 7,0}. Here X is a discrete-time ma-
trix which takes on sampled values of W, and 7 is a continuous-time variable
called a timing signal. T takes values in the closed interval [0, 7p], where 7p is
a pre-specified positive number called a dwell time. Also assumed pre-specified
is a computation time T¢ < Tp which bounds from above for any X € W, the
time it would take a supervisor to compute a value p € P which minimizes
M(X,p). Between “event times,” 7 is generated by a reset integrator accord-
ing to the rule 7 = 1. Event times occur when the value of 7 reaches either
Tp — Tc or Tp; at such times 7 is reset to either 0 or 7p — 7¢ depending on
the value of D’s state. D’s internal logic is defined by the flow diagram shown
in Fig. 13 where p, denotes a value of p € P which minimizes M (X, p).

Note that implementation of the supervisor just described can be accom-
plished when P contains either finitely or infinitely many points. However
when P is a continuum, for the required minimization of M(X,p) to be
tractable, it will typically be necessary to make assumptions about both cg(p)
and P. For example, if cg(p) is an affine linear function and P is a finite union
of convex sets, the minimization of M (X,p) will be a finite family of finite-
dimensional convex programming problems.

In the sequel we call a piecewise-constant signal & : [0,00) — P admissible
if it either switches values at most once, or if it switches more than once
and the set of time differences between each two successive switching times
is bounded below by 7p. We write S for the set of all admissible switching
signals. Because of the definition of I, it is clear its output o will be admissible.
This means that switching cannot occur infinitely fast and thus that existence
and uniqueness of solutions to the differential equations involved is not an
issue.

Closed-Loop Supervisory Control System

The overall system just described, admits a block diagram description of the
form shown in Fig. 14. The basic properties of this system are summarized by
the following theorem.

Theorem 5.1. Let 7¢ > 0 be fized. Let Tp be any positive number no smaller
than tc. There are positive numbers €,, p € P, for which the following state-
ments are true provided the process P has a transfer function in M.
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Initialize
o

Fig. 13. Dwell-time switching logic D

1 {
T
W | E
A
W
Y
D d
g
i Y
e v u 1
O—— ¢, SRR

Fig. 14. Supervisory control system
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Ac(p) be(p) Ap +dpeg(p) be
* i j fe(p) 9c(p) cx(p) 0

Fig. 15. Feedback interconnection

1. Global Boundedness: For each constant set-point value r, each bounded
piecewise-continuous disturbance input d, and each system initialization,
u,xo, rp, W, and X are bounded responses.

2. Tracking and Disturbance Rejection: For each constant set-point
value r, each constant disturbance d, and each system initialization, y

tends to r and u,xc,xp, W, and X tend to finite limits, all as fast as
Y
e M.

The theorem implies that the overall supervisory control system shown in
Fig. 14 has the basic properties one would expect of a non-adaptive linear
set-point control system. It will soon become clear if it is not already that the
induced £2? gain from d to e is finite as is the induced £> gain from d to
any state variable of the system.

5.2 Slow Switching

Although it is possible to establish correctness of the supervisory control sys-
tem just described without any further qualification [19], in these notes we
will only consider the case when the switching between candidate controllers
is constrained to be “slow” in a sense to be made precise below. This assump-
tion not only greatly simplifies the analysis, but also make it possible to derive
reasonably explicit bounds for the process’s allowable un-modeled dynamics
as well as for the system’s disturbance-to-tracking-error gain.

Consider the system shown in Fig. 15 which represents the feedback con-
nection of linear systems with coefficient matrices { Ac(p), be (p), fo(p), 9c(p)}
and {Agp + dgcgp(p),be, ce(p)}.

With an appropriate ordering of substates, the “A” matrix for this sys-

tem is
Ag +dp(p)ce(p) — brgc(p)ce(p) befc(p)
A, = . (5.10)
—be(p)es(p) Ac(p)

Observe that the two subsystems shown in the figure are realizations of &,
and %I/p respectively. Thus because of the stability margin property discussed
earlier, that factor of the characteristic polynomial of A, determined by &
and %V must have all its roots to the left of the vertical line s = —\ in the
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complex plane. Any remaining eigenvalues of A, must also line to the left of
the line s = —\ because {A\ + Ac(p),be(p), fe(p),gc(p)} and {A\ + Ag +
drcg(p),be,cr(p)} are stabilizable and detectable systems. In other words,
A + A, is an exponentially stable matrix and this is true for all p € P. In the
sequel we assume the following.

Slow switching assumption: Dwell time Tp is large enough so that for
each admissible switching signal o : [0,00) — P, A + A, is an exponentially
stable matriz.

Using Lemma 1.1 from Sect. 1.1, it is possible to compute an explicit lower
bound for 7p for which this assumption holds. Here’s how. Since each A+ A4,
is exponentially stable and p —— A, is continuous, it is possible to com-
pute continuous, non-negative and positive functions p —— ¢, and p — A,
respectively, such that

‘6(/\I+Apt)‘ < 6)\;,(15;,715)7 t>0
It follows from Lemma 1.1 that if 7p is chosen to satisfy

Tp > sup{t,}
pEP
then for each admissible switching signal o, A\ + A, will be exponentially
stable.

5.3 Analysis

Our aim here is to establish a number of basic properties of the supervisory
control system under consideration. We assume that r is an arbitrary but
constant set-point value. In addition we invariably ignore initial condition
dependent terms which decay to zero as fast as e, as this will make things
much easier to follow. A more thorough analysis which would take these terms
into account can carried out in essentially the same manner.

Output Estimation Error ey«

Assume that the diagram in Fig. 8 correctly models the process and conse-
quently that p* is the index of the correct nominal model transfer function
Vp+. In this section we develop a useful formula for e, where for p € P, e, is
the output estimation error

ep=Cgrp—vy (5.11)

defined previously by (5.6). In the sequel, for any signal w and polynomial
a(s), we use the notation a(s)w to denote the action of the differential op-
erator polynomial a(s)|,_a on w. For the sake of conciseness, we proceed

formally, ignoring questions of differentiability of w. We will need the follow-
ing easily verifiable fact.
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Lemma 5.1. For any triple of real matrices {Anxn, bnx1, Cixn}

ol a1y~ T = 7()
(sI — A)~ b )

where w(s) and 7T(s) are the characteristic polynomials of A and A + be
respectively.

A proof will not be given.
The process model depicted in Fig. 8 implies that

Bpy = (ap + Bp=0)u + ap-d
This and the fact that & = v enable us to write
$Bpy = (ap + Bp=0)v + syp-d (5.12)

In view of (5.11)
e = cu(p")om — y (5.13)

Using this, is possible to re-write estimator equation &g = Agpzp+dgy+bgv
defined by (5.5), as

ip = (Ap +dpcp(p”))ze — dpep + bpv (5.14)

Since {Ag + dpcg(p*),be, cp(p*)} realizes 1y and vy = g”* Ei; it must
P

be true that

ce(p*)(sI — Ap — dgcp(p*)) 'bg =

where s+ (s)0(s) is the characteristic polynomial of Ag + dgcr(p*) and 8 is
a polynomial of unobservable-uncontrollable eigenvalues of {Ag + drcg(p*),
b, ce(p*)}. By assumption, (s+ A)0 is thus a stable polynomial. By Lemma
5.1,

wi(s)0(s) — sBp-(5)0(s)
§0p+ (5)0(s)

where wg(s)0(s) is the characteristic polynomial of Ag. These formulas and
(5.14) imply that

ce(p*)(sl — Ag — dpcp(p*)) 'dp =

$Bp-0cp(p*)xp = —(WEl — s8p+0)ep + v

Therefore
8Ppce(p*)rE = —(WE — 5By )ep + apev

This, (5.12) and (5.13) thus imply that

$Oprepe = —(wp — 80p+ )epr — Bpr0v — sa,d
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d SQp*

Ep=

%52 —

By
) o v

Fig. 16. Output estimation error ep=

and consequently that
Wgeps = —fp-0v — sap-d

In summary, the assumption that P is modeled by the system shown in Fig. 8,
implies that the relationship between v, and e,- is as shown in Fig. 16.

Note that because of what has been assumed about § and about the spec-
trum of Ag, the poles of all three transfer functions shown in this diagram lie
to the left of the line s = — X in the complex plane.

Multi-Estimator/Multi-Controller Equations

Our next objective is to combine into a single model, the equations which
describe C, and [E. As a first step, write Zg for the shifted state

TE =g + AEleT (515)

Note that because of Lemma 5.1

w(s) = 50p(5)0p(5)

w(s) ’

CE(p)(SffAE)ildE = peP

where w is the characteristic polynomial of Ag and for p € P, 53,0, is the
characteristic polynomial of Ag 4+ dgcg(p). Evaluation of this expression at
s = 0 shows that

CE(p)AgldE = —].7 pE P

Therefore the pth output estimation error e, = cg(p)zg — y can be written
as e, = cg(p)Tg + r — y. But by definition, the tracking error is ey = r — y,
SO

ep =ce(p)Zg+er, peP (5.16)

By evaluating this expression at p = o, then solving for er, one obtains
er = e, — CE(O')(EE (517)
Substituting this expression for et into the multi-controller equations

To = Ac(a)mc + bc(U)eT v = fc(O')LL‘C + gc(o)eT
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defined by (5.2), yields

To = Ac(U)xcfbc(U)CE(G):EE+bc(U)eg v = fc(o’)xcfgc(G)CE(O')EE+gc(O')6g
(5.18)

Note next that multi-estimator equation &5 = Agrp + dgy + bgv defined by
(5.5) can be re-written using the shifted state Zg defined by (5.15) as

’j’)E = ApZp — dE(T - y) + bgv

Therefore
fE = AgpZg —dgert + bgv

Substituting in the expression for et in (5.17) and the formula for v in (5.18)
one gets

Ip = (Ap +dpcp(o) — bego(0)cr(0))Ze + befo(o)zc + (bego(o) — dp)es

Finally if we define the composite state

T = (ii) (5.20)

then it is possible to combine (5.18) and (5.19) into a single model
T = Asx + byes (5.21)
where for p € P, A, is the matrix defined previously by (5.10) and

begc(p) — dg
by =
bo(p)

The expressions for e and v in (5.17) and (5.18) can also be written in terms
of x as

er =e, + o (5.22)
and
V= fo + goto (5.23)
respectively, where for p € P
¢p = = (ce(p) 0) fo = (—9cP)er(p) fo(p)) 9 = 9¢(p)
Moreover, in view of (5.16),
ep = €q+ Cpg, P,qEP (5.24)
where
Cpq = (CE(p) - CE(Q) 0) ) p,q € P (525)

Equations (5.20)—(5.24) can be thought of as an alternative description of C,
and E. We will make use of these equations a little later.
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Exponentially Weighted 2-Norm
In Sect. 5.1 we noted that each monitoring signal p,(t) could be written as
tot) = Myl 2 + N M(W(0),p), 20, peP

where, for any piecewise-continuous signal z : [0,00) — IR", and any time
t >0, ||z]|; is the exponentially weighted 2-norm

t
B \/ / €27 |5(r)[2dr

Since we are considering the case when W (0) = 0, the expression for u sim-
plifies to

pp(t) = e_zAtHepH%
Thus
Hep”tz = GZMMP(LL)’ peP (5.26)

The analysis which follows will be carried out using this exponentially
weighted norm. In addition, for any time-varying siso linear system X of
the form y = c(t)x + d(t)u, © = A(t)x + b(t)u we write

Ab
cd

for the induced norm
sup{||Yulloo : u € U}

where y,, is X’s zero initial state, output response to u and U is the space of
all piecewise continuous signals u such that ||u|| = 1. The induced norm of
X is finite whenever A + A(t) is {uniformly} exponentially stable.

We note the following easily verifiable facts about the norm we are using.
If e=*||ul|; is bounded on [0,00) {in the £> sense}, then so is y, provided
d =0 and A — A(t) is exponentially stable. If « is bounded on [0, c0) in the
L sense, then so is e |Ju||{04}. If u — 0 as t — oo, then so does e |[u]];.

P Is a Finite Set

It turns out that at this point the analysis for the case when P is a finite set,
proceeds along a different path that the path to be followed in the case when
P contains infinitely many points. In this section we focus exclusively on the
case when P is finite.

As a first step, let us note that the relationships between e, v and e, given
by (5.22)—(5.24) can be conveniently represented by block diagrams which, in
turn, can be added to the block diagram shown in Fig. 16. What results in the
block diagram shown in Fig. 17.
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S(‘Mp*

ep* e — e
oB P o T

By v | Ao be
wE fo 95

Fig. 17. A representation of P, C,, E and %

In drawing this diagram we have set p = ¢ and ¢ = p* in (5.24) and
we have represented the system defined by (5.21), (5.22) and (5.23) as two
separate exponentially stable subsystems, namely

i’l = Aa$1 + baea' j:2 = AU‘TQ + baea'
v = fox1+ goto er = C,T2 + €5

where 1 = x5 = z. Note that the signal in the block diagram labeled w, will
tend to zero if d is constant because of the zero at s = 0 in the numerator of
the transfer function in the block driven by d.

To proceed beyond this point, we will need to “close the loop” in the sense
that we will need to relate e, to e,«. To accomplish this we need to address
the consequences of dwell time switching, which up until now we have not
considered.

Duwell-Time Switching

Note that each of the five blocks in Fig. 17 represents an exponentially stable
linear system with stability margin A. Thus if it happened to be true that
ey = gep+ for some sufficiently small constant gain g then we would be able
to deduce stability in the sense that the induced norm from d to et would be
finite. Although no such gain exists, it nonetheless turns out to be true that
there is a constant gain for which ||e,||; < g||ep«||¢ for all £ > 0. To explain
why this is so we will need the following proposition.

Proposition 5.1. Suppose that P contains m > 0 elements that W is gen-
erated by (5.8), that the p,, p € P, are defined by (5.7) and (5.9), that
W(0) =0, and that o is the response of D to W. Then for each time T > 0,
there exists a piecewise constant function 1 : [0,00) — {0,1} such that for all
q€P,

/Oo Y(t)dt < m(tp + 1¢) (5.27)
0
and

11 = ¥)es + vegllT < Vmllegllr (5.28)

Proposition 5.1 highlights the essential consequences of dwell time switching
needed to analyze the system under consideration for the case when P is finite.
The proposition is proved in Sect. 5.4.
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A Snapshot at Time T

Fix T' > 0 and let ¢ be as in Proposition 5.1. In order to make use of (5.28),
it is convenient to introduce the signal

z=(1—-1)es, + Ve, (5.29)
since, with ¢ = p*, (5.28) then becomes
lzllr < vVmllep-

Note that (5.24) implies that e, = e,+ + ¢op-x. Because of this, the expression
for z in (5.29) can be written as

T (5.30)

z=(1—=9)es+Y(es — Cop-)

Therefore after cancellation

2= €5 — YPCopT

or
€o = YCop+x + 2 (5.31)

Recall that
T = A,x + byey (5.32)

The point here is that (5.31) and (5.32) define a linear system with input z
and output e,. We refer to this system as the injected sub-system of the over-
all supervisory control system under consideration. Adding a block diagram
representation of this sub-system to the block diagram in Fig. 17 results is
the block diagram shown in Fig. 18 which can be though of as a snapshot of
the entire supervisory control system at time 7". Of course the dashed block
shown in the diagram is not really a block in the usual sense of signal flow.
Nonetheless its inclusion in the diagram is handy for deriving norm bound
inequalities, since in the sense of norms, the dashed block does provide the
correct inequality, namely (5.30).

s | - e € Ao b
d . 220 7 I er
wWEg cr 1
Ay bo
¥
Cop 0
By v Ao bs
we fo 9o

Fig. 18. A snapshot of the complete system at time T
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System Gains

Let us note that for any given admissible switching signal o, each of the six
blocks in Fig. 18, excluding the dashed block and the block for v, represents
an exponentially stable linear system with stability margin . It is convenient
at this point to introduce certain worst case “system gains” associated with
these blocks. In particular, let us define for p € P

Ay by Ay by

A
sup s ¢ = sup
S S
[eAS fo 9o [2AS

By

wWE

apé\/i ) bpé\/ﬁ

S0
w
2 o 1

where, as defined earlier, | - | is the shifted infinity norm and S is the set of
all admissible switching signals. In the light of Fig. 18, it is easy to see that

llex|l: < clleglls, t>0 (5.33)
and that b
* a, =
epellt < e —=||les ||t + 2=||d||;, t >0, 5.34
llep<[le < €p ﬁ\l\ [Ie \/§H Il > (5.34)

where €,+ is the norm bound on .
To proceed we need an inequality which relates the norm of e, to the norm
of z. For this purpose we introduce one more system gain, namely

t
o, e sup sup/ |cg(t)p¢(t,T)bg(T)eA(t_T)FdT, peP
oceSt>0J0

where &(t,7) is the state transition matrix of A,. Note that each v, is finite
because of the Slow Switching Assumption.
Analysis of the injected sub-system in Fig. 18 can now be carried out as
follows. Set
’Ll)p(t, 7') = Cc,(t)pqﬁ(t7 T)bc,(T)

Using Cauchy-Schwartz

t
|9 (wpr 0 eo)l]s < \/Up* / ?leo|fdp, =0 (5.35)
0

where w,+ 0 e, is the zero initial state output response to e, of a system with
weighting pattern w,-. From Fig. 18 it is it is clear that e, = z 4+ ¥ (wp- 0 €,).
Thus taking norms

llealle < [l2]l + [[(wps o eql|:

Therefore
lleo 7 < 2112117 + 2[|¢ (wp- o e6][7
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Thus using (5.35)

t
el < 20118 + 20 [ 0Pllerln, 0<e<T

Hence by the Bellman—Gronwall Lemma
leo I < (26200 557441 1213

SO

T 12
leollz < (Ve I 4200 | 2]

From this, (5.27), and the fact that 1)? = 1, we arrive at
leollr < (V2o mroH7e) ) 2] (5.36)

Thus the induced gain from z to e, of the injected sub-system shown in
Fig. 18 is bounded above by /2e%*™(7p+7¢)  We emphasize that this is a
finite number, not depending on T

Stability Margin

We have developed four key inequalities, namely (5.30), (5.33), (5.34) and
(5.36) which we repeat below for ease of reference.

llzllr < vmllep-||r (5.37)

ller|lr < ¢leqs||r (5.38)
b, « fap.

e |l < e 2= |lleq |7 + —2=||d 5.39

lep<|l7 < € \/il\l 7 \/QH |7 (5.39)

leolr < (\/ienp*m(TD-‘rTc)) B (5.40)

Inequalities (5.37), (5.39) and (5.40) imply that

lleollz < Vmes ™37 (6 by leo |7 + ap- ||d]|7)-
Thus if €, satisfies the small gain condition
e—t)p* m(Tp+7c)
el — 5.41
€p bp*\/TTL ( )
then a
lleallr < = lldllr- (5.42)

o= m(rptTc)
ety
The inequality in (5.41) provides an explicit upper bound for the norm of
allowable un-modeled process dynamics, namely |d].



96 A.S. Morse
A Bound on the Disturbance-to-Tracking-Error Gain

Note that (5.38) and (5.42) can be combined to provide an inequality of the
form

llex||r < gp-|ldll7, T>0 (5.43)
where
Chpy=
0 = = (5.44)
v b

The key point here is that g,« does not depend on 7" even though the block
diagram in Fig. 18 does. Because of this, (5.43) must hold for all 7. In other
words, even though we have carried out an analysis at a fixed time 7" and in
the process have had to define a several signals {e.g., ¢} which depended on
T, in the end we have obtained an inequality namely (5.43), which is valid for
all T'. Because of this we can conclude that

llex(loe < gp-lld][o (5.45)

Thus g,~ bounds from above the overall disturbance-to-tracking-error gain of
the system we have been studying.

Global Boundedness

The global boundedness condition of Theorem 5.1 can now easily be justified
as follows. Suppose d is bounded on [0, co) in the £ sense. Then so must
be e~ *||d||;. Hence by (5.42), e~ *||e, ||; must be bounded on [0, o) as well.
This, the differential equation for = in (5.32), and the exponential stability
of A\ + A, then imply that = is also bounded on [0, o). In view of (5.20)
and (5.15), g and x¢ must also be bounded. Next recall that the zeros
of wg {i.e., the eigenvalues of Ag} have negative real parts less than —\,
and that the transfer function %6 in Fig. 17 is strictly proper. From these
observations, the fact that e~*!||e,||; is bounded on [0,00), and the block
diagram in Fig. 17 one readily concludes that e, is bounded on [0, c0). From
(5.24), ex = ep+ + cop+x. Therefore e, is bounded on [0, 00). Boundedness of
et and v follow at once from (5.22) and (5.23) respectively. In view of (5.4),
y must be bounded. Thus W must be bounded because of (5.8). Finally note
that © must be bounded because of the boundedness of y and v and because of
our standing assumption that the transfer function of P is non-zero at s = 0.
This, in essence, proves Claim 1 of Theorem 5.1.

Convergence

Now suppose that d is a constant. Examination of Fig. 17 reveals that w must
tend to zero as fast as e~ because of the zero at s = 0 in the numerator of
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the transfer function from d to w. Thus ||w||s < co. Figure 17 also implies
that

legellz < llr + 6 22 leol I
V2

This (5.37), (5.40) and (5.41) implies that
V2

e oprm(TD+TC)

— — €p* bp*

lles |l < [|wllr

Since this inequality holds for all 7" > 0, it must be true that ||e,||c < 00.
Hence e, must tend to zero as fast as e=*t. So therefore must x because of the
differential equation for x in (5.21). In view of (5.20) T and x¢ must tend
to zero. Thus 2 must tend to AL'bpr because of (5.15). Moreover e, must
tend to zero as can be plainly seen from Fig.17. Hence from the formulas
(5.22) and(5.23) for et and v respectively one concludes that these signals
must tend to zero as well. In view of (5.4), y must tent to 7. Thus W must
approach a finite limit because of (5.8). Finally note that u tend to a finite
limit because y and v do and because of our standing assumption that the
transfer function of P is non-zero at s = 0. This, in essence, proves Claim 2 of
Theorem 5.1.

P Is Not a Finite Set

We now consider the more general case when P is a compact but not neces-
sarily finite subset of a finite dimensional linear space. The following proposi-
tion replaces Proposition 5.1 which is clearly not applicable to this case. The
proposition relies on the fact that every nominal transfer function in N can
be modeled by a linear system of dimension at most ng.

Dwell-Time Switching

Proposition 5.2. Suppose that P is a compact subset of a finite dimensional
space, that p — cg(p) is a continuous function taking values in R**™ | that
cpq = (ce(p) —ce(q) 0) as in (5.25), that W is generated by (5.8), that the
Lp, p € P, are defined by (5.7) and (5.9), that W(0) = 0, and that o is the
response of D to W. For each q € P, each real number p > 0 and each fixed
time T > 0, there exists piecewise-constant signals h : [0,00) — R!*(netne)
and v : [0,00) — {0,1} such that

M) <p, t>0, (5.46)

/m¢ﬁﬂt§nEﬁD+ﬂﬂ7 (5.47)
0
and

1+ sup,ep |Cpq|)nE el
q

||(1—w><eg—hx)+weq|T<{1+an( :

(5.48)
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This Proposition is proved in Sect.5.4. Proposition 5.2 summarizes the key
consequences of dwell time switching which are needed to analyze the sys-
tem under consideration. The term involving h in (5.48) present some minor
difficulties which we will deal with next.

Let us note that for any piece-wise continuous matrix-valued signal h :
[0, 00) — RY>XME+1C) it is possible to re-write (5.21)—(5.22) as

&= (Ays + byh)x + b€ (5.49)
er =¢+ (¢, +h)z (5.50)
and
v=(fs +goh)x + go€ (5.51)
respectively where
€=-e, — hx. (5.52)

Note also that the matrix A\ + A, + b,h will be exponentially stable for any
o€ Sif |h] < p,t >0, where p is a sufficiently small positive number. Such a
value of p exists because p — A, and p — b, are continuous and bounded
functions on P and because AI+ A, is exponentially stable for every admissible
switching signal. In the sequel we will assume that p is such a number and
that H is the set of all piece-wise continuous signals h satisfying |h| < p,t > 0.

A Snapshot at Time T

Now fix T' > 0 and let ¢ and h be signals for which (5.46)—(5.48) hold with
g = p*. To account for any given h in (5.49)—(5.51), we will use in place of the
diagram in Fig. 17, the diagram shown in Fig. 19. As with the representation
in Fig. 17, we are representing the system defined by (5.49)—(5.51) as two
separate subsystems, namely

iy = (Ag + boh)x1 + bs€ iy = (Ay + boh)azs + by
v = (fo+ goh)r1 + go€ er = (co + h)zo + ¢

where 1 = x5 = .

Ay + boh by

@
]
H

ep*
co+h 1

22 By v o +boh b

wE fo +boh 9o

Fig. 19. A Representation of P, C,, E and %
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Note that each of the five blocks in Fig. 19 represents an exponentially stable
linear system with stability margin .
In order to make use of (5.48), it is helpful to introduce the signal

z=(1—-19)(e; — hx) + e, (5.53)
since (5.48) then becomes

Izll7 < yp-llep- |2 (5.54)

1+ su Cppe |\
{1 + o ( ppG'P| PP ) }
P

g = €pr + Copr T

where

I

Vp*

Note that

because of (5.24). Solving for e, in substituting the result into (5.53) gives
z=(1-1v)(ec — hx) +¢(es — Cop+)

Thus
Z=e, —hx —Y(cop — h)x

In view of (5.52) we can therefore write

or

€=Z+Y(copr —h)x (5.55)
Recall that (5.49) states that

&= (Ay + boh)x + bye. (5.56)

Observe that (5.55) and (5.56) define a linear system with input z and output
€ which we refer to as the injected system for the problem under considera-
tion. Adding a block diagram representation of this sub-system to the block
diagram in Fig. 19 results in the block diagram shown in Fig.20. Just as in
the case when P is finite, the dashed block is not really a block in the sense
of signal flow.

System Gains

Let us note that for any given admissible switching signal o, each of the six
blocks in Fig. 20, excluding the dashed block and the block for ¢, represents
an exponentially stable linear system with stability margin A. It is convenient
at this point to introduce certain worst case “system gains” associated with
these blocks. In particular, let us define for p € P
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Ay + boh by

S0

wE

Ao + boh by

Copr —h O

3 Ao +boh bo
) Pp* v
wE

ffo +90h go

Fig. 20. A Snapshot of the complete system at time T’

Ay, +bsh b, Ay +bsh b,
sup sup € = sup sup
heHoeS fo— + gah Jo heH oeS ¢o+h 1

Bp

WE

S

b, 2 V2

In the light of Fig. 20, it is easy to see that
lex|ls <<llell: =0, (5.57)

and that

where ¢€,+ is the norm bound on J and a,, is as defined in Sect. 5.3.
To proceed we need an inequality which related the norm of € to the norm
of z. For this purpose we introduce the additional system gain

t>0 (5.58)

v, = sup sup sup/ [(Co(r)qg — R(t))D(t, )bg(T)e’\(t_T)\2dT
heH o€S >0

where @(t,7) is the state transition matrix of A, + b,h. Note that each v, is
finite because of the Slow Switching Assumption.

Analysis of the injected sub-system shown in Fig. 20 is the same as in the
case when P is finite. Instead of (5.36), what one obtains in this case is the
inequality

lellz < (Vaemr =47 ) 2] (5.59)

Stability Margin

We have developed four key inequalities for the problem at hand, namely
(5.54), (5.57), (5.58) and (5.59) which we repeat for ease of reference.
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1zl < (5.60)
ezl < llli (5.61)
< el + 2 (5.62)

" Ve
lellr < (V2emmotre)) 12| (5.63)

Observe that except for different symbols, these inequalities are exactly the
same as those in (5.37)—(5.40) respectively. Because of this, we can state at
once that if €,+ satisfies the small gain condition

efﬁp*nE(‘rDJrTc) ( )
pr < —————— 5.64
! by Yp+
then a
lellr < L l1dl|r, (5.65)

e Pp*"E(TDtTC) b
Yp* pvp

As in the case when P is finite, inequality in (5.64) provides an explicit bound
for the norm of allowable process dynamics.

A Bound on the Disturbance-to-Tracking-Error Gain

Note that (5.61) and (5.65) can be combined to provide an inequality of the
form

ller|lr < gp- T=0
where
_ cay,-
Op* = o prnE(TDHTC) - (5.66)
P — €pr by

Moreover, because the preceding inequality holds for all 7 > 0 and gp- is
independent of 7', it must be true that

|ler|le < ﬁp*HdHoo

Thus for the case when P contains infinitely many points, g,- bounds from
above the overall system’s disturbance-to-tracking-error gain.

Global Boundedness and Convergence

It is clear from the preceding that the reasoning for the case when P contains
infinitely many points parallels more or less exactly the reasoning used for the
case when P contains only finitely many points. Thus for example, the claims
of Theorem 5.1 regarding global boundedness and exponential convergence
for the case when P contains infinitely many points, can be established in
essentially the same way as which they were established earlier in these notes
for the case when P is a finite set. For this reason, global boundedness and
convergence arguments will not be given here.
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5.4 Analysis of the Dwell Time Switching Logic

We now turn to the analysis of dwell time switching. In the sequel, T' > 0 is
fixed, o is a given switching signal, tg 2 0, t; denotes the ith time at which
o switches and p; is the value of o on [t;_1,t;); if o switches at most n < oo

times then ¢,41 2 5 and Pn+1 denotes o’s value on [t,,c0). Any time X
takes on the current value of W is called a sample time. We use the notation
|t] to denote the sample time just preceding time ¢, if ¢ > 7p — 7¢, and the
number zero otherwise. Thus, for example, |to| =0 and [t;] = ¢, —7¢, i > 0.
We write k for that integer for which T' € [t;—1,t). For each j € {1,2,...,k}

define
_ tj ifj</€
tj: e . )
T ifj=k

and let ¢; : [0,00) — {0,1} be that piecewise-constant signal which is zero
everywhere except on the interval

(11, t5), i t;—t;1 <7p

or
(L] —7c, &), if t; —tj—1>7p

In either case ¢; has support no greater than 7p + 7¢ and is idempotent {i.e.,
gb? = ¢;}. The following lemma describes the crucial consequence of dwell
time switching upon which the proofs of Proposition 5.1 and 5.2 depend.

Lemma 5.2. For each j € {1,2,...,k}

(1 = @5)ep; Iz, < 1L = @s)eqllr, VgeP

Proof of Lemma 5.2: The definition of dwell time switching implies that
tip; (1)) < pq(ltj-1]), Vg €P,
l‘pj(ﬁjJ —710) < pg(ltj] —70),Vq e P ift; —t;_1 > 7p
As noted earlier, for all t > 0
po(t) = e M|ey|[f , pEP
Therefore

leg, Iy < llealls, s VaeP
(5.67)
llep; 11717, 1—ro) < lleallf|z, | —rey> Ya € P, if & — ;> 7D

The definitions of ¢; implies that for [ € P
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11— ¢))ell? = 12 = @5)erllfy, ) if t:j —tj—1 < 7p,
J tj H(l - gbj)el”?\fjJ*TC) if tj — tj—l > TpD

From this and (5.67) we obtain for all ¢ € P
(1 _¢j)epj||t lle P]”Lt, = ||6qHLt] e ||eq||t = (1 _¢J)eq||t
ift; —tj—1 <7p and
11 = @5)ep,lIF, = llep 1T, —rey < lleallf;—re) < lleqllf, = 111 = ¢5)eqlfF,
if t; —t;_1 > 7p. From this and the fact that

11— ¢i)eqll?, < 11 = d))eqll7, a € P,

there follows

(1= j)ep; |z, < II(L—dj)eqllr, V qgeP

|
Implication of Dwell-Time Switching When P Is a Finite Set
The proof of Proposition 5.1 makes use of the following lemma.
Lemma 5.3. For all u; € [0,1], i € {1,2,...,m}
D (1—p) < (m=1)+[](1— ) (5.68)
i=1 i=1

Proof of Lemma 5.3: Set x; =1 — p;, ¢ € {1,2,..., }. It is enough to show
that for z; € [0,1], i € {1,2,...,}

szf -1 —|—ij (5.69)

for j € {1,2,...,m}. Clearly (5.69) is true if j = 1. Suppose therefore that
for some k > 0, (5.69) holds for j € {1,2,...,k}. Then

k+1

sz—xk+1+zxz<wk+1+ H:ch
k k
< (1= xps1) (11‘[:@) t g+ (k= 1)+ [
=1

=1
k+1

i=1
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By induction, (5.69) thus holds for j € {1,2,...,m}. O

Proof of Proposition 5.1: For each distinct p € {p1,p2,...,px}, let I,
denote the set of nonnegative integers ¢ such that p; = p and write j, for the
largest integer in Z,. Note that j,, = k. Let J denote the set of all such j.
since P contains m elements, m bounds from above the number of elements
in J. For each j € J, define

v21- ] -e) (5.70)

jeT

Since each ¢, has co-domain {0, 1}, support no greater than 7p + 7¢ and is
idempotent, it must be true that ¢ has co-domain {0, 1}, support no greater
than m(7p + 7¢) and is idempotent as well. Therefore, (5.27) holds.

Now

I1=¢)eallF =D > (A=)ey, I ~1(1=0)en, |7 _,) < D 1(L—thyep, |7,
JjeET ZEI jeT
(5.71)
In view of (5.70) we can write
2
DA =w)eyllf = {H(l—@)}em (5.72)
J€T jeg ll lieg P

2

{Ha—dn} <30 blen
leg 7 jeT

From this, Lemma 5.2, (5.71), and (5.72) it follows that

>

JjeJ

(1= )eallz < DN = ds)egllzs ¥ aeP
jeT

Thus for ¢ € P

0= venlf < 3 [ feae 20 6%

jeT

:/0 {eg@™}120 (1 - 0,)? b dt

jeT

= [N {00 pa

J
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This, Lemma 5.3 and (5.70) imply that

|m—wkm%sé{%wf m—1+ [[ (-9, pdt

pEPT
:Aﬂa&@%m—wwt
=42@@@%m—¢ﬂﬁ

Hence
(1 = )eq[F < mlleq|F — [ley|[7 (5.73)
Now
11 = ¥)eqllT + [lveqll7 = 11 = v)es + teq|[7
because ¥ (1 — 1) = 0. From this and (5.73) it follows that

(1 = ¥)es +degll7 < milegll7

and thus that (5.28) is true O

Implication of Dwell-Time Switching When P Is Not a Finite Set

To prove Proposition 5.2 we will need the following result which can be easily
deduced from the discussion about strong bases in Sect. 5.4.

Lemma 5.4. Let € be a positive number and suppose that X = {x1,xa,... 2y}
is any finite set of vectors in a real n-dimensional space such that |z,,| > €.
There exists a subset of m < n positive integers N' = {i1,ia,...,im}, each no
larger than m, and a set of real numbers a;;, i € M ={1,2,...m}, j e N
such that

xi—ZaijIj §e, ZEM
JEN
where

a,;j:O, ’iGM, jEN, 7:>j7

(1 +supX)”
€

|G,7;j|§ s ’L'GM, ]GN

Proof of Proposition 5.2: There are two cases to consider:

Case I: Suppose that |cp,q| < p for i € {1,2,...,k}. In this case set ¥(t) =
0, t >0, h(t) = co()q for t € [0,tx), and h(t) = 0 for ¢t > t;. Then (5.47) and
(5.46) hold and e, = hx + ¢4 for ¢t € [0,T"). Therefore |le, — hx|lr = ||e4]|r
and (5.48) follows.
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Case II: Suppose the assumption of Case I is not true in which case there is a
largest integer m € {1,2,..., k} such that |c,, 4] > p. We claim that there is a
non-negative integer m < ng, a set of m positive integers J = {i1,i2,...,im},
each no greater than k, and a set of piecewise constant signals v; : [0,00) —
R, 7 € J, such that

Cottyg = DN ()epya| <p, 0<EST (5.74)
s

where for all j € J
7i(t) =0, te(t,o0), (5.75)

1+ su c ne
v ()] < (W) . teloty) (5.76)

To establish this claim, we first note that {c,, ¢, Cpags - - - Cpigt C {Cpg : 0 € P}
and that {c,q : p € P} is a bounded subset of an ng dimensional space.
By Lemma 5.4 we thus know that there must exist a subset of m < ng
integers J = {41,142, ...,im}, each no greater than m, and a set of real numbers
gij, i € M={1,2,...,m}, j € J such that

Cpiq — Z GijCpig| <Py 1EM (5.77)
jeg
where
9ij =0, 1eM,jeT, i>] (5.78)
gl < & et w)™ e jen (5.79)

Thus if for each j € J, we define ;(t) = g5, t € [ti—1,t;), ¢ € M, and
7v;(t) =0, t > t,, then (5.74)—(5.76) will all hold.
To proceed, define h(t) for ¢ € [0, ¢,,) so that

h(t) = Cp,q — Z giijjq7 t e [tifl,ti), 1eM
JjET
and for t > t,, so that

Cpigt € [tica,ts) i€ {m+1,... k}
h(t) =
0 t>t

Then (5.46) holds because of (5.74) and the assumption that |c,,4| < p for
i€ {m+1,...,k}. The definition of h implies that
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Cottyg = (1) = Y (D), t€[0,T)
jeT
and thus that
eo(n)(t) = eq(t) —h(D)z(t) = Y 7j(t)(en, (t) = eq(t)), t€[0,T)  (5.80)
jeT
For each j € 7, let
A

v21-J[a-9) (5.81)

JjeT
Since each ¢; has co-domain {0, 1}, support no greater than 7p + 7¢ and is
idempotent, it must be true that ¢ also has co-domain {0, 1}, is idempotent,
and has support no greater than m(7p + 7¢). In view of the latter property
and the fact that m < ng, (5.47) must be true.
By Lemma 5.2

(L= 9j)ep; g, <llegllr, VieT, ¢€P

From this and the triangle inequality

(L= ¢5)(ep, — €q)llz; < 2lleqllr, Vi€ T, qeP. (5.82)
From (5.80)
10 = 9)(eo = €4 = o)l = ||jend = ¥)v5(en, — o)
(5.83)
<D ien 1A =P)vi(ep, —eg)llr
But
(L= ¥)vj(ep; = eg)llr = |I(1 = )i (en; — €q)llt;
because of (5.75). In view of (5.76)
(L = )vi(ep, — eq)llzo,ry < AN =) (ep; —eg)lly, (5.84)

where
A (14 sup,ep [cpqg|)"”

p

Now [[(1 = 1)(ep; —eg)lle; < 11— @j)(ep, — €q)llt; because of (5.70). From
this, (5.82) and (5.84) it follows that

y

(1 =)vj(ep, —eq)llr < 27lleq]lr

In view of (5.83) and the fact that m < ng, it follows that

(1 = ¥)(eo = eq = h)llr < 2np7|leq|lr
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But
(L =9)(eq — hx)) +veqg = (1 —1p)(es — €q — ha) — €4

so by the triangle inequality
(X =) (eq — ha)) + Pegllr < |[(1 = ¥)(es — eq — ha)l|r + [leg]|r
Therefore
(X =) (eo — ha) + eqllr < (14 2np7)lleqllr

and (5.48) is true. O

Strong Bases

Let X be a subset of a real, finite dimensional linear space with norm | - | and
let € be a positive number. A nonempty list of vectors {1, 2, ..., zz} in X
is e-independent if

|za| > e, (5.85)

and, for k € {1,2,...,7n — 1},
n
T + Z pixy| > €, Vyu; € IR (5.86)
J=k+1

{1, x2,ldots, xn} e-spans X if for each & € X there is a set of real numbers
{b1,ba,...,ba}, called e-coordinates, such that

I
xr — E bixi
i=1

The following lemma gives an estimate on how large these e-coordinates can
be assuming X’ is abounded subset.

<e (5.87)

Lemma 5.5. Let X be a bounded subset which is e-spanned by an

e-independent list {x1,2a,...,x5}. Suppose that x is a vector in X and that
b1,ba, ... by is a set of e-coordinates of x with respect to {x1, xa, ..., Tn}.
Then
X n
Ibi] < <1+S“p ) . ie{l,2,...,7} (5.88)

This lemma will be proved in a moment.

Now suppose that X' is an finite list of vectors x1, 2, ..., x,, in a real
n-dimensional vector space. Suppose, in addition, that |z,,| > €. It is possible
to extract from X an ordered subset {x; ,x,,...,z;, }, with 7 < n, which is
e-independent and which e-spans X. Moreover the i; can always be chosen so
that
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i <l <idzg < - <idp=m (5.89)

and also so that for suitably defined b;; € IR

xi_Z?:k-i—l bijl’l .,ik+1},ke {1,2,...,7_1—1},

(5.90)

wi— Y0 bijwi| < ei€{1,2,...,k1} (5.91)

In fact, the procedure for doing this is almost identical to the familiar
procedure for extracting from {xy, z2,..., @}, an ordered subset which
is linearly independent {in the usual sense} and which spans the span of
{z1, x2, ..., xm}. The construction of interest here begins by defining an

integer jy 2. Jj2 is then defined to be the greatest integer j < j; such that

|mj_:u’$j1| >e VpeR,

if such an integer exists. If not, one defines n 2 1 and i1 2 71 and the
construction is complete. If jo exists, j3 is then defined to be the greatest
integer 7 < jo such that

) — pawj, — powy,| = € Yy € R,

if such an integer exists. If not, one defines 7 29 and in = Jmti—k, k €
{1,2}.... and so on. By this process one thus obtains an e-independent,
e-spanning subset of X for which there exist numbers a;; such that
(5.89)-(5.91) hold. Since such b;;, j € {1,2,...,n}, are e-coordinates of
xi, 1 € {1,2,... 0}, each coordinate must satisfy the same bound inequality
as the b; in (5.88). Moreover, because i cannot be larger than the dimension
of the smallest linear space containing X', n < n.

Proof of Lemma 5.5: For k € {1,2,...,7} let

Yk 2 Z bix; (5.92)
i—k
We claim that
Ibi| < |y’“‘, ke{l,2,. .. 0} (5.93)

Now (5.93) surely holds for k = i, because of (5.85) and the formula |yz| =
|b7 |25 | which, in turn, is a consequence of (5.92). Next fix k € {1,2,,...,7—
1}. Now (5.93) is clearly true if by = 0. Suppose by # 0 in which case

n
N Z KT
Jj=k+1
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where 2 Z—i. From this and (5.86) it follows that |yx| > |bkle, k €
{1,2,...,7}, so (5.93) is true.

Next write y1 = (y1 — x) + x. Then |y1| < |y1 — z| + |z|. But |z| < sup X
because € X and |y; — z| < € because of (5.87) and the definition of y; in

(5.92). Therefore
X
1] < (1 + 2P ) (5.94)

€ €

From (5.92) we have that yxr1 = yp — bgag, k€ {1,2,...,7 — 1}. Thus
lye+1] < |yl + [brl|lzk], k€ {1,2,...,7 — 1}. Dividing both sides of this in-
equality by e and then using (5.93) and |z;| < sup X', we obtain the inequality

X
lyer| (Hsup> el e aon
€ €

€ =

This and (5.94) imply that

k
X
|y’€|§<1+wp >7 ke{l1,2,...,a}
€

€

In view of (5.93), it follows that (5.88) is true. [

6 Flocking

Current interest in cooperative control of groups of mobile autonomous agents
has led to the rapid increase in the application of graph theoretic ideas to-
gether with more familiar dynamical systems concepts to problems of analyz-
ing and synthesizing a variety of desired group behaviors such as maintaining
a formation, swarming, rendezvousing, or reaching a consensus. While this
in-depth assault on group coordination using a combination of graph theory
and system theory is in its early stages, it is likely to significantly expand
in the years to come. One line of research which “graphically” illustrates the
combined use of these concepts, is the recent theoretical work by a number of
individuals which successfully explains the heading synchronization phenom-
enon observed in simulation by Vicsek [25], Reynolds [26] and others more
than a decade ago. Vicsek and co-authors consider a simple discrete-time
model consisting of n autonomous agents or particles all moving in the plane
with the same speed but with different headings. Each agent’s heading is up-
dated using a local rule based on the average of its own heading plus the
current headings of its “neighbors.” Agent i’s neighbors at time ¢, are those
agents which are either in or on a circle of pre-specified radius r; centered
at agent ¢’s current position. In their paper, Vicsek et al. provide a variety
of interesting simulation results which demonstrate that the nearest neighbor
rule they are studying can cause all agents to eventually move in the same
direction despite the absence of centralized coordination and despite the fact
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that each agent’s set of nearest neighbors can change with time. A theoret-
ical explanation for this observed behavior has recently been given in [27].
The explanation exploits ideas from graph theory [28] and from the theory of
non-homogeneous Markov chains [29-31]. With the benefit of hind-sight it is
now reasonably clear that it is more the graph theory than the Markov chains
which will prove key as this line of research advances. An illustration of this
is the recent extension of the findings of [27] which explain the behavior of
Reynolds’ full nonlinear “boid” system [32]. By appealing to the concept of
graph composition, we side-step most issues involving products of stochastic
matrices and present in this chapter a variety of graph theoretic results which
explain how convergence to a common heading is achieved.

Since the writing of [27] many important papers have appeared which ex-
tend the Vicsek problem in many directions and expand the results obtained
[33—-37]. Especially noteworthy among these are recent papers by Moreau [33]
and Beard [34] which address the modified versions of the Vicsek problem in
which different agents use different sensing radii r;. The asymmetric neigh-
bor relationships which result necessitate the use of directed graphs rather
than undirected graphs to represent neighbor relation. We will use directed
graphs in this chapter, not only because we want to deal with different sens-
ing radii, but also because working with directed graphs enables us to give
convergence conditions for the symmetric version of Vicsek’s problem which
are less restrictive than those originally presented in [27].

Vicsek’s problem is what in computer science is called a “consensus prob-
lem” or an “agreement problem.” Roughly speaking, one has a group of agents
which are all trying to agree on a specific value of some quantity. Each agent
initially has only limited information available. The agents then try to reach a
consensus by passing what they know between them either just once or repeat-
edly, depending on the specific problem of interest. For the Vicsek problem,
each agent always knows only its own heading and the headings of its neigh-
bors. One feature of the Vicsek problem which sharply distinguishes it from
other consensus problems, is that each agent’s neighbors change with time,
because all agents are in motion for the problems considered in these notes.
The theoretical consequence of this is profound: it renders essentially useless
a large body of literature appropriate to the convergence analysis of “near-
est neighbor” algorithms with fixed neighbor relationships. Said differently,
for the linear heading update rules considered in this chapter, understand-
ing the difference between fixed neighbor relationships and changing neighbor
relationships is much the same as understanding the difference between the
stability of time — invariant linear systems and time — varying linear systems.

6.1 Leaderless Coordination

The system to be studied consists of n autonomous agents, labeled 1 through
n, all moving in the plane with the same speed but with different headings.
Each agent’s heading is updated using a simple local rule based on the average
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of its own heading plus the headings of its “neighbors.” Agent i’s neighbors
at time ¢, are those agents, including itself, which are either in or on a circle
of pre-specified radius r; centered at agent i’s current position. In the sequel
N;(t) denotes the set of labels of those agents which are neighbors of agent i
at time ¢. Agent i’s heading, written 6;, evolves in discrete-time in accordance
with a model of the form

ei(t+1)=# > 05t (6.1)
)

i (t) JEN;(t

where t is a discrete-time index taking values in the non-negative integers
{0,1,2,...}, and n;(t) is the number of neighbors of agent i at time ¢.

The explicit form of the update equations determined by (6.1) depends on
the relationships between neighbors which exist at time ¢. These relationships
can be conveniently described by a directed graph G with vertex set V =
{1,2,...n} and “arc set” A(G) C V x V which is defined in such a way so
that (4, j) is an arc or directed edge from 7 to j just in case agent i is a neighbor
of agent j. Thus G is a directed graph on n vertices with at most one arc from
any vertex to another and with exactly one self-arc at each vertex. We write
G for the set of all such graphs and G for the set of all directed graphs with
vertex set V. We use the symbol P to denote a suitably defined set indexing G
and we write P for the subset of P which indexes G. Thus G = {G,, : p € P}
where for p € P, G, denotes the pth graph in G. It is natural to call to a
vertex i a neighbor of vertex j in G if (4,7) is and arc in G. In addition we
sometimes refer to a vertex k as a observer of vertex j in G if (j,k) is and
arc in G. Thus every vertex of G can observe its neighbors, which with the
interpretation of vertices as agents, is precisely the kind of relationship G is
suppose to represent.

The set of agent heading update rules defined by (6.1) can be written in
state form. Toward this end, for each p € P, define flocking matriz

by = D;1A;; (6.2)

where Aj, is the transpose of the “adjacency matrix” of the graph G, and D,
the diagonal matrix whose jth diagonal element is the “in-degree” of vertex
j within the graph.? Then

Ot+1) ZFg(t)H(t), te{0,1,2,...} (6.3)

where 6 is the heading vector § = (61 65 ... 97,,)/ and o : {0,1,...} - Pisa
switching signal whose value at time ¢, is the index of the graph representing

3 By the adjacency matriz of a directed graph G € G is meant an n x n matrix
whose ijth entry is a 1 if (¢, 7) is an arc in A(G) and 0 if it is not. The in-degree of
vertex j in G is the number of arcs in A(G) of the form (4, 7); thus j’s in-degree
is the number of incoming arcs to vertex j.
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the agents’ neighbor relationships at time t. A complete description of this
system would have to include a model which explains how ¢ changes over
time as a function of the positions of the n agents in the plane. While such a
model is easy to derive and is essential for simulation purposes, it would be
difficult to take into account in a convergence analysis. To avoid this difficulty,
we shall adopt a more conservative approach which ignores how ¢ depends
on the agent positions in the plane and assumes instead that ¢ might be any
switching signal in some suitably defined set of interest.

Our ultimate goal is to show for a large class of switching signals and
for any initial set of agent headings that the headings of all n agents will
converge to the same steady state value 0,,. Convergence of the 6; to 6
is equivalent to the state vector 6 converging to a vector of the form 64,1

where 1 2 (1 1... 1);“. Naturally there are situations where convergence
to a common heading cannot occur. The most obvious of these is when one
agent — say the ith — starts so far away from the rest that it never acquires
any neighbors. Mathematically this would mean not only that G, ) is never
strongly connected* at any time ¢, but also that vertex i remains an isolated
vertex of G,(y) for all ¢ in the sense that within each G, ), vertex ¢ has
no incoming arcs other than its own self-arc. This situation is likely to be
encountered if the r; are very small. At the other extreme, which is likely
if the r; are very large, all agents might remain neighbors of all others for
all time. In this case, 0 would remain fixed along such a trajectory at that
value in p € P for which G, is a complete graph. Convergence of 6 to 041
can easily be established in this special case because with o so fixed, (6.3)
is a linear, time-invariant, discrete-time system. The situation of perhaps the
greatest interest is between these two extremes when G, ;) is not necessarily
complete or even strongly connected for any ¢ > 0, but when no strictly proper
subset of G, (;)’s vertices is isolated from the rest for all time. Establishing
convergence in this case is challenging because o changes with time and (6.3)
is not time-invariant. It is this case which we intend to study.

Strongly Rooted Graphs

In the sequel we will call a vertex i of a directed graph G € G, a root of G if
for each other vertex j of G, there is a path from i to 7. Thus ¢ is a root of G,
if it is the root of a directed spanning tree of G. We will say that G is rooted
at ¢ if ¢ is in fact a root. Thus G is rooted at ¢ just in case each other vertex
of G is reachable from vertex i along a path within the graph. G is strongly
rooted at i if each other vertex of G is reachable from vertex ¢ along a path of

4 A directed graph G € G with arc set A is strongly connected if has a “path” be-
tween each distinct pair of its vertices ¢ and j; by a path {of length m} between ver-
tices ¢ and j is meant a sequence of arcs in A of the form (i, k1), (k1, k2), ... (km, J)
where ¢, k1, ..., km, and j are distinct vertices. G is complete if has a path of length
one {i.e., an arc} between each distinct pair of its vertices.
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length 1. Thus G is strongly rooted at 7 if 7 is a neighbor of every other vertex
in the graph. By a rooted graph G € G is meant a graph which possesses at
least one root. Finally, a strongly rooted graph is a graph which at least one
vertex at which it is strongly rooted. It is now possible to state the following
elementary convergence result.

Theorem 6.1. Let Q denote the subset of P consisting of those indices q for
which Gy € G is strongly rooted. Let 6(0) be fized and let o : {0,1,2,...} — P
be a switching signal satisfying o(t) € Q, t € {0,1,...}. Then there is a
constant steady state heading 05 depending only on 0(0) and o for which
lim 0(t) = 6,51 (6.4)

t—o0

where the limit is approached exponentially fast.

In order to explain why this theorem is true, we will make use of certain
structural properties of the F},. As defined, each F), is square and non-negative,
where by a non-negative matrix is meant a matrix whose entries are all non-
negative. Each F), also has the property that its row sums all equal 1 {i.e.,
F,1 = 1}. Matrices with these two properties are called {row} stochastic [38].
Because each vertex of each graph in G has a self-arc, the F), have the ad-
ditional property that their diagonal elements are all non-zero. Let S denote
the set of all n X n row stochastic matrices whose diagonal elements are all
positive. S is closed under multiplication because the class of all n x n sto-
chastic matrices is closed under multiplication and because the class of n x n
non-negative matrices with positive diagonals is also.

In the sequel we write M > N whenever M — N is a non-negative matrix.
We also write M > N whenever M — N is a positive matrix where by a positive
matriz is meant a matrix with all positive entries.

Products of Stochastic Matrices

Stochastic matrices have been extensively studied in the literature for a long
time largely because of their connection with Markov chains [29-31]. One
problem studied which is of particular relevance here, is to describe the as-
ymptotic behavior of products of n X n stochastic matrices of the form

Sijfl cte Sl

as j tends to infinity. This is equivalent to looking at the asymptotic behavior
of all solutions to the recursion equation

2 +1) = Sia(j) (6.5)
since any solution z(j) can be written as

ZL‘(]) = (Sij,1 . 'Sl)l‘(l), ] Z 1
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One especially useful idea, which goes back at least to [39] and more recently
to [40], is to consider the behavior of the scalar-valued non-negative function
V(z) = [2] — |«] along solutions to (6.5) where x = (21 @3 - xn)l is a
non-negative n vector and [x] and |x] are its largest and smallest elements
respectively. The key observation is that for any n x n stochastic matrix S,
the ith entry of Sz satisfies

Z SijTj = Z sijlz] = |z]

and . .
D sy <Y sila] = [a]
j=1 j=1

Since these inequalities hold for all rows of Sz, it must be true that | Sz | >
|z], [Sz] < [z] and, as a consequence, that V' (Sx) < V(z). These inequalities
and (6.5) imply that the sequences

lz(D)]; [=(2)], - [(1)], [2(2)], .. V(z(1)), V(2(2), ..

are each monotone. Thus because each of these sequences is also bounded, the
limits

Jin [2(7)], Jim [2(5)1, Jim V(2(5))
each exist. Note that whenever the limit of V(z(7)) is zero, all components of
2(j) must tend to the same value and moreover this value must be a constant
equal to the limiting value of |z(j)].

There are various different ways one might approach the problem of devel-
oping conditions under which S;S5;_1 ---S1 converges to a constant matrix of
the form 1c or equivalently x(j) converges to some scalar multiple of 1. For
example, since for any n x n stochastic matrix S, S1 = 1, it must be true that
span {1} is an S-invariant subspace for any such S. From this and standard
existence conditions for solutions to linear algebraic equations, it follows that
for any (n—1) xn matrix P with kernel spanned by 1, the equations P.S = Sp
has unique solutions S, and moreover that

spectrum S = {1} U spectrum S (6.6)

As a consequence of the equations PS; = ng, j > 1, it can easily be seen
that o B
S;Sj_1-+-S1P=PS;S;_1---51

Since P has full row rank and P1 = 0, the convergence of a product of the form
S;Sj-1---51 to 1c for some constant row vector c, is equivalent to convergence
of the corresponding product S'j 5']-,1 -+ S} to the zero matrix. There are two
problems with this approach. First, since P is not unique, neither are the
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S;. Second it is not so clear how to going about picking P to make tractable
the problem of proving that the resulting product Sj gj_l .- Sy tends to zero.
Tractability of the latter problem generally boils down to choosing a norm
for which the S; are all contractive. For example, one might seek to choose
a suitably weighted 2-norm. This is in essence the same thing choosing a
common quadratic Lyapunov function. Although each S; can easily be shown
to be discrete-time stable, it is known that there are classes of S; which give
rise to S; for which no such common Lyapunov matrix exists [41] regardless
of the choice of P. Of course there are many other possible norms to choose
from other than two norms. In the end, success with this approach requires
one to simultaneously choose both a suitable P and an appropriate norm with
respect to which the S; are all contractive. In the sequel we adopt a slightly
different, but closely related approach which ensures that we can work with
what is perhaps the most natural norm for this type of convergence problem,
the infinity norm.

To proceed, we need a few more ideas concerned with non-negative matri-
ces. For any non-negative matrix R of any size, we write ||R|| for the largest
of the row sums of R. Note that ||R|| is the induced infinity norm of R and

consequently is sub-multiplicative. Note in addition that ||z|| = [z] for any
non-negative n vector x. Moreover, |[|[M;|| < [[Msl| if M; < Ms;. Observe
that for any n x n stochastic matrix S, ||S|| = 1 because the row sums of

a stochastic matrix all equal 1. We extend the domain of definitions of |- ]
and [-] to the class of all non-negative n x m matrix M, by letting | M | and
[M] now denote the 1 x m row vectors whose jth entries are the smallest
and largest elements respectively, of the jth column of M. Note that |M] is
the largest 1 X m non-negative row vector ¢ for which M — 1c is non-negative
and that [M] is the smallest non-negative row vector ¢ for which 1¢ — M is
non-negative. Note in addition that for any n x n stochastic matrix 5,

S=1[5]+|5] and S =1[S]-[5] (6.7)
where [S] and [S]are the non-negative matrices
S| =5 —-1[5] and [S]=1[51-5S (6.8)

respectively. Moreover the row sums of |S| are all equal to 1 — [\S]1 and the
row sums of [S] are all equal to [S]1 — 1 so

ISl =1-1[S]1 and IS =511 -1 (6.9)

In the sequel we will also be interested in the matrix
[5]1 = 1S] + [S] (6.10)

This matrix satisfies

[S]=1([ST - LS)) (6.11)
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because of (6.7).

For any infinite sequence of n x n stochastic matrices S1, Sa, ..., we hence-
forth use the symbol [---S;---S1] to denote the limit
[---S;-+-S5251] = lim [} --- 5251 ] (6.12)
J—00

From the preceding discussion it is clear that this limit exists whether or not
the product S; - - - 525 itself has a limit. Two situations can occur. Either the
product S; - - - S2.51 converges to a rank one matrix or it does not. It is quite
possible for such a product to converge to a matrix which is not rank one.
An example of this would be a sequence in which Sy is any stochastic matric
of rank greater than 1 and for all i« > 1, S; = I,,«,. In the sequel we will
develop necessary conditions for S --- 5551 to converge to a rank one matrix
as j — oo. Note that if this occurs, then the limit must be of the form 1c
where c1 = 1 because stochastic matrices are closed under multiplication.

In the sequel we will say that a matrix product S;S;_1---51 converges
to 1|---S;---S1| exponentially fast at a rate no slower than A if there are
non-negative constants b and A with A < 1, such that

1(Sj -+ S1) = 1[---Sj--- SaSu]|| <bN,  j>1 (6.13)

The following proposition implies that such a stochastic matrix product will
so converge if the matrix product |S; ---S1] converges to 0.

Proposition 6.1. Let b and \ be non-negative numbers with A < 1. Suppose
that Sy, 59, ..., is an infinite sequence of n X n stochastic matrices for which

ILS; - Sulll <A, 5 >0 (6.14)

Then the matriz product Sj - - - S2.51 converges to 1|---S;---S1| exponentially
fast at a rate no slower than .

The proof of Proposition 6.1 makes use of the first of the two inequalities
which follow.

Lemma 6.1. For any two n X n stochastic matrices S1 and Sa,

[S251] — | S1]
|S251]

[S2][51] (6.15)

<
< |S2] 1S1] (6.16)

Proof of Lemma 6.1: Since 5257 = So(1S1 ]|+ |S1]) = 1|51 + S2]S1] and
SQ =1 ’—SQ—‘ — ,[SQ], it must be true that 5251 = 1(|_51J + |—SQ—| IlSlJI)— ,[SQ]I H_S1J
But [S2571] is the smallest non-negative row vector ¢ for which 1¢ — S5 is
non-negative. Therefore

[9251] < [S1] + [S21194] (6.17)
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Moreover |S251] < [52S51] because of (6.11). This and (6.17) imply [S251 | <
[S1] + [S2]1S1] and thus that (6.15) is true.

Since S3S57 = SQ(].LSlJ + I[Slj) = 1L51J + 55 |[S1J and Sy = LSQJ + IlSQJI, it
must be true that S2S1 = 1([.S1] + [S2][S1]) + |S2] |S1]. But [S251] is the

largest non-negative row vector ¢ for which 5557 — 1c¢ is non-negative so
5251 < 1[S251] + [S2] [S1] (6.18)

Now it is also true that S2S57 = 1[S251] + |S251]. From this and (6.18) it
follows that (6.16) is true. O

Proof of Proposition 6.1: Set X; = 5;---5;, j > 1 and note that each
X; is a stochastic matrix. In view of (6.15),

[ Xjer] = [ X5 < [S5ml1XG), 7=1
By hypothesis, |||X;]|| < b, 4 > 1. Moreover ||[Sj+1]]| < n because all
entries in S;41 are bounded above by 1. Therefore

1 XG) = [ X5l <nbXN, 5 >1 (6.19)

Clearly

| Xjpi) = 1X5] =) ([ Xipjrr-n) — [ Xigjorl), 1,5 >1
k=1

Thus, by the triangle inequality

X ) = 1XG <D I X i) = [(Xig sl 4,5 >1
k=1
This and (6.19) imply that

11X4i) = LG < nb Y AR > 1
k=1

Now

7

A=) = 33 3 AR = 0§ el < 0 Y !
k=1 k=1 g=1 q=1

But A <1 so

> 1
Nl = =
q; (1=2X)
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Therefore

1 Xii] = (X5 < nd ij =1 (6.20)

M\
1-X’
Set ¢=[---5;---S1] and note that

X5 ] —ell = 111X5] = [ Xiws] + [Xews] — el
<G = (X I+ X ] =ell, 45 =1

In view of (6.20)
by .
ILX51 - C||<nb( )+\|L ivi) =l 5,i=1
Since
tim [ Xy ] [ =0

it must be true that
N
— g >1
But [|1(|X;] — o)|| = ||IX;] — ¢|| and X; =S, ---S;i. Therefore

11X = cl| < nb

N
(1-A)

11(S; - 51 — )| < b i1 (6.21)

In view of (6.7)
Sj--S1 =18 S1]+ S-S, j=1

Therefore

105 -+ 51) = Lel| = 1195 - Sa] + [Sj - - S1] = 1¢]]
SILLS; -~ Saf = el + 1S5 -~ Sulll, g =1

From this, (6.14) and (6.21) it follows that

_ n .
S5 — 1| <b(1+ )N, j>1
sy - 1dl < (14 s )4 2
and thus that (6.13) holds with b = b (1 + ﬁ) O

Convergence

We are now in a position to make some statements about the asymptotic
behavior of a product of n x n stochastic matrices of the form 5;5;_1--- 51 as
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Jj tends to infinity. Note first that (6.16) generalizes to sequences of stochastic
matrices of any length. Thus

1S Sj—1 -+ S251] < IS;] 1S-1] -+~ |54] (6.22)

It is therefore clear that condition (6.14) of Proposition 6.1 will hold with
b=1if _
I1S5] -~ 1Sl < ¥ (6.23)

for some nonnegative number A < 1. Because || - || is sub-multiplicative, this
means that a product of stochastic matrices S;--- S will converge to a limit
of the form 1c¢ for some constant row-vector c if for each of the matrices
S; in the sequence S, Ss,... satisfies the norm bound |[|.S;]|| < A. We now
develop a condition, tailored to our application, for this to be so. For any n xn
stochastic matrix, let 7(S) denote that graph G € G whose adjacency matrix
is the transpose of the matrix obtained by replacing all of S’s non-zero entries
with 1s.

Lemma 6.2. For each n xn stochastic matriz S whose graph ~(S) is strongly
rooted

IS]II <1 (6.24)

Proof: Let A be the adjacency matrix of v(5). Since v(S) is strongly rooted,
its adjacency matrix A must have a positive row 4 for every ¢ which is the
label of a root of v(.9). Since the positions of the non-zero entries of S and A’
are the same, this means that S’s ith column s; will be positive if i is a root.
Clearly |.S] will have its ith entry non-zero if vertex i is a root of (.S). Since
~(S) is strongly rooted, at least one such root exists which implies that |.S]
is non-zero, and thus that 1 — |S]1 < 1. From this and (6.9) it follows that
(6.24) is true. O

It can be shown very easily that if (6.24) holds, then v(.S) must be strongly
rooted. We will not need this fact so the proof is omitted.

Proposition 6.2. Let S, be any closed set of n xn stochastic matrices whose
graphs v(S), S € Sg are all strongly rooted. Then any product S;---S1 of
matrices from Sg. converges to 1[---S;j---S1] exponentially fast as j — oo
at a rate no slower than A, where \ is a non-negative constant depending on
Ssr and satisfying A < 1.

Proof of Proposition 6.2: In view of Lemma 6.2, ||[S]]| < 1, S € Ss,. Let
A= max (18]
Because S, is closed and bounded and ||| - ||| is continuous, A < 1. Clearly

[IIS]I| <A, i>1so (6.23) must hold for any sequence of matrices Sy, S, ...
from S;,.. Therefore for any such sequence |[|S; -+ S1]|| < A, j > 0. Thus by
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Proposition 6.1, the product II(j) = S;S;—1---S1 converges to 1[---5; - 51]
exponentially fast at a rate no slower than \. [

Proof of Theorem 6.1: By definition, the graph G,, of each matrix £}, in the
finite set {F), : p € Q} is strongly rooted. By assumption, F,« € {F, : p €
Q}, t > 0. In view of Proposition 6.2, the product F,)--- Fy () converges
to 1| Fyp) - - - Fiy(0)) exponentially fast at a rate no slower than

A= F
ma |73

But it is clear from (6.3) that
0(t) = Foi—1) - Fo)Fr0(0), t>1

Therefore (6.4) holds with Oss = |-+ Fly4) - - Fip(0)) 0(0) and the convergence
is exponential. [

Convergence Rate

Using (6.9) it is possible to calculate a worst case value for the convergence
rate A used in the proof of Theorem 6.1. Fix p € Q and consider the flocking
matrix F}, and its associated graph G,. Because G, is strongly rooted, at least
one vertex — say the kth — must be a root with arcs to each other vertex. In the
context of (6.1), this means that agent k must be a neighbor of every agent.
Thus 6 must be in each sum in (6.1). Since each n; in (6.1) is bounded above
by n, this means that the smallest element in column £ of F},, is bounded
below by 1. Since (6.9) asserts that |[[Fp]|| = 1 — [F,]1, it must be true
that |||[F,|]| < 1 — L. This holds for all p € Q. Moreover in the worst case
when G, is strongly rooted at just one vertex and all vertices are neighbors
of at least one common vertex, |||F,]|| =1 — 1. It follows that the worst case

convergence rate is

1
Elll=1-—- 6.25
max||LFy)[| = 1 - (6.25)

Rooted Graphs

The proof of Theorem 6.1 depends crucially on the fact that the graphs en-
countered along a trajectory of (6.3) are all strongly rooted. It is natural to ask
if this requirement can be relaxed and still have all agents’ headings converge
to a common value. The aim of this section is to show that this can indeed be
accomplished. To do this we need to have a meaningful way of “combining”
sequences of graphs so that only the combined graph need be strongly rooted,
but not necessarily the individual graphs making up the combination. One
possible notion of combination of a sequence Gy, G,,, ..., Gy, would be that
graph in G whose arc set is the union of the arc sets of the graphs in the
sequence. It turns out that because we are interested in sequences of graphs
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rather than mere sets of graphs, a simple union is not quite the appropriate
notion for our purposes because a union does not take into account the order
in which the graphs are encountered along a trajectory. What is appropriate
is a slightly more general notion which we now define.

Composition of Graphs

Let us agree to say that the composition of a directed graph G,, € G with a
directed graph G,, € G, written G, o G,,, is the directed graph with vertex
set {1,...,n} and arc set defined in such a way so that (¢, 7) is an arc of the
composition just in case there is a vertex ¢ such that (7,q) is an arc of Gy,
and (g, 7) is an arc of Gp,. Thus (4, j) is an arc of G,, 0G,, if and only if ¢ has
an observer in G, which is also a neighbor of j in G,,. Note that G is closed
under composition and that composition is an associative binary operation;
because of this, the definition extend unambiguously to any finite sequence of
directed graphs G,,, Gy,,...,Gy,.

If we focus exclusively on graphs in G, more can be said. In this case the
definition of composition implies that the arcs of G,, and G,, are arcs of
Gp, © Gp,. The definition also implies in this case that if G,, has a directed
path from i to £ and G, has a directed path from k to j, then G, 0 G,, has
a directed path from 7 to j. Both of these implications are consequences of
the requirement that the vertices of the graphs in G all have self arcs. Note
in addition that G is closed under composition. It is worth emphasizing that
the union of the arc sets of a sequence of graphs G,,,, G,,,..., G, in G must
be contained in the arc set of their composition. However the converse is not
true in general and it is for this reason that composition rather than union
proves to be the more useful concept for our purposes.

Suppose that A, = (a;;(p)) and A, = (a;;(q)) are the adjacency matrices
of G, € G and G, € G respectively. Then the adjacency matrix of the compo-
sition G, 0 G, must be the matrix obtained by replacing all non-zero elements
in A, A, with ones. This is because the ijth entry of 4,4, namely

> air(p)ar;(q),
k=1

will be non-zero just in case there is at least one value of k for which both
a;,(p) and ay;(q) are non-zero. This of course is exactly the condition for
the ijth element of the adjacency matrix of the composition G, o G, to be
non-zero. Note that if S; and S are n x n stochastic matrices for which
v(S1) = G, and v(S2) = G, then the matrix which results by replacing
by ones, all non-zero entries in the stochastic matrix S35, must be the
transpose of the adjacency matrix of G, o G,. In view of the definition of
~(+), it therefore must be true that v(S251) = v(S2) o ¥(S1). This obviously
generalizes to finite products of stochastic matrices.
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Lemma 6.3. For any sequence of n X n stochastic matrices Si,95s,...,5;,

V(S5 51) =(85) 0+ 0y(51)

Compositions of Rooted Graphs

We now give several different conditions under which the composition of a
sequence of graphs is strongly rooted.

Proposition 6.3. Suppose n > 1 and let G,,,Gp,,..., Gy, be a finite

sequence of rooted graphs in G.

m

1. If m > n?, then G,,, 0G,, , o---0G,, is strongly rooted.
2. If Gy, , Gy, ..., Gy, are all rooted at v and m > n—1, then G, oG, o
-0 Gy, is strongly rooted at v.

The requirement that all the graphs in the sequence be rooted at a single
vertex v is obviously more restrictive than the requirement that all the graphs
be rooted, but not necessarily at the same vertex. The price for the less re-
strictive assumption, is that the bound on the number of graphs needed in the
more general case is much higher than the bound given in the case which all
the graphs are rooted at v. It is undoubtedly true that the bound n? for the
more general case is too conservative. The more special case when all graphs
share a common root is relevant to the leader follower version of the problem
which will be discussed later in these notes. Proposition 6.3 will be proved in
a moment.

Note that a strongly connected graph is the same as a graph which is
rooted at every vertex and that a complete graph is the same as a graph
which is strongly rooted at every vertex. In view of these observations and
Proposition 6.3 we can state the following

Proposition 6.4. Suppose n > 1 and let G,,,G,,,..., Gy, be a finite se-
quence of strongly connected graphs in G. If m > n — 1, then G, , 0o G,, _, ©
- 0Gy, is complete.

To prove Proposition 6.3 we will need some more ideas. We say that a
vertex v € V is a observer of a subset S C V in a graph G € G, if v is
an observer of at least one vertex in S. By the observer function of a graph
G € G, written a(G, - ) we mean the function a(G, - ) : 2¥ — 2Y which assigns
to each subset S C V), the subset of vertices in V which are observers of S in
G. Thus j € a(G, 1) just in case (i,) € A(G). Note that if G, € G and G, in
g, then

a(G,,S) C a(G,0G,,S), Se2v (6.26)

because G, € G implies that the arcs in G, are all arcs in G4 o G,,. Observer
functions have the following important property.



124 A.S. Morse
Lemma 6.4. For all G,,G, € G and any non-empty subset S C V,
a(Gq, a(G,,S)) = a(G4 0 Gy, S) (6.27)

Proof: Suppose first that i € a(Gq, a(Gp, S)). Then (j,7) is an arc in G, for
some j € o(G,,S). Hence (k,j) is an arc in G, for some k € S. In view of
the definition of composition, (k,7) is an arc in G4 0 G, so i € a(G, 0 Gy, S).
Since this holds for all i € V, a(Gy, a(G,,S)) C a(Gy 0 G, S).

For the reverse inclusion, fix i € a(G, o G,,S) in which case (k,7) is an
arc in G4 o G, for some k € S. By definition of composition, there exists
an j € V such that (k,j) is an arc in G, and (j,¢) is an arc in G4. Thus
Jj € a(Gy,S). Therefore i € a(Gy, a(G,,S)). Since this holds for all i € V,
a(Gy, a(G,, S)) D a(G4 0 G,, S). Therefore (6.27) is true. O

To proceed, let us note that each subset S C V induces a unique subgraph
of G with vertex set S and arc set A consisting of those arcs (i,7) of G for
which both i and j are vertices of S. This together with the natural partial
ordering of V by inclusion provides a corresponding partial ordering of G.
Thus if S; and Sy are subsets of V and §; C Ss, then Gy C Gy where for
i € {1,2}, G; is the subgraph of G induced by S;. For any v € V), there is
a unique largest subgraph rooted at v, namely the graph induced by the
vertex set V(v) = {v} Ua(G,v)U---Ua" (G, v) where a'(G, ) denotes the
composition of a(G, -) with itself i times. We call this graph, the rooted graph
generated by v. It is clear that V(v) is the smallest (G, -)-invariant subset of
V which contains v.

The proof of Propositions 6.3 depends on the following lemma.

Lemma 6.5. Let G, and G, be graphs in G. If G, is rooted at v and a(G,,v)
is a strictly proper subset of V, then a(G,,v) is also a strictly proper subset
of a(Gq 0 Gp,v)

Proof of Lemma 6.5: In gencral a(G,,v) C a(G, o G,,v) because of
(6.26). Thus if a(Gp,v) is not a strictly proper subset of a(G4 o G,,v), then
a(Gp,v) = a(Gq o Gp,v) so (G, 0 Gp,v) C a(Gy,v). In view of (6.27),
a(G,0Gy,v) = a(Gy, a(Gp,v)). Therefore a(Gy, a(Gp,v)) C a(Gy, v). More-
over, v € a(Gy,v) because v has a self-arc in G,. Thus a(G,, v) is a strictly
proper subset of V which contains v and is a(Gy, -)-invariant. But this is
impossible because G is rooted at v. [

Proof of Proposition 6.3: Suppose m > n?. In view of (6.26), A(G,, o
Gp, ,0-0Gy,) CA(Gy, oG, ,0---0G,,) for any positive integer k < m.
Thus Gy, 0G,,, , 0---0Gy, will be strongly rooted if there exists an integer
k < n? such that G,, o G,, , o---0G,, is strongly rooted. It will now be
shown that such an integer exists.

If Gy, is strongly rooted, set k = 1. If G,,, is not strongly rooted, then let
i > 1 be the least positive integer not exceeding n? for which G,, ,o---0G,, is
not strongly rooted. If i < n?, set k = i in which case G, o---0G,, is strongly
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rooted. Therefore suppose ¢ = n? in which case G, _, 0---0Gy, is not strongly

rooted for j € {2,3,...,n?}. Fix j € {2,3,...,n?} and let v; be any root of
Gy, . Since Gy, _, 0 -+ 0 Gy, is not strongly rooted, a(Gy,_, o0 Gy, ,v;) is
a strictly proper subset of V. Hence by Lemma 6.5, a(Gp, _, o---0G, ,v;) is
also a strictly proper subset of (G, 0---0G,,,v;). Thus A(G,,  0---0Gy))
is a strictly proper subset of A(G,, o--- oGy, ). Since this holds for all j €
{2,3,...,n?} each containment in the ascending chain

A(Gp,) CAGp, 0Gp,) C -+ CAGy,, 0+ 0Gp,)

is strict. Since A(G,,) must contain at least one arc, and there are at most
n? arczs in any graph in G, G,, oG, _, o--- 0 G,, must be strongly rooted if
k=mn".

Now suppose that m > n—1 and G,,,G,,,..., G, are all rooted at v. In
view of (6.26), A(G,, oGy, ,0---0Gy,) CA(G,,, 0Gp,, ,0---0Gyp,) for any
positive integer k& < m. Thus Gpm 0 Gy, , 0---0G,, will be strongly rooted
at v if there exists an integer k < n — 1 such that

Gy, 0 Gy, 0+ 0Gy,,v) =V (6.28)

It will now be shown that such an integer exists.

If a(Gy,,v) =V, set k = 1 in which case (6.28) clearly holds. If a(G,,,, v) #
V, then let 7 > 1 be the least positive integer not exceeding n — 1 for which
a(Gp, , 0---0Gy,,v) is a strictly proper subset of V. If i <n —1, set k =1
in which case (6.28) is clearly true. Therefore suppose i = n — 1 in which case
a(Gp,_, 0---0G,,,v) is a strictly proper subset of V for j € {2,3,...,n—1}.
Hence by Lemma 6.5, a(G,,_, o---0Gy,,v) is also a strictly proper subset of
a(Gy, o---0Gy,,v) for j € {2,3,...,n — 1}. In view of this and (6.26), each

containment in the ascending chain
a(Gp,,v) C Gy, 0Gp,,v) C -+ C Gy, _, -0 Gy, ,v)

is strict. Since a(Gy, , v) has at least two vertices in it, and there are n vertices
in V, (6.28) must hold with k =n—1. O

Proposition 6.3 implies that every sufficiently long composition of graphs
from a given subset G C G will be strongly rooted if each graph in G is rooted.
The converse is also true. To understand why, suppose that it is not in which
case there would have to be a graph G € G, which is not rooted but for
which G™ is strongly rooted for m sufficiently large where G™ is the m-fold
composition of G with itself. Thus a(G™,v) =V where v is a root of G™. But
via repeated application of (6.27), a(G™,v) = a™ (G, v) where o™ (G, -) is the
m-fold composition of a(G,-) with itself. Thus o™ (G,v) = V. But this can
only occur if G is rooted at v because o™ (G, v) is the set of vertices reachable
from v along paths of length m. Since this is a contradiction, G cannot be
rooted. We summarize.

Proposition 6.5. Every possible sufficiently long composition of graphs from
a given subset G C G is strongly rooted, if and only if every graph in G is
rooted.
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Sarymsakov Graphs

In the sequel we say that a vertex v € V is a neighbor of a subset S C V in a
graph G € G, if v is a neighbor of at least one vertex in S. By a Sarymsakov
Graph is meant a graph G € G with the property that for each pair of non-
empty subsets §; and Sy in V which have no neighbors in common, &1 U Sy
contains a smaller number of vertices than does the set of neighbors of 1 USs.
Such seemingly obscure graphs are so named because they are the graphs of
an important class of non-negative matrices studied by Sarymsakov in [29].
In the sequel we will prove that Sarymsakov graphs are in fact rooted graphs.
We will also prove that the class of rooted graphs we are primarily interested
in, namely those in G, are Sarymsakov graphs.

It is possible to characterize Sarymsakov graph a little more concisely using
the following concept. By the neighbor function of a graph G € G, written
B(G,- ), we mean the function 3(G,- ) : 2¥ — 2Y which assigns to each subset
S C V, the subset of vertices in V which are neighbors of S in G. Thus in
terms of 3, a Sarymsakov graph is a graph G € G with the property that
for each pair of non-empty subsets &; and Sy in V which have no neighbors
in common, S§; U Sy contains less vertices than does the set 3(G,S; U Ss).
Note that if G € G, the requirement that S; U Sy contain less vertices than
B(G, 81 USs) simplifies to the equivalent requirement that S; USs be a strictly
proper subset of 3(G,S; US,). This is because every vertex in G is a neighbor
of itself if G € G.

Proposition 6.6. -
1. Each Sarymsakov graph in G is rooted
2. Fach rooted graph in G is a Sarymsakov graph

It follows that if we restrict attention exclusively to graphs in G, then rooted
graphs and Sarymsakov graphs are one and the same.

In the sequel 8™ (G, -) denotes the m-fold composition of 3(G, -) with itself.
The proof of Proposition 6.6 depends on the following ideas.

Lemma 6.6. Let G € G be a Sarymsakov graph. Let S be a non-empty subset
of V such that B(G,S) C S. Let v be any vertex in V. Then there exists a
non-negative integer m < n such that ™ (G,v) NS is non-empty.

Proof: If v € S, set m = 0. Suppose next that v € S. Set 7T = {v} U
B(G,v) U--- U " YG,v) and note that f"(G,v) C 7. Since 3(G,T) =
B(G,v)UB*(G,v)U---UB™(G,v), it must be true that 3(G,T) C 7. Therefore

B(G,TUS)CTUS. (6.29)

Suppose 3(G,7) N B(G,S) is empty. Then because G is a Sarymsakov graph,
7 U S contains fewer vertices than 5(G,7 U S). This contradicts (6.29) so
B(G,T)N B(G,S) is not empty. In view of the fact that 5(G,T) = B(G,v) U
B%(G,v) U--- U B™G,v) it must therefore be true for some positive integer
m < n, that 5™ (G,v) NS is non-empty. O
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Lemma 6.7. Let G € G be rooted at r. Each non-empty subset S C V not
containing v is a strictly proper subset of S U B(G,S).

Proof of Lemma 6.7: Let S C V be non-empty and not containing r. Pick
v € 8. Since G is rooted at 7, there must be a path in G from r to v. Since
r ¢ S there must be a vertex x € § which has a neighbor which is not in S.
Thus there is a vertex y € §(G, S) which is not in S. This implies that S is a
strictly proper subset of SU ((G,S). O

By a maximal rooted subgraph of G we mean a subgraph G* of G which
is rooted and which is not contained in any rooted subgraph of G other than
itself. Graphs in G may have one or more maximal rooted subgraphs. Clearly
G* = G just in case G is rooted. Note that if R is the set of all roots of a
maximal rooted subgraph G then G(G, R) C R. For if this were not S0, then
it would be possible to find a vertex x € (G, R) which is not in R. This
would imply the existence of a path from x to some root v € R consequently
the graph induced by the set of vertices along this path together with R would
be rooted at ¢ R and would contain G as a strictly proper subgraph. But
this contradicts the hypothesis that G is maximal. Therefore 3(G, R) cR.
Now suppose that G is any rooted subgraph in G. Suppose that G’s set of
roots R satisfies 3(G, R) C R. We claim that G must then be maximal. For if
this were not so, there would have to be a rooted graph G* containing Gasa
strictly proper subset. This in turn would imply the existence of a path from
a root z* of G* to a root v of G consequently z* € 34(G, R) for some ¢ > 1.
But this is impossible because R is B(G, - ) invariant. Thus G is maximal. We
summarize.

Lemma 6.8. A rooted subgraph of a graph G generated by any vertex v € V
is maximal if and only if its set of roots is B(G, ) invariant.

Proof of Proposition 6.6: Write 3(-) for 3(G, ). To prove the assertion 1,
pick G € G. Let G* be any maximal rooted subgraph of G and write R for
its root set; in view of Lemma 6.8, 5(R) C R. Pick any v € V. Then by
Lemma 6.6, for some positive integer m < n, ™ (v) N R is non-empty. Pick
z € #™(v) NR. Then there is a path from z to v and z is a root of G*. But
G* is maximal so v must be a vertex of G*. Therefore every vertex of G is a
vertex of G* which implies that G is rooted.

To prove assertion 2, let G € G be rooted at r. Pick any two non-empty
subsets Sy, Sy of V which have no neighbors in common. If r ¢ §; U Sy, then
S1 U Sy must be a strictly proper subset of S; U Sy U B(S1 U Ss) because of
Lemma 6.7.

Suppose next that r € S; USs. Since G € G, S; C 5(S;), i € {1,2}. Thus
S and Sz must be disjoint because 3(S1) and ((Sz2) are. Therefore r must
be in either &; or Ss but not both. Suppose that r» ¢ S;. Then &1 must be a
strictly proper subset of 3(S;) because of Lemma 6.7. Since 3(S;1) and 3(S2)
are disjoint, 1 US2 must be a strictly proper subset of 5(S;USs). By the same
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reasoning, 1 U Sy must be a strictly proper subset of §(S1 U Ss) if r & So.
Thus in conclusion S U S must be a strictly proper subset of 3(S; U Ss)
whether r is in S; U Sy or not. Since this conclusion holds for all such & and
So and G € G, G must be a Sarymsakov graph. [

Neighbor-Shared Graphs

There is a different assumption which one can make about a sequence of
graphs from G which also insures that the sequence’s composition is strongly
rooted. For this we need the concept of a “neighbor-shared graph.” Let us call
G € G neighbor shared if each set of two distinct vertices share a common
neighbor. Suppose that G is neighbor shared. Then each pair of vertices is
clearly reachable from a single vertex. Similarly each three vertices are reach-
able from paths starting at one of two vertices. Continuing this reasoning it
is clear that each of the graph’s n vertices is reachable from paths starting
at vertices in some set V,,_; of n — 1 vertices. By the same reasoning, each
vertex in V,_ is reachable from paths starting at vertices in some set V,_o
of n — 2 vertices. Thus each of the graph’s n vertices is reachable from paths
starting at vertices in a set of n — 2 vertices, namely the set V,,_5. Continuing
this argument we eventually arrive at the conclusion that each of the graph’s
n vertices is reachable from paths starting at a single vertex, namely the one
vertex in the set V1. We have proved the following.

Lemma 6.9. Each neighbor-shared graph in G is rooted.

It is worth noting that although shared neighbor graphs are rooted, the con-
verse is not necessarily true. The reader may wish to construct a three vertex
example which illustrates this. Although rooted graphs in G need not be neigh-
bor shared, it turns out that the composition of any n — 1 rooted graphs in

G is.

Proposition 6.7. The composition of any set of m > n — 1 rooted graphs in
G is neighbor shared.

To prove Proposition 6.7 we need some more ideas. By the reverse graph of
G € G, written G’ is meant the graph in G which results when the directions
of all arcs in G are reversed. It is clear that G is closed under the reverse
operation and that if A is the adjacency matrix of G, then A’ is the adjacency
matrix of G'. It is also clear that (G, 0 G,)" = G o G}, p,q € P, and that

a(G',8) = B(G,S), Se?2v (6.30)
Lemma 6.10. For all G,,G, € G and any non-empty subset S C V),

B(Gq, B(Gyp, S)) = B(Gp 0 Gy, S) (6.31)
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Proof of Lemma 6.10: In view of (6.27), a(G),, a(Gq,S)) = (G, 0 G, S).
But G}, 0 G}, = (G4 0 Gp)' so (G, (G, S)) = a((G4 0 G,)',S). Therefore
B(Gyp, B(Gy,S)) = B(Gy 0 Gp),S) because of (6.30). O

Lemma 6.11. Let Gy and Go be rooted graphs in G. If uw and v are distinct
vertices in V' for which

5(G2a {ua U}) = /B(GQ o Gh {ua U}) (632)
then u and v have a common neighbor in Gs o Gy

Proof: §(Gso,u) and [(Ge,v) are non-empty because w and v are neigh-
bors of themselves. Suppose u and v do not have a common neigh-
bor in Gy o Gy. Then B(Gz o Gi,u) and B(Gy o G1,v) are disjoint. But
B(Gy 0 Gy,u) = B(Gy, B(Ga,u)) and B(Gz 0 Gy, v) = B(Gy, B(Ga,v)) because
of (6.31). Therefore 3(G1,3(Ga,u)) and B(Gq, (Go,v)) are disjoint. But G
is rooted and thus a Sarymsakov graph because of Proposition 6.6. Thus
B(Ga, {u,v}) is a strictly proper subset of 5(Gao, {u,v})UB(G1, B(Ga, {u,v}).
But 3(Ga,{u,v}) C B(G1,B(Ga,{u,v}) because all vertices in Gy are neigh-
bors of themselves and 3(Gq, 3(Ga, {u,v}) = B(Gs o Gy, {u,v}) because of
(6.31). Therefore 8(Ga, {u,v}) is a strictly proper subset of 3(G20Gq, {u,v}).
This contradicts (6.32) so u and v have a common neighbor in Gy 0 Gy. O

Proof of Proposition 6.7: Let u and v be distinct vertices in V. Let
G1,Ga,...,G,—1 be a sequence of rooted graphs in G. Since A(G,,—1 o
+Gpoi) C AGp_10--Gp_iqy) for i € {1,2,...,n — 2}, it must be true
that the G; yield the ascending chain

B(Gpn-1,{u,v}) C B(Gp-10Gp_2,{u,v}) C--- C B(Gp_10---0G20Gy, {u,v})

Because there are n vertices in V, this chain must converge for some i < n—1
which means that

B(Gr_10--0Gp_, {U, U}) =pB(Gp_10---0Gp_;0 Gn—(i+1)a {Ua U})

This and Lemma 6.11 imply that v and v have a common neighbor in G,,_1 o
-+ 0G,_; and thus in G,,_1 o --- 0 Gy 0 G;. Since this is true for all distinct
u and v, G,,_1 0+ 0@Gy oGy is a neighbor shared graph. [

If we restrict attention to those rooted graphs in G which are strongly
connected, we can obtain a neighbor-shared graph by composing a smaller
number of rooted graphs that claimed in Proposition 6.7.

Proposition 6.8. Let k be the integer quotient of n divided by 2. The compo-
sition of any set of m > k strongly connected graphs in G is neighbor shared.

Proof of Proposition 6.8: Let k£ < m be a positive integer and let v
be any vertex in V. Let Gq,Gso,...,Gg be a sequence of strongly connected
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graphs in G. Since k < n and A(Gpo---Gp_;) C A(Gr_1 0 Gp_(i41)) for
i€ {l,2,...,k— 1}, it must be true that the G; yield the ascending chain

{v} C B(Gg, {v}) C B(Gk 0 Gp—1,{v}) C--- C B(Gr o 0Gz0Gy,{v})

Moreover, since any strongly connected graph is one in which every vertex is
a root, it must also be true that the subsequence

{v} CB(Gr, {v}) CB(Gr 0 Gp1,{v}) C--- CB(Gr 0+ 0G(igy) 0 Gy, {v})

is strictly increasing where either i = 1 or i > 1 and B(Gy 0 -+ 0 G(iq1) ©
Gy, {v}) = V. In either case this implies that 3(Gio---0G30Gq, {v}) contains
at least k+1 vertices. Fix k as the integer quotient of n+1 divided by 2 in which
case 2k > n—1. Let v; and v9 be any pair of distinct vertices in V. Then there
must be at least k+ 1 vertices in 3(Ggo---0Gg0Gy,{v1}) and k+ 1 vertices
in B(Gro- - 0Ga0Gy,{va}). But 2(k+1) >nso 8(Gro---0GyoGy,{v1})
and B(Ggo---0Gy0Gy, {va}) must have at least one vertex in common. Since
this is true for each pair of distinct vertices vy, v € V,

Gg o -0 Gy o Gy must be neighbor-shared. [

Lemma 6.9 and Proposition 6.3 imply that any composition of n? neighbor-
shared graphs in G is strongly rooted. The following proposition asserts that
the composition need only consist of n — 1 neighbor-shared graphs and more-
over that the graphs need only be in G and not necessarily in G.

Proposition 6.9. The composition of any set of m > n — 1 neighbor-shared
graphs in G is strongly rooted.

To prove this proposition we need a few more ideas. For any integer 1 < k < n,
we say that a graph G € G is k-neighbor shared if each set of k distinct vertices
share a common neighbor. Thus a neighbor-shared graph and a two neighbor
shared graph are one and the same. Clearly a n neighbor shared graph is
strongly rooted at the common neighbor of all n vertices.

Lemma 6.12. If G, € G is a neighbor-shared graph and G, € G is a k neigh-
bor shared graph with k < n, then G, 0 G, is a (k + 1) neighbor shared graph.

Proof: Let vq,v2,...,v541 be any distinct vertices in V. Since G, is a k
neighbor shared graph, the vertices v, vs,...,v; share a common neighbor
u1 in G4 and the vertices v, va, ..., V41 share a common neighbor uy in G
as well. Moreover, since G, is a neighbor shared graph, u; and uy share a
common neighbor w in G,,. It follows from the definition of composition that
V1,V2,...,v; have w as a neighbor in G, 0G,, as do vg,vs, ..., vpy1. Therefore
V1,02, ..., V1 have w as a neighbor in G, o G,,. Since this must be true for
any set of k£ + 1 vertices in G4 0 G,, G4 0 G, must be a k + 1 neighbor shared
graph as claimed. [J

Proof of Proposition 6.9: The preceding lemma implies that the compo-
sition of any two neighbor shared graphs is three neighbor shared. From this
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and induction it follows that for m < n, the composition of m neighbor shared
graphs is m+1 neighbor shared. Thus the composition of n—1 neighbor shared
graphs is n neighbor shared and consequently strongly rooted. [

In view of Proposition 6.9, we have the following slight improvement on
Proposition 6.3.

Proposition 6.10. The composition of any set of m > (n—1)? rooted graphs
in G is strongly rooted.

Convergence

We are now in a position to significantly relax the conditions under which the
conclusion of Theorem 6.1 holds.

Theorem 6.2. Let Q denote the subset of P consisting of those indices q for
which G4 € G is rooted. Let 0(0) be fized and let o : {0,1,2,...} — P be a
switching signal satisfying o(t) € Q, t € {0,1,...}. Then there is a constant
steady state heading 055 depending only on 0(0) and o for which

lim 0(t) = 0,51 (6.33)

t—o0
where the limit is approached exponentially fast.

The theorem says that a unique heading is achieved asymptotically along any
trajectory on which all neighbor graphs are rooted. The proof of Theorem 6.2
relies on the following generalization of Proposition 6.2.

Proposition 6.11. Let S, be any closed set of stochastic matrices in S whose
graphs are all rooted. Then any product S;...S1 of matrices from Sg con-
verges to 1[---S;--- S exponentially fast as j — oo at a rate no slower than
A, where X is a non-negative constant depending on S, and satisfying A < 1.

Proof of Proposition 6.11: Set m = n? and write S for the closed set of all
products of stochastic matrices of the form S,,, S, 1 - - - S1 where each S; € S,.
By assumption, () is rooted for S € §. In view of Proposition 6.3, v(Sy,) o
-+ -y(S1) is strongly rooted for every list of m matrices {S1,Sa, ..., Sy} from
Sr. But y(Sy,) 0 -+ 0y(S1) = (S, - -+ S1) because of Lemma 6.3. Therefore
Y(Sp, -+ S1) is strongly rooted for all products S, ---S; € S™.

Now any product S; --- 51 of matrices in S, can be written as

where

is a product in §;",
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and k is the integer quotient of j divided by m. In view of Proposition 6.2,
S}, - -+ S1 must converge to 1[---Sk---S1] exponentially fast as k — oo at a
rate no slower than A, where

1LS11]

A= ma
Sesm
But S(j) is a product of at most m stochastic matrices, so it is a bounded
function of j. It follows that the product §;S;_;---S; must converge to
1[---S; - Si] exponentially fast at a rate no slower than \ = Aw. O

The proof of Proposition 6.11 can be applied to any closed subset S,,s C S
of stochastic matrices with neighbor shared graphs. In this case, one would
define m = n — 1 because of Proposition 6.9.

Proof of Theorem 6.2: By definition, the graph G, of each matrix F}, in
the finite set {F, : p € Q} is rooted. By assumption, Fy € {F, : p €
Q}, t>0. In view of Proposition 6.11, the product Fy (- -- Fy () converges
to 1| Fyp) - - - Fir(0)) exponentially fast at a rate no slower than

lF1}=

A ={ max

FeFm

where m = n? and F™ is the finite set of all m-term flocking matrix products
of the form F),  ---F,,, p; € Q. But it is clear from (6.3) that

0(t) = Fo—1) - Fo1)Fr(0)0(0), t>1

Therefore (6.33) holds with 6y, = |- Fi4) - - - Fir(0)]0(0) and the convergence
is exponential. [

The proof of Theorem 6.2 also applies to the case when all of the G4 ;), t >
0 are neighbor shared. In this case, one would define m = n — 1 because of
Proposition 6.9.

Convergence Rates

It is possible to deduce an explicit convergence rate for the situation addressed
in Theorem 6.2 [42]. To do this we need a few more ideas.

Scrambling Constants
Let S be an n x n stochastic matrix. Observe that for any non-negative
n-vector x, the ith minus the jth entries of Sz can be written as

n

Z(Sik — Sjk)Ty = Z(Sik — Sjk)Tk + Z(Sik — Sjk)Tk

k=1 keK ke

where
K={k:six—sjx >0, ke{l,2,...,n}} and
K={k:siu—sju <0, ke{l,2,...,n}}
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Therefore
> (sik — sjp)ak < <Z(5ik - Sjk)> 2]+ [ ) (sie = sjn) | L]
k=1 kex kel
But
Z (sik = sjK) =0
keKUK
D (sin = sik) == Y _(sik — ;)
kek keK
Thus .
Z(Sik — Sjk) Tk < (Z(Sik - 3jk)> ([z] = [=])
k=1 kek
Now

(s —sip) =1=D sik— > s

kek ke keK

because the row sums of S are all one. Moreover

Sik = min{sik, Sjk}, S K
Sjk = min{sik, Sjk}, ek

SO .
Z(Sik —Sj)=1— Zmin{sik, Sjk}
kek k=1

It follows that

Z Sik — Sjk) Tk < (1 - me{szk,sgk}> ([«] = l=])
k=1 k=1

Hence if we define

1(S) = max (1 — Zmln{slk, sjk}> (6.34)

0,J 1

then

n

D (sik = sgr)an < p(S)([2] — [z])

k=1
Since this holds for all ¢, 7, it must hold for that ¢ and j for which

n n

Zsikxk = [Sx] and Z sjkxE = |Sx]

k=1 k=1
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Therefore
[Sz] — [Sz] < p(S)([2] — [z]) (6.35)

Now let S and S5 be any two n X n stochastic matrices and let e; be the
1th unit n-vector. Then from (6.35),

[SgSleﬂ — LSQSleiJ S ,U,(SQ)({Sleﬂ — leelJ) (636)
Meanwhile, from (6.11),
[S2S1]e;s = 1([S251] — [S251])ei

and

[Sile: = 1([S1] — [S1))e:
But for any non-negative matrix M, [M]e; = [Me;] and | M |e; = | Me;] so

[5251162' = 1([525161} — LSQSleiJ)

and
[Silei = 1([Siei] — [Sie:])

From these expressions and (6.36) it follows that
[S251]e; < p(s2)[Sile:
Since this is true for all ¢, we arrive at the following fact.
Lemma 6.13. For any two stochastic matrices in S,
[S251] < p(S2)[54] (6.37)

where for any n X n stochastic matriz S,

1(S) = max (1 - Zmin{sik, sjk}> (6.38)

i
2] h—1

The quantity ©(S) has been widely studied before [29] and is know as the
scrambling constant of the stochastic matrix S. Note that since the row sums
of S all equal 1, u(S) is non-negative. It is easy to see that u(S) = 0 just in
case all the rows of S are equal. Let us note that for fixed ¢ and j, the kth
term in the sum appearing in (6.38) will be positive just in case both s;; and
sj) are positive. It follows that the sum will be positive if and only if for at
least one k, s;, and s, are both positive. Thus p(S) < 1 if and only if for
each distinct ¢ and j, there is at least one k for which s;; and s;, are both
positive. Matrices with this property have been widely studied and are called
scrambling matrices. Thus a stochastic matrix S is a scrambling matrix if and
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only if 1(S) < 1. Tt is easy to see that the definition of a scrambling matrix also
implies that S is scrambling if and only if its graph (5) is neighbor-shared.

The statement of Proposition 6.11 applies to the situation when instead
of S,, one considers a closed subset S,s C S, of stochastic matrices with
neighbor shared graphs. In this case, the proof of Proposition 6.11 gives a
worst case convergence rate bound of

A= syt
{ s 11511}

where m =n — 1 and S is the set of m term matrix products of the form
Sm-S1, S; € S,s. Armed with Lemma 6.13, one can do better.

Let S,,s C S be a closed subset consisting of matrices whose graphs are all
neighbor shared. Then the scrambling constant 1(S) defined in (6.38) satisfies
u(S) <1, S € S5 because each such S is a scrambling matrix. Let

A= g )
The A < 1 because Sy is closed and bounded and because p(-) is continuous.
In view of Lemma 6.13,

LS2S101] < AlILSu)Il S1, 52 € Sns
Hence by induction, for any sequence of matrices S1,S5, ... in Sy
1ES; - Salll S M HIESalll - S € Sis

But from (6.10), [S] < [S], S € S, so |[ISI| < I[S]ll, S € & Therefore for
any sequence of stochastic matrices Sy, Ss, ... with neighbor shared graphs

1185 -+~ Sulll < MY [SA]] (6.39)

Therefore from Proposition 6.1, any such product S;---S; converges expo-
nentially at a rate no slower than \ as j — oo.

Note that because of (6.22) and (6.10), the inequality in (6.39) applies to
any sequence of stochastic matrices Si,Ss,... for which [[|S;]]| < A. Thus
for example (6.39) applies to any sequence of stochastic matrices Sp, S, ...
whose graphs are strongly rooted provided the graphs in the sequence come
from a compact set; in this case A would be the maximum value of |||S]|| as
S ranges over the set. Of course any such sequence is far more special then
a sequence of stochastic matrices with neighbor-shared graphs since every
strongly rooted graph is neighbor shared but the converse is generally not true.

Convergence Rates for Neighbor-Shared Graphs
Suppose that F), is a flocking matrix for which G, is neighbor shared. In
view of the definition of a flocking matrix, any non-zero entry in F}, must be
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bounded below by % Fix distinct ¢ and j and suppose that k is a neighbor that
i and j share. Then f;; and f;; are both non-zero so min{ f;r, fjr} > % This
implies that the sum in (6.38) must be bounded below by % and consequently
that p(F,) <1-—1.

Now let F}, be that flocking matrix whose graph G,, € G is such that vertex
1 has no neighbors other than itself, vertex 2 has every vertex as a neighbor,
and vertices 3 through n have only themselves and agent 1 as neighbors. Since
vertex 1 has no neighbors other than itself, f; , = 0 for all 7 and for k£ > 1.
Thus for all 7,7, it must be true that >, _, min{fi, fjx} = min{fi1, fj1}.
Now vertex 2 has n neighbors, so fo1 = % Thus min{f;, f;1} attains its
lower bound of % when either i = 2 or j = 2. It thus follows that with this
F,, u(F,) attains its upper bound of 1 — % We summarize.

Lemma 6.14. Let Q be the set of indices in P for which G, is neighbor

3ha7 ed. Then
m X}l Fq - 1 - .4

Lemma, 6.14 can be used as follows. Let Q denote the set of p € P for which G,,
is neighbor shared. It is clear from the discussion at the end of the last section,
that any product of flocking matrices Fy,, --- F},,, p; € Q must converge at a
rate no slower than

A = max u(Fy)
Thus, in view of Lemma 6.14, 1 — % is a worst case bound on the rate of
convergence of products of flocking matrices whose graphs are all neighbor
shared. By way of comparison, 1 — % is a worst case bound if the flocking
matrices in the product all have strongly rooted graphs (cf. (6.25)). Of course
the latter situation is far more special than the former, since strongly rooted
graph are neighbor shared but not conversely.

Convergence Rates for Rooted Graphs

It is also possible to derive a worst case convergence rate for products of
flocking matrices which have rooted rather than neighbor-shared graphs. As
a first step towards this end we exploit the fact that for any n x n stochastic
scrambling matrix S, the scrambling constant of 1(S) satisfies the inequality

u(S) <1 - 6(S), (6.41)

where for any non-negative matrix M, ¢(M) denote the smallest non-zero
element of M. Assume that S is any scrambling matrix. Note that for any
distinct ¢ and j, there must be a k for which min{s;x, s;5} is non-zero and
bounded above by ¢(.5). Thus

Z min{s;x, sjx} > ¢(5)

k=1
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SO

1- Zmin{sik, sjgt <1—0(5)
k=1
But this holds for all distinct ¢ and j. In view of the definition of p(S) in
(6.38), (6.41) must therefore be true.
We will also make use of the fact that for any two n X n stochastic matrices
Sl and Sg,
$(5251) = (S2)(S1). (6.42)

To prove that this is so note first that any stochastic matrix S can be written
at S = ¢(9)S where S is a non-zero matrix whose non-zero entries are all
bounded below by 1; moreover if S = §5 where (;AS(S) is a number and S is
also a non-zero matrix whose non-zero entries are all bounded below by 1,
then ¢(S) > #(S). Accordingly, write S; = #(S5;)S;, i € {1,2} where each S;
is a non-zero matrix whose non-zero entries are all bounded below by 1. Since
S0S1 = ¢(S2)9(S1)5251 and S2S; is non-zero, S35 must be non-zero as well.
Moreover the nonzero entries of S»5; must be bounded below by 1 because the
product of any two n X n matrices with all non-zero entries bounded below by
1 must be a matrix with the same property. Therefore ¢(S251) > ¢(S2)p(S1)
as claimed.

Suppose next that S, is the set of all n x n stochastic matrices S which
have rooted graphs v(S) € G and which satisfy ¢(S) > b where b is a positive
number smaller than 1. Thus for any set of m=n—-15; € S,

(S - -+ S1) > 0™ (6.43)

because of (6.42). Now y(Sy, - - S1) = 7(Sm) - - - 7(S1). Moreover (S, - - - S1)
will be neighbor shared if m > n — 1 because of Proposition 6.7. Therefore if
m>n—1,8, 51 is a scrambling matrix and

(S 81) < 1—b™ (6.44)

It turns out that this bound is actually attained if all the S; = .S, where S is
a stochastic matrix of the form

1 0 0 0 --- 0

b1-b 0 0 --- 0

0 b 1-60--- 0
S=1.- - e . (6.45)

t1-b 0

0 0 0 0 b 1-0

with a graph which has no closed cycles other than the self-arcs at each of
its vertices. To understand why this is so, note that the first row of S™ is
(1 0--- O) and the first element in the last row is . This implies that
min{si1, $p1} = 0™, that
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n
1— Zmin{slk, Snk} =07,
k=1

and consequently that u(S) > ™. We summarize.

Lemma 6.15. Let b be a positive number less than 1 and let m =n — 1. Let
S denote the set of all m-term matriz products S = Sy, Spm—1---S1 where
each S; is an n X n stochastic matriz with rooted graph ~(S;) € G and all-
nonzero entries bounded below by b. Then

1 _ (n—1)
gggﬁ,u(s) 1-b

It is possible to apply at least part of the preceding to the case when
the S; are flocking matrices. Towards this end, let m = n — 1 and let
Gp,,Gyp,, ..., Gy, be any sequence of m rooted graphs in G and let F}, ...,
F,,. be the sequence of flocking matrices associated with these graphs. Since
each F), is a flocking matrix, it must be true that ¢(Fy,,) > L, i € {1,2,...,m}.

Since the hypotheses leading up to (6.44) are satisfied,

1 (n—1)
/’L(Fpm, e Fpl) S 1- (n) (6.46)

Unfortunately, we cannot use the preceding reasoning to show that (6.46)
holds with equality for some sequence of rooted graphs. This is because the
matrix S in (6.45) is not a flocking matrix when b = %, except in the special
case when n = 2. Nonetheless (6.46) can be used as follows to develop a
convergence rate for products of flocking matrices whose graphs are all rooted.
The development is very similar to that used in the proof of Proposition 6.11.
Let Q denote the set of p € P for which G, is rooted and write F;* for the
closed set of all products of flocking matrices of the form F, F, . ---Fp,,
where each p; € Q. In view of Proposition 6.7, G,,, oGy, _,o--- G, is neighbor
shared for every list of m indices matrices {p1,pa,...,pm} from Q. Therefore
(6.46) holds for every such list. Now for any sequence p(1),p(2),...,p(j) of
indices in Q, the corresponding product F;) - - - F(1) of flocking matrices can
be written as
Fyy By = S0 61

where

Si = Fpim) - Fp(i—vym+1), 1 <i <k,
S() = Fp) -+ Fpkme+1),
and k is the integer quotient of j divided by m. In view of (6.46)

:U“(Sl)éxv i€{1727"'7k}7
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(n—1)
=)
n

From this and the discussion at the end of the section on scrambling constants
it is clear that Sy ---S; must converge to 1|---Sy---S;| exponentially fast
as k — oo at a rate no slower than )\, But S(j) is a product of at most
m stochastic matrices, so it is a bounded function of j. It follows that the
product F(;) - -+ Fpq) must converge to 1| Fp;)--- Fp1)| exponentially fast

where

at a rate no slower than A = Aw. We have proved the following corollary to
Theorem 6.2.

Corollary 6.1. Under the hypotheses of Theorem 6.2, convergence of 0(t) to
0ss1 is exponential at a rate no slower than

(n—1)) 71
. { (4 }
n

Convergence Rates for Strongly Connected Graphs

It is possible to develop results analogous to those in the last section for
strongly connected graphs. Consider next the case when the G,, are all strongly
connected. Suppose that S, is the set of all n x n stochastic matrices S which
have strongly connected graphs v(S) € G and which satisfy ¢(S) > b where b
is a positive number smaller than 1. Let m denote the integer quotient of n
divided by 2. Thus for any set of m stochastic matrices S; € S,

G(Sp -+ S1) = o™ (6.47)

because of (6.42). Now (S, - - S1) = 7(Sm) - - - 7(S1). Moreover (S, - - - S1)
will be neighbor shared because of Proposition 6.8. Therefore S, ---S7 is a
scrambling matrix and

(S S1) <1 — b (6.48)

Just as in the case of rooted graphs, it turns out that this bound is actually
attained if all the S; = S, where S is a stochastic matrix of the form

1-b 0 0 0 --- b
b 1-b 0 0 --- 0
0 b 1-b60 --- 0
S = . . . . (6.49)
t1-b 0

0 0 0 0 b 1-0

with a graph consisting of one closed cycle containing all vertices plus self-
arcs at each of its vertices. The reader may wish to verify that this is so by
exploiting the structure of S™.
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Just as in the case of rooted graphs, it is possible to apply at least part of
the preceding to the case when the S; are flocking matrices. The development
exactly parallels the rooted graph case and one obtains in the end the following
corollary to Theorem 6.2.

Corollary 6.2. Under the hypotheses of Theorem 6.2, and the additional as-
sumption that o takes values only in the subset of @ composed of those indices
for which G, is strongly connected, convergence of 6(t) to 0551 is exponential

at a rate no slower than
1
1\ ™
n

where m is the integer quotient of n divided by 2.

Jointly Rooted Graphs

It is possible to relax still further the conditions under which the conclusion of
Theorem 6.1 holds. Towards this end, let us agree to say that a finite sequence
of directed graphs G,,, Gp,,...,G,, in G is jointly rooted if the composition
Gp, 0 Gy, _, 0---0Gy, is rooted.

Note that since the arc set of any graph G,,G, € G are contained
in the arc set of any composed graph G, o G o G,, G €€ G, it must
be true that if G,,, Gp,,...,Gyp, is a jointly rooted sequence, then so is
G40Gy,, Gp,,...,Gp,, Gy In other words, a jointly rooted sequence of graphs
in G remain jointly rooted if additional graphs from G are added to either end
of the sequence.

There is an analogous concept for neighbor-shared graphs. We say that a
finite sequence of directed graphs G,,, G,,, ..., Gy, from G is jointly neighbor-
shared if the composition G, 0 G,, , o--- 0 Gy, is a neighbor-shared graph.
Jointly neighbor shared sequences of graphs remains jointly neighbor shared if
additional graphs from G are added to either end of the sequence. The reason
for this is the same as for the case of jointly rooted sequences. Although
the discussion which follows is just for the case of jointly rooted graphs, the
material covered extends in the obvious way to the case of jointly neighbor
shared graphs.

In the sequel we will say that an infinite sequence of graphs G, ,G,,,. ..,
in G is repeatedly jointly rooted if there is a positive integer m for which each
finite sequence G G k > 1 is jointly rooted. We are now

Pm(k—1)4+12 """~ Pmk?
in a position to generalize Proposition 6.11.

Proposition 6.12. Let S be any closed set of stochastic matrices in S. Sup-
pose that Si,Sa, ... is an infinite sequence of matrices from S whose corre-
sponding sequence of graphs v(S1),v(S2), ... is repeatedly jointly rooted. Then
the product S ... S1 converges to 1|---S;---S1| exponentially fast as j — oo
at a rate no slower than \, where A < 1 is a non-negative constant depending
on the sequence.
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Proof of Proposition 6.12: Since (S7),7(S2),... is repeatedly jointly
rooted, there is a finite integer m such that y(Sp(x—1)41), -, V(Smr), k>1
is jointly rooted. For k > 1 define Sy, = Sik -+ Spk—1)+1. By Lemma 6.3,
Y(Smk = Smk—1)+1) = V(Smk) © - V(Sm(k—1)41), k > 1. Therefore v(Sk) is
rooted for k > 1. Note in addition that {Sk,k > 1} is a closed set because
S is closed and m is finite. Thus by Proposition 6.11, the product Sy - -- S,
converges to 1|--- S ---S1| exponentially fast as kK — oo at a rate no slower
than A, where ) is a non-negative constant depending on {Sg,k > 1} and
satisfying \ < 1.
Now the product S ---S; can be written as

~ — —

S;---S1=8(j)Si--S

where

S() = Si -+ Stim+1)s

and 4 is the integer quotient of j divided by m. But §(]) is a product of at
most m stochastic matrices, so it is a bounded function of j. It follows that
the product S;5;_1---S1 must converge to 1|---S;-S1] exponentially fast
at a rate no slower than A = Am. [

We are now in a position to state our main result on leaderless coordina-
tion.

Theorem 6.3. Let 0(0) be fived and let o : [0,1,2,...) — P be a switching
signal for which the infinite sequence of graphs Gy (o), Gy(1), .- s repeatedly
jointly rooted. Then there is a constant steady state heading 05, depending
only on 0(0) and o, for which

lim 0(t) = 0,1, (6.50)

t—o00

where the limit is approached exponentially fast.

Proof of Theorem 6.3: The set of flocking matrices F = {F, : p €
P} is finite and v(F,) = G,, p € P. Therefore the infinite sequence
of matrices Fy (o), Fiy(1),--- come from a closed set and the infinite se-
quence of graphs v(F, (), Y(Fs(1)),-.. is repeatedly jointly rooted. It fol-
lows from Proposition 6.12 that the product Fy ) - - Fy1)Fy () converges to
1 Fyuy - Fo1)Fr(0)) exponentially fast as t — oo at a rate no slower than
A, where A < 1 is a non-negative constant depending on the sequence. But it
is clear from (6.3) that

0(t) = Fo(i—1) - Fo) Fo(0(0), t>1

Therefore (6.50) holds with 65 = |- Fyp) - - - Fir(0)]0(0) and the convergence
is exponential. [
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6.2 Symmetric Neighbor Relations

It is natural to call a graph in G symmetric if for each pair of vertices i and
j for which j is a neighbor of 4, ¢ is also a neighbor of j. Note that G is
symmetric if and only if its adjacency matrix is symmetric. It is worth noting
that for symmetric graphs, the properties of rooted and rooted at v are both
equivalent to the property that the graph is strongly connected. Within the
class of symmetric graphs, neighbor-shared graphs and strongly rooted graphs
are also strongly connected graphs but in neither case is the converse true. It
is possible to represent a symmetric directed graph G with a simple undirected
graph G® in which each self-arc is replaced with an undirected edge and each
pair of directed arcs (i,7) and (j,) for distinct vertices is replaced with an
undirected edge between i and j. Notions of strongly rooted and neighbor
shared extend in the obvious way to unconnected graphs. An undirected graph
is said to be connected if there is an undirected path between each pair of
vertices. Thus a strongly connected, directed graph which is symmetric is in
essence the same as a connected, undirected graph. Undirected graphs are
applicable when the sensing radii r; of all agents are the same. It was the
symmetric version of the flocking problem which Viesek addressed [25] and
which was analyzed in [27] using undirected graphs.

Let G, and G, denote the subsets of symmetric graphs in G and G respec-
tively. Simple examples show that neither G, nor G, is closed under composi-
tion. In particular, composition of two symmetric directed graphs in G is not
typically symmetric. On the other hand the “union” is where by the union of
G, € G and G, € G is meant that graph in G whose arc set is the union of
the arc sets of G, and G,. It is clear that both G* and G* are closed under
the union operation. The union operation extends to undirected graphs in the
obvious way. Specifically, the union of two undirected graphs with the same
vertex set V), is that graph whose vertex set is VV and whose edge set is the
union of the edge sets of the two graphs comprising the union. It is worth
emphasizing that union and composition are really quite different operations.
For example, as we have already seen with Proposition 6.4, the composition of
any n — 1 strongly connected graphs is complete, symmetric or not, is always
complete. On the other hand, the union of n — 1 n — 1 strongly connected
graphs is not necessarily complete. In terms of undirected graphs, it is simply
not true that the union of n — 1 undirected graphs with vertex set ) is com-
plete, even if each graph in the union has self-loops at each vertex. The root
cause of the difference between union and composition stems from the fact
that the union and composition of two graphs in G have different arc sets —
and in the case of graphs from G, the arc set of the union is always contained
in the arc set of the composition, but not conversely.

The development in [27] make use of the notion of a “jointly connected set
of graphs.” Specifically, a set of undirected graphs with vertex set V is jointly
connected if the union of the graphs in the collection is a connected graph. The
notion of jointly connected also applies to directed graphs in which case the



Lecture Notes on Logically Switched Dynamical Systems 143

collection is jointly connected if the union is strongly connected. In the sequel
we will say that an infinite sequence of graphs G,,,G,,, ..., in G is repeatedly
jointly connected if there is a positive integer m for which each finite sequence
Gprieorysrs -2 Gp,yr k> 1is jointly connected. The main result of [27] is in
essence as follows.

Theorem 6.4. Let 0(0) be fived and let o : [0,1,2,...) — P be a switching
signal for which the infinite sequence of symmetric graphs G, (o), Gg(1,... in
G s repeatedly jointly connected. Then there is a constant steady state heading
Oss, depending only on 6(0) and o, for which

lim 0(t) = 6,1 (6.51)

t—o0
where the limit is approached exponentially fast.

In view of Theorem 6.3, Theorem 6.4 also holds if the word “connected”
is replaced with the word “rooted.” The latter supposes that composition
replaces union and that jointly rooted replaces jointly connected. Examples
show that these modifications lead to a more general result because a jointly
rooted sequence of graphs is always jointly connected but the converse is not
necessarily true.

Generalization

Tt is possible to interpret the system we have been studying (6.3) as the closed-
loop system which results when a suitably defined decentralized feedback law
is applied to the n-agent heading model

Ot +1)=0(t) + ul(t) (6.52)

with open-loop control u. To end up with (6.3), u would have to be defined
as
u(t) = =D ye(t) (6.53)

where e is the average heading error vector

e(t) 2 Lo)0(t) (6.54)
and, for each p € P, L, is the matrix

L,=D,—- A4, (6.55)

known in graph theory as the Laplacian of G, [28,43]. It is easily verified that
(6.52) to (6.55) do indeed define the system modeled by (6.3). We have elected
to call e the average heading error because if e(t) = 0 at some time ¢, then
the heading of each agent with neighbors at that time will equal the average
of the headings of its neighbors.
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In the present context, (6.53) can be viewed as a special case of a more
general decentralized feedback control of the form

u(t) = _G;(lt)La(t)e(t) (6.56)

where for each p € P, G, is a suitably defined, nonsingular diagonal matrix

with 7th diagonal element g;?. This, in turn, is an abbreviated description of
a system of n individual agent control laws of the form

wt)=—— 3 o], ie{2. .. n} (6.57)
)

gl(t) jeNi(t

where for ¢ € {1,2,...,n}, u;(t) is the ith entry of u(t) and g;(t) 2 gf,(t).
Application of this control to (6.52) would result in the closed-loop system
Ot +1) = 0(t) — G,y Lo)0(t) (6.58)

Note that the form of (6.58) implies that if § and o were to converge to
a constant values 6, and & respectively, then 6 would automatically satisfy
Ls0 = 0. This means that control (6.56) automatically forces each agent’s
heading to converge to the average of its neighbors, if agent headings were
to converge at all. In other words, the choice of the G, does not affect the
requirement that each agent’s heading equal the average of the headings of its
neighbors, if there is convergence at all. In the sequel we will deal only with
the case when the graphs G, are all symmetric in which case L,, is symmetric
as well.

The preceding suggests that there might be useful choices for the G}, al-
ternative to those we have considered so far, which also lead to convergence.
One such choice turns out to be

G,=gl, peP (6.59)

where g is any number greater than n. Our aim is to show that with the G, so
defined, Theorem 6.2 continues to be valid. In sharp contrast with the proof
technique used in the last section, convergence will be established here using
a common quadratic Lyapunov function.

As before, we will use the model

0t+1) = Fo(t)e(t) (6.60)

where, in view of the definition of the G, in (6.59), the F), are now symmetric
matrices of the form

1
Fy=I= Ly peP (6.61)

To proceed we need to review a number of well known and easily verified
properties of graph Laplacians relevant to the problem at hand. For this, let



Lecture Notes on Logically Switched Dynamical Systems 145

G be any given symmetric directed graph in G. Let D be a diagonal matrix
whose diagonal elements are the in-degrees of G’s vertices and write A for G’s
adjacency matrix. Then, as noted before, the Laplacian of G is the symmetric
matrix L = D — A. The definition of L clearly implies that L1 = 0. Thus
L must have an eigenvalue at zero and 1 must be an eigenvector for this
eigenvalue. Surprisingly L is always a positive semidefinite matrix [28]. Thus
L must have a real spectrum consisting of non-negative numbers and at least
one of these numbers must be 0. It turns out that the number of connected
components of G is exactly the same as the multiplicity of L’s eigenvalue
at 0 [28]. Thus G is a rooted or strongly connected graph just in case L has
exactly one eigenvalue at 0. Note that the trace of L is the sum of the in-
degrees of all vertices of G. This number can never exceed (n — 1)n and can
attain this high value only for a complete graph. In any event, this property
implies that the maximum eigenvalue of L is never larger than n(n — 1).
Actually the largest eigenvalue of L can never be larger than n [28]. This
means that the eigenvalues of %L must be smaller than 1 since g > n. From

these properties it clearly follows that the eigenvalues of (I — L) must all be
between 0 and 1, and that if G is strongly connected, then all will be strictly
less than 1 except for one eigenvalue at 1 with eigenvector 1. Since each Fj, is
of the form (I — %L), each F), possesses all of these properties.

Let o be a fixed switching signal with value p, € Q at time ¢ > 0. What
we’d like to do is to prove that as i — oo, the matrix product Fj,, F),, | --- Fp,
converges to 1c for some row vector c. As noted near the beginmng of Sect. 6.1,
this matrix product will so converge just in case

lim F, F, _,---F, =0 (6.62)

where as in Sect. 6.1, Fp is the unique solution to PF), = FpP, pe€ P and P is
any full rank (n—1) x n matrix satisfying P1 = 0. For simplicity and without
loss of generality we shall henceforth assume that the rows of P form a basis
for the orthogonal complement of the span of e. This means that PP’ equals
the (n — 1) x (n — 1) identity I, that F,, = PF,P’, p € P, and thus that
each Fp is symmetric. Moreover, in view of (6.6) and the spectral properties
of the F,, p € Q, it is clear that each Fp, p € Q must have a real spectrum
lying strictly inside of the unit circle. This plus symmetry means that for each
peEQ, F — T is negative definite, that F 'F, — I is negative definite and thus

that I is a common discrete-time Lyapunov matrix for all such Fp. Using this
fact it is straight forward to prove that Theorem 6.2 holds for system (6.58)
provided the G, are defined as in (6.59) with g > n.

In general, each Fp is a discrete-time stability matrix for which F;Fp —1I
is negative definite only if p € Q. To craft a proof of Theorem 6.3 for the
system described by (6.58) and (6.59), one needs to show that for each interval
[titiv1) on which {Gy(1,,,—1)s -+ Got, 1), Gor,) } 18 @ jointly rooted sequence
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of graphs, the product Fa(tiﬂq) e Fa(tiﬂ)ﬁg(ti) is a discrete-time stability
matrix and

(Fottip—1) Fotin) Fow) (Fottip—1) - Fotr) Forey) — 1
is negative definite. This is a direct consequence of the following proposition.

Proposition 6.13. If {G,,,G,,,...,G,,.} is a jointly rooted sequence of
symmetric graphs, then

(Fplﬁpz "'Fpm)l(Fmefz "'Fpm) _f
18 a negative definite matrix.

In the light of Proposition 6.13, it is clear that the conclusion Theorem 6.3
is also valid for the system described by (6.58) and (6.59). A proof of this
version of Theorem 6.3 will not be given.

To summarize, both the control defined by u = fD;(lt)e(t) and the simpli-

fied control given by u = —ée(t) achieve the same emergent behavior. While
the latter is much easier to analyze than the former, it has the disadvantage
of not being a true decentralized control because each agent must know an
upper bound (i.e., g) on the total number of agents within the group. Whether
or not this is really a disadvantage, of course depends on what the models are
to be used for.

The proof of Proposition 6.13 depends on two lemmas. In the sequel, we
state the lemmas, use them to prove Proposition 6.13, and then conclude this
section with proofs of the lemmas themselves.

Lemma 6.16. If G,,,G,,,...,G,, is a jointly rooted sequence of symmetric
graphs in G with Laplacians Ly, , Ly,, ..., Ly, , then

m
ﬂ kernel L,,, = span {1} (6.63)
i=1

Lemma 6.17. Let My, Mo, ..., M, be a set of n xn real symmetric, matrices

whose induced 2-norms are all less than or equal to 1. If

ﬁ kernel (I — M;) =0 (6.64)

i=1
then the induced 2-norm of My My --- M, is less than 1.

Proof of Proposition 6.13: The definition of the F), in (6.61) implies that
I—-F,= éLp- Hence by Lemma 6.16 and the hypothesis that {G,,,G,,, ...,

Gyp,, } is a jointly rooted sequence,
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ﬂ kernel (I — F,,) = span {1} (6.65)

=1
We claim that .
() kernel (I — F,,) =0 (6.66)

To establish this fact, let Z be any vector such that (I — F,,)z = 0, i €
{1,2,...,m}. Since P has independent rows, there is a vector z such that
Z=Px.But P(I-F,) = (I—F,)P,so P(I—F,)x = 0. Hence (I — F, )z =
a;1 for some number a;. But 1’([ F,,) = ;1 Lpl =0, so a;1’1 = 0. This
implies that a; = 0 and thus that (I — F},)z = 0. But this must be true for all
i€{1,2,...,m}. It follows from (6.65) that = € span {1} and, since Z = P,
that z = 0. Therefore (6.66) is true.

As defined, the F are all symmetric, positive semi-definite matrices with
induced 2-norms not exceeding 1. This and (6.66) imply that the family of
matrices F,,, F,, ..., E,  satisfy the hypotheses of Lemma 6.17. It follows
that Proposition 6.13 is true. [

Proof of Lemma 6.16: In the sequel we write L(G) for the Laplacian of a
simple graph G. By the intersection of a collection of graphs {G,,,G,,, ...,
Gy, } in G, is meant that graph G € G with edge set equaling the intersection
of the edge sets of all of the graphs in the collection. It follows at once from
the definition of a Laplacian that

L(Gp) + L(Gq) = L(GP N Gq) + L(Gp U Gq)

for all p, ¢ € P. Repeated application of this identity to the set {G,,,G,,, ...,
Gp,, } yields the relation

m m m—1 7
Sue-r(Uen)+ e fanniUst] o
=1 i=1 i=1 =1

which is valid for m > 1. Since all matrices in (6.67) are positive semi-definite,
any vector  which makes the quadratic form a'{L(Gy,) + L(Gp,) + --- +
L(G,,,)}x vanish, must also make the quadratic form z'L(G,, UG, U--- U
Gy, )x vanish. Since any vector in the kernel of each matrix L(G,,) has this
property, we can draw the following conclusion.

m kernel L(G,,) C kernel L (U qu)

i=1 i=1

Suppose now that {G,,,G,,,...,G,, .} is a jointly rooted collection. Then
the union G,, UGy, U---UG,, is rooted so its Laplacian must have exactly
span {1} for its kernel. Hence the intersection of the kernels of the L(G,,)
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must be contained in span {1}. But span {1} is contained in the kernel of
each matrix L(G,,) in the intersection and therefore in the intersection of the

kernels of these matrices as well. It follows that (6.63) is true. O

Proof of Lemma 6.17: In the sequel we write |z| for the 2-norm of a real
n-vector x and |M]| for the induced 2-norm of a real n x n matrix. Let € R"
be any real, non-zero n-vector. It is enough to show that

In view of (6.64) and the assumption that = # 0, there must be a largest
integer k € {1,2,...,m} such that x & kernel (M}, — I). We claim that

|Myx| < |x| (6.69)

To show that this is so we exploit the symmetry of My, to write z as ¢ = a1y1 +
aoys+- -y, where ag, as, . .., «, are real numbers and {y1,ya, ..., Yy, } 18
an orthonormal set of eigenvectors of M) with real eigenvalues A1, A2, ... A,.
Note that [A\;| < 1, i € {1,2,...,n}, because |M}| < 1. Next observe that
since Mpx = a1 \y1 + asdays + -+ + an Ay, and Mz # z, there must be
at least one integer j such that a;\; # a;. Hence |a;\;jy;| < |ajy;|. But
|Mpx? = lar iy |2 + -+ Ny 2 + - + lanAnyn]? so

| Mz < Jaa g |* + -+ |ajy; [ + - - + [an Anyal®
Moreover

e iy [* 4 ey P e Anyn]* < laagn P lagys P+ - anya | = |2
so |Myz|* < |z|*; therefore (6.69) is true.

In view of the definition of k, Mz = x,j € {k+1,...,m}. From this and
(6.69) it follows that |M; - Mpyx| = |My -+ Myx| < |My - Mp_q|| M| <
|My -+ My_1]|z|. But |[My--- Mi_1] < 1 because each M; has an induced 2
norm not exceeding 1. Therefore (6.68) is true. O

6.3 Measurement Delays

In this section we consider a modified version of the flocking problem in which
integer valued delays occur in sensing the values of headings which are avail-
able to agents. More precisely we suppose that at each time ¢ € {0,1,2,...},
the value of neighboring agent j’s headings which agent i may sense is
0;(t — d;j(t)) where d;;(t) is a delay whose value at ¢ is some integer be-
tween 0 and m; — 1; here m; is a pres-specified positive integer. While well
established principles of feedback control would suggest that delays should be
dealt with using dynamic compensation, in these notes we will consider the
situation in which the delayed value of agent j’s heading sensed by agent i at
time ¢ is the value which will be used in the heading update law for agent <.
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Thus

0:(t+1) = > 05t — dij(t)) (6.70)

1
nat) JEN(t)
where d;;(t) € {0,1,...,(m; — 1)} if j # i and d;;(t) =0 if i = j.

It is possible to represent this agent system using a state space model
similar to the model discussed earlier for the delay-free case. Towards this end,
let D denote the set of all directed graphs with vertex set V = ViUV, U---UV),
where V; = {vi1...,0im, }. Here vertex v;; represents agent ¢ and V; is the
set of vertices associated with agent i. We sometimes write i for v;;, @ €
{1,2,...,n}, and V for the subset of agent vertices {v11,va1,...,vn1}. Let Q
be an index set parameterizing D ; i.e, D = {G, : ¢ € Q}

To represent the fact that each agent can use its own current heading in
its update formula (6.70), we will utilize those graphs in D which have self
arcs at each vertex in V. We will also require the arc set of each such graph to
have, for i € {1,2,...,n}, an arc from each vertex v;; € V; except the last, to
its successor v;(j11y € V;. Finally we stipulate that for each i € {1,2,...,n},
each vertex v;; with j > 1 has in-degree of exactly 1. In the sequel we write D
for the subset of all such graphs. Thus unlike the class of graphs G considered
before, there are graphs in D possessing vertices without self-arcs. Nonetheless
each vertex of each graph in D has positive in-degree. In the sequel we use
the symbol Q to denote that subset of Q for which D = {G,:q € Q}.

The specific graph representing the sensed headings the agents use at time
t to update their own headings according to (6.70), is that graph G, € D whose
arc set contains an arc from v, € V; to j € V if agent j uses 6;(t + 1 — k)
to update. The set of agent heading update rules defined by (6.70) can now
be written in state form. Towards this end define 6(¢) to be that (m; +ms +
-+ 4+ my;) vector whose first m; elements are 61 (¢) to 61(t + 1 — my), whose
next mo elements are 02(t) to O2(t + 1 — mso) and so on. Order the vertices
of V as vi1, ... s UTmy s V215« -5 V2may - - - s Unly « - - Unm,, and with respect to this
ordering define

F,=D;'A}, qeQ (6.71)

where Aj is the transpose of the adjacency matrix the of G, € D and D,
the diagonal matrix whose ijth diagonal element is the in-degree of vertex v;;
within the graph. Then

0t+1) = Fg(t)ﬂ(t), te{0,1,2,...} (6.72)

where o : {0,1,...} — Q is a switching signal whose value at time ¢, is
the index of the graph representing which headings the agents use at time
t to update their own headings according to (6.70). As before our goal is
to characterize switching signals for which all entries of 6(t) converge to a
common steady state value.

There are a number of similarities and a number of differences between
the situation under consideration here and the delay-free situation considered
earlier. For example, the notion of graph composition defined earlier can be



150 A.S. Morse

defined in the obvious way for graphs in D. On the other hand, unlike the
situation in the delay-free case, the set of graphs used to model the system
under consideration, namely D, is not closed under composition except in the
special case when all of the delays are at most 1; i.e., when all of the m; < 2.
In order to characterize the smallest subset of D containing D which is closed
under composition, we will need several new concepts.

Hierarchical Graphs

As before, let G be the set of all directed graphs with vertex set V =
{1,2,...n}. Let us agree to say that a rooted graph G € G is a hierarchi-
cal graph with hierarchy {vi,va, ..., v, } if it is possible to re-label the vertices
in V as vy, v, ... v, in such a way so that vy is a root of G with a self-arc and
for ¢ > 1, v; has a neighbor v; “lower ” in the hierarchy where by lower we
mean j < i. It is clear that any graph in G with a root possessing a self-arc
is hierarchial. Note that a graph may have more than one hierarchy and two
graphs with the same hierarchy need not be equal. Note also that even though
rooted graphs with the same hierarchy share a common root, examples show
that the composition of hierarchial graphs in G need not be hierarchial or even
rooted. On the other hand the composition of two rooted graphs in G with
the same hierarchy is always a graph with the same hierarchy. To understand
why this is so, consider two graphs G; and G» in G with the same hierarchy
{v1,v2,...,v,}. Note first that v; has a self-arc in G 0 Gy because vy has self
arcs in G and Gs. Next pick any vertex v; in V other than v;. By definition,
there must exist vertex v; lower in the hierarchy than v; such that (v;,v;) is
an arc of Go. If v; = vy, then (v1,v;) is an arc in Gy o G; because v, has a
self-arc in Gy. On the other hand, if v; # vy, then there must exist a vertex
vy, lower in the hierarchy than v; such that (vy,v;) is an arc of Gy. It follows
from the definition of composition that in this case (v, v;) is an arc in G2 oG;.
Thus v; has a neighbor in G o Gy which is lower in the hierarchy than wv;.
Since this is true for all v;, Gy o G; must have the same hierarchy as Gy and
Go. This proves the claim that composition of two rooted graphs with the
same hierarchy is a graph with the same hierarchy.

Our objective is to show that the composition of a sufficiently large number
of graphs in G with the same hierarchy is strongly rooted. Note that Proposi-
tion 6.3 cannot be used to reach this conclusion, because the v; in the graphs
under consideration here do not all necessarily have self-arcs.

As before, let G; and G, be two graphs in G with the same hierarchy
{vi,v2,..., v,}. Let v; be any vertex in the hierarchy and suppose that v; is
a neighbor vertex of v; in Go. If v; = vy, then v; retains v, as a neighbor in
the composition Gy o Gy because vy has a self-arc in G;. On the other hand,
if v; # w1, then v; has a neighboring vertex vy in G; which is lower in the
hierarchy than v;. Since vy is a neighbor of v; in the composition Gy o Gy,
we see that in this case v; has acquired a neighbor in Gy o Gy lower in the
hierarchy than a neighbor it had in Go. In summary, any vertex v; € V either
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has vy as neighbor in G5 oGy or has a neighbor in Gs o Gy which is one vertex
lower in the hierarchy than any neighbor it had in Gs.

Now consider three graphs G, Gy, G3 in G with the same hierarchy. By
the same reasoning as above, any vertex v; € V either has v; as neighbor in
G3 0Gy oGy or has a neighbor in G3 0 Gs 0 Gy which is one vertex lower in the
hierarchy than any neighbor it had in Gz o Gs. Similarly v; either has v, as
neighbor in G3o0Gy or has a neighbor in GgoGg which is one vertex lower in the
hierarchy than any neighbor it had in Gz. Combining these two observations
we see that any vertex v; € V either has v; as neighbor in G30G50Gy or has a
neighbor in G3 o Gy oGy which is two vertices lower in the hierarchy than any
neighbor it had in Ggs. This clearly generalizes and so after the composition of
m such graphs G1, G, ...G,,, v; either has v; as neighbor in G,, 0---Gy0Gy
or has a neighbor in G,, o ---Gg o Gy which is m — 1 vertices lower in the
hierarchy than any neighbor it had in G,,. It follows that if m > n, then v;
must be a neighbor of v;. Since this is true for all vertices, we have proved
the following.

Proposition 6.14. Let G,Gs,...G,, denote a set of rooted graphs in G
which all have the same hierarchy. If m > n — 1 then G,, o---Gg o Gy is
strongly rooted.

As we have already pointed out, Proposition 6.14 is not a consequence
of Proposition 6.3 because Proposition 6.3 requires all vertices of all graphs
in the composition to have self-arcs whereas Proposition 6.14 does not. On
the other hand, Proposition 6.3 is not a consequence of Proposition 6.14 be-
cause Proposition 6.14 only applies to graphs with the same hierarchy whereas
Proposition 6.3 does not.

Delay Graphs

We now return to the study of the graphs in D. As before D is the subset of
D consisting of those graphs which (i) have self arcs at each vertex in V =
{1,2,...,}, (ii) for each i € {1,2,...,n}, have an arc from each vertex v;; € V;
except the last, to its successor v;(j11) € V;, and (iii) for each i € {1,2,...,n},
each vertex v;; with j > 1 has in-degree of exactly 1. It can easily be shown by
example that D is not closed under composition. We deal with this problem as
follows. A graph G € D is said to be a delay graph if for each i € {1,2,...,n},
(i) every neighbor of V; which is not in V; is a neighbor of v;; and (ii) the
subgraph of G induced by V; has {vi1 ..., vim,} as a hierarchy. It is easy to
see that every graph in D is a delay graph. More is true.

Proposition 6.15. The set of delay graphs in D is closed under composition.
To prove this proposition, we will need the following fact.

Lemma 6.18. Let Gy1,Ga,...,G, be any sequence of ¢ > 1 directed graphs in
G. Forie{1,2,...,q}, let G; be the subgraph of G; induced by S C' V. Then
Gqo---0G20Gy is contained in the subgraph of Gyo---0GooGy induced by S.
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Proof of Lemma 6.18: It will be enough to prove the lemma for ¢ = 2,
since the proof for ¢ > 2 would then directly follow by induction. Suppose
q=2. Let (i,7) be in A(Gy 0 Gy). Then i,j € S and there exists an integer
k € S such that (i,k) € A(G;) and (k, ) € A(Gsy). Therefore (i, k) € A(G1)
and (k,j) € A(Gz). Thus (i,j) € A(G2 0Gq). But 4,5 € S so (4,7) must be
an arc in the subgraph of Gy o G; induced by S. Since this clearly is true for
all arcs in A(G2 o @1), the proof is complete. [

Proof of Proposition 6.15: Let G; and G, be two delay graphs in D. It
will first be shown that for each i € {1,2,...,n}, every neighbor of V; which
is not in V; is a neighbor of v;; in Gy 0G;. Fix i € {1,2,...,n} and let v be a
neighbor of V; in G2 0G4 which is not in V;. Then (v, k) € A(G20Gq) for some
k € V;. Thus there is a s € V such that (v,s) € A(Gy) and (s, k) € A(G»). If
s & Vi, then (s,v;1) € A(Gz) because Go is a delay graph. Thus in this case
(v,v;1) € A(G20Gy) because of the definition of composition. If, on the other
hand, s € V;, then (v,v;1) € A(G1) because G, is a delay graph. Thus in this
case (v,v;1) € A(Gg o Gy) because v;; has a self-arc in Gy. This proves that
every neighbor of V; which is not in V; is a neighbor of v;; in Gy o G;. Since
this must be true for each i € {1,2,...,n}, Gy o Gy has the first property
defining delay graphs in D.

To establish the second property, we exploit the fact that the composition
of two graphs with the same hierarchy is a graph with the same hierarchy. Thus
for any integer i € {1,2,...,n}, the composition of the subgraphs of G; and
G2 respectively induced by V; must have the hierarchy {v;1,via,. .., Vim,}-
But by Lemma 6.18, for any integer ¢ € {1,2,...,n}, the composition of
the subgraphs of G; and Gy respectively induced by V;, is contained in the
subgraph of the composition of G; and Gs induced by V;. This implies that
for i € {1,2,...,n}, the subgraph of the composition of G; and Gz induced
by V; has {vi1,vi2, ..., Vim, } as a hierarchy. O

In the sequel we will state and prove conditions under which the composi-
tion of a sequence of delay graphs is strongly rooted. To do this, we will need
to introduce several concepts. By the quotient graph of G € D, is meant that
directed graph with vertex set V whose arc set consists of those arcs (i, )
for which G has an arc from some vertex in V; to some vertex in V;. The
quotient graph of G models which headings are being used by each agent in
updates without describing the specific delayed headings actually being used.
Our main result regarding delay graphs is as follows.

Proposition 6.16. Let m be the largest integer in the set {my,ma,...,my}.
The composition of any set of at least m(n —1)% +m — 1 delay graphs will be
strongly rooted if the quotient graph of each of the graphs in the composition
1s rooted.

To prove this proposition we will need several more concepts. Let us agree
to say that a delay graph G € D has strongly rooted hierarchies if for each
i € V, the subgraph of G induced by Vj; is strongly rooted. Proposition 6.14
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states that a hierarchial graph on m; vertices will be strongly rooted if it is
the composition of at least m; — 1 rooted graphs with the same hierarchy.
This and Lemma 6.18 imply that the subgraph of the composition of at least
m; — 1 delay graphs induced by V; will be strongly rooted. We are led to the
following lemma.

Lemma 6.19. Any composition of at least m — 1 delay graphs in D has
strongly rooted hierarchies.

To proceed we will need one more type of graph which is uniquely de-
termined by a given graph in D. By the agent subgraph of G € D is meant
the subgraph of G induced by V. Note that while the quotient graph of G
describes relations between distinct agent hierarchies, the agent subgraph of
G only captures the relationships between the roots of the hierarchies.

Lemma 6.20. Let G, and G, be delay graphs in D. If G, has a strongly rooted
agent subgraph and G4 has strongly rooted hierarchies, then the composition
G4 0 Gy is strongly rooted.

Proof of Lemma 6.20: Let v;; be a root of the agent subgraph of G, and let
v be any vertex in V. Then (v;1, vj1) € A(G,) because the agent subgraph of
G, is strongly rooted. Moreover, (vj1,v,;) € A(Gq) because G4 has strongly
rooted hierarchies. Therefore, in view of the definition of graph composition
(vi1, ;1) € A(G,0G,). Since this must be true for every vertex in V, G, oG,
is strongly rooted. [

Lemma 6.21. The agent subgraph of any composition of at least (n — 1)2
delay graphs in D will be strongly rooted if the agent subgraph of each of the
graphs in the composition is rooted.

Proof of Lemma 6.21: Let Gy, Go,...,G, be any sequence of ¢ > (n — 1)?
delay graphs in D whose agent subgraphs, G; i € {1,2,...,q}, are all rooted.
By Proposition 6.10, @q 0---0G90Gy is strongly rooted. But Gq 0---0G20G,
is contained in the agent subgraph of G, o --- o0 Gy o G; because of Lemma
6.18. Therefore the agent subgraph of G4 o---0Gg oG is strongly rooted. O

Lemma 6.22. Let G, and G, be delay graphs in D. If G, has a strongly rooted
hierarchies and G, has a rooted quotient graph, then the agent subgraph of the
composition G4 o G, is rooted.

Proof of Lemma 6.22: Let (7, j) be any arc in the quotient graph of G,
with ¢ # j. This means that (v, vjs)€A(G,) for some vy, € V; and v € V.
Clearly (vi1,vir) € A(G)p) because G, has strongly rooted hierarchies. More-
over since @ # j, vy is a neighbor of V; which is not in V;. From this and the
definition of a delay graph, it follows that v is a neighbor of v;;. Therefore
(vik,vj1) € A(Gy). Thus (vi1,v;1) € A(Gq o G,). We have therefore proved
that for any path of length one between any two distinct vertices 7,7 in the
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quotient graph of G, there is a corresponding path between vertices v;; and
v;1 in the agent subgraph of G, o G,. This implies that for any path of any
length between any two distinct vertices 4, j in the quotient graph of G, there
is a corresponding path between vertices v;; and v;; in the agent subgraph of
G4 0 G,. Since by assumption, the quotient graph of G, is rooted, the agent
subgraph of G, o G, must be rooted as well. [

Proof of Proposition 6.16: Let G1,Go,... G5 be a sequence of at least
m(n—1)2+m—1 delay graphs with strongly rooted quotient graphs. The graph
Gs 0+ G(m(n-1)241) is composed of at least m — 1 delay graphs. Therefore
Gso-+  Gm(n-1)241) must have strongly rooted hierarchies because of Lemma
6.19. In view of Lemma 6.20, to complete the proof it is enough to show that
G(m(n-1)20---0G1 has a strongly rooted agent subgraph. But G, (,—1)2 00
Gy is the composition of (n —1)? graphs, each itself a composition of m delay
graphs with rooted quotient graphs. In view of Lemma 6.21, to complete the
proof it is enough to show that the agent subgraph of any composition of m
delay graphs is rooted if each of the quotient graph of each delay graph in the
composition is rooted. Let Hy, H, ..., H,, be such a family of delay graphs.
By assumption, H,, has a rooted quotient graph. In view of Lemma 6.22, the
agent subgraph of H,, o H,,_1 o--- o H; will be rooted if H,,,_1 o--- o Hj has
strongly rooted hierarchies. But H,, 1 o --- o H; has this property because of
Lemma 6.19. [

Convergence

Using the results from the previous section, it is possible to state results
for the flocking problem with measurement delays similar to those discussed
earlier for the delay free case. Towards this end let us agree to say that a
finite sequence of graphs Gy, ,G,,,...,G,, in D is jointly quotient rooted if
the quotient of the composition Gy, o0 Gy, _,, 0+ 0 Gy, is rooted.

In the sequel we will say that an infinite sequence of graphs G,,,, G,,, ..., in
D is repeatedly jointly quotient rooted if there is a positive integer m for which
each finite sequence G, _,),,, ---,Gp,,,, k> 11is jointly quotient rooted.
We are now in a position to state our main result on leaderless coordination
with measurement delays.

Theorem 6.5. Let 6(0) be fized and with respect to (6.72), let
o :[0,1,2,...) — Q be a switching signal for which the infinite sequence
of graphs G0y, Go(1),... in D is repeatedly jointly rooted. Then there is a
constant steady state heading s, depending only on 6(0) and o, for which

lim 0(t) = 6551 (6.73)
t—oo
where the limit is approached exponentially fast.

The proof of this theorem exploits Proposition 6.16 and parallels exactly the
proof of Theorem 6.3. A proof of Theorem 6.5 therefore will not be given.
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6.4 Asynchronous Flocking

In this section we consider a modified version of the flocking problem in which
each agent independently updates its heading at times determined by its own
clock [44]. We do not assume that the groups’ clocks are synchronized to-
gether or that the times any one agent updates its heading are evenly spaced.
Updating of agent i’s heading is done as follows. At its kth sensing event time
t;r, agent 7 senses the headings 0; (tir), 7 € Ni(tix) of its current neighbors
and from this data computes its kth way-point w;(¢;;). In the sequel we will
consider way point rules based on averaging. In particular

1

w; (tik:) = m

So0itta) |, i{1.2,....n} (6.74)

i€N; (tir)

where n;(t;;) is the number of neighbor of elements in neighbor index set
N (tix). Agent i then changes its heading from 6;(t;1) to w;(¢;;) on the interval
[tiksti(k+1))- In these notes we will consider the case each agent updates its
headings instantaneously at its own even times, and that it maintains fixed
headings between its event times. More precisely, we will assume that agent ¢
reaches its kth way-point at its (k+ 1)st event time and that 6;(¢) is constant
on each continuous-time interval (ti(k,l),tik], k > 1, where t;0 = 0 is agent
1’s zeroth event time. In other words for £ > 0, agent ¢’s heading satisfies is

1
0i(ti(kt1)) = O Z 0;(tir) (6.75)
E JEN (tik)
0i(t) = 0i(tir), tigr—1) <t <tik (6.76)

To ensure that each agent’s neighbors are unambiguously defined at each of
its event times, we will further assume that agents move continuously.

Analytic Synchronization

To develop conditions under which all agents eventually move with the same
heading requires the analysis of the asymptotic behavior of the asynchronous
process which the 2n heading equations of the form (6.75), (6.76) define. De-
spite the apparent complexity of this process, it is possible to capture its
salient features using a suitably defined synchronous discrete-time, hybrid dy-
namical system S. We call the sequence of steps involved in defining S analytic
synchronization. Analytic synchronization is applicable to any finite family of
continuous or discrete time dynamical processes {Py,Po,...,...,P,} under
the following conditions. First, each process P; must be a dynamical sys-
tem whose inputs consist of functions of the states of the other processes
as well as signals which are exogenous to the entire family. Second, each
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process P; must have associated with it an ordered sequence of event times
{ti1, ti2, ...} defined in such a way so that the state of IP; at event time #;(4,+1)
is uniquely determined by values of the exogenous signals and states of the
P;, j € {1,2,...,n} at event times t;;, which occur prior to t;y,+1) but
in the finite past. Event time sequences for different processes need not be
synchronized. Analytic synchronization is a procedure for creating a single
synchronous process for purposes of analysis which captures the salient fea-
tures of the original n asynchronously functioning processes. As a first step,
all n event time sequences are merged into a single ordered sequence of even
times 7. The “synchronized” state of IP; is then defined to be the original of
P; at P;’s event times {t;1,t;2, ...} plus possibly some additional variables; at
values of t € 7 between event times ¢;, and t;(, 1), the synchronized state
of IP; is taken to be the same at the value of its original state at time ;(x41)-
Although it is not always possible to carry out all of these steps, when it is
what ultimately results is a synchronous dynamical system S evolving on the
index set of 7, with state composed of the synchronized states of the n indi-
vidual processes under consideration. We now use these ideas to develop such
a synchronous system S for the asynchronous process we have been studying.

Definition of S

As afirst step, let 7 denote the set of all event times of all n agents. Relabel the
elements of 7 as tg,t1,t2,--- in such a way so that t; < ¢;11, j € {1,2,...}.
Next define

0;(1) =0;(t;), 7>0, ie€{l,2,....,n}. (6.77)

In view of (6.75), it must be true that if ¢, is an event time of agent ¢, then

JEN(T)

where N; (1) = N;(t,
i after t,. But 6;(7")
(6.76)}. Therefore

ni(7) = n;(t;) and ¢, is the next event time of agent
0;(7 +1) because 0;(t) is constant for ¢, <t <t {cf.,

g

0;(1+1) = — ! > 0(n) (6.78)

niltr) \ St

if ¢, is an event time of agent 7. Meanwhile if ¢ is not an event time of agent
1, then - B
0:(t +1) = 0i(1), (6.79)

again because ¢;(t) is constant between event times. Note that if we define
N; (1) = {i} and n;(7) = 1 for every value of 7 for which ¢, is not an event
time of agent i, then (6.79) can be written as
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_ 1 _
Gi(r+1)==——1| > 0(r) (6.80)
n; (tT) L=
JEN(T)

Doing this enables us to combine (6.78) and (6.80) into a single formula valid
for all 7 > 0. In other words, agent i’s heading satisfies

92‘(7' + 1) =

1 _
) > 0i(n)]., T=0 (6.81)
M)\ jerin

where

N;(t;) if ¢, is an event time of agent 4
Ni(T) = (6.82)

{i} if t, is not an event time of agent i

and 7n;(7) is the number of indices in Aj;(7). For purposes of analysis, it is
useful to interpret (6.82) as meaning that between agent i’s event times, its
only neighbor is itself. There are n equations of the form in (6.81) and together
they define a synchronous system S which models the evolutions of the n
agents’ headings at event times.

State Space Model

As before, we can represent the neighbor relationships associated with (6.82)
using a directed graph G with vertex set V = {1,2,...n} and arc A(G) C VxV
which is defined in such a way so that (i,7) is an arc from ¢ to j just in case
agent 7 is a neighbor of agent j. Thus as before, G is a directed graph on n
vertices with at most one arc from any vertex to another and with exactly one
self-arc at each vertex. We continue to write G for the set of all such graphs
and we also continue to use the symbol P to denote a set indexing G.

For each p € P, let F), = D;lA;}, where A}, is the transpose of the ad-
jacency matrix the of graph G, € G and D, the diagonal matrix whose jth
diagonal element is the in-degree of vertex j within the graph. The set of
agent heading update rules defined by (6.82) can be written in state form as

O(t+1)=F,»0(r), 7€{0,1,2,...} (6.83)

where @ is the heading vector § = (él Oy ... 9;)/, and 0 : {0,1,...} = Pisa
switching signal whose value at time 7, is the index of the graph representing
the agents’ neighbor relationships at time 7.

Up to this point things are essentially the same as in the basic flocking
problem treated in Sect.6.1. But when one considers the type of graphs in G
which are likely to be encountered along a given trajectory, things are quite
different. Note for example, that the only vertices of G,(,) which can have
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more than one incoming arc, are those of agents for whom 7 is an event time.
Thus in the most likely situation when distinct agents have only distinct event
times, there will be at most one vertex in each graph G, ;) which has more
than one incoming arc. It is this situation we want to explore further. Toward
this end, let G* C G denote the subclass of all graphs which have at most
one vertex with more than one incoming arc. Note that for n > 2, there is
no rooted graph in G*. Nonetheless, in the light of Theorem 6.3 it is clear
that convergence to a common steady state heading will occur if the infinite
sequence of graphs G, (o), Go(1), - - - is repeatedly jointly rooted. This of course
would require that there exist a jointly rooted sequence of graphs from G*.
We will now explain why such sequences do in fact exist.

Let us agree to call a graph G € G an all neighbor graph centered at v if
every vertex of G is a neighbor of v. Thus G is an all neighbor graph centered
at v if and only if its reverse G’ is strongly rooted at v. Note that every
all neighbor graph in G is also in G*. Note also that all neighbor graphs are
maximal in G* with respect to the partial ordering of G* by inclusion. Note
also the composition of any all neighbor graph with itself is itself. On the
other hand, because of the union of two graphs in G is always contained in
the composition of the two graphs, the composition of n all neighbor graphs
with distinct centers must be a graph in which each vertex is a neighbor of
every other; i.e., the complete graph. Thus the composition of n all neighbor
graphs with distinct centers is strongly rooted. In summary, the hypothesis of
Theorem 6.3 is not vacuous for the asynchronous problem under consideration.
When that hypothesis is satisfied, convergence to a common steady state
heading will occur.

6.5 Leader Following

In this section we consider two modified versions of the flocking problem for
the same group n agents as before, but now with one of the group’s members
(say agent 1) acting as the group’s leader. In the first version of the problem,
the remaining agents, henceforth called followers and labeled 2 through n,
do not know who the leader is or even if there is a leader. Accordingly they
continue to use the same heading update rule (6.1) as before. The leader on
the other hand, acting on its own, ignores update rule (6.1) and moves with
a constant heading 6 (0). Thus

O1(t+ 1) = 041(t) (6.84)
The situation just described can be modeled as a state space system
Ot +1) = F,py0(t), t>0 (6.85)

just as before, except now agent 1 is constrained to have no neighbors other
than itself. The graphs G, which model neighbor relations accordingly all have
a distinguished leader vertex which has no incoming arcs other than its own.
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Much like before, our goal here is to show for a large class of switching sig-
nals and for any initial set of follower agent headings, that the headings of all n
followers converge to the heading of the leader. Convergence in the leaderless
case under the most general, required the sequence of graphs G, (g, G, (1), - - -
encountered along a trajectory to be repeatedly jointly rooted. For the leader
follower case now under consideration, what is required is exactly the same.
However, since the leader vertex has only one incoming arc, the only way
Go(0)s Go(1),--- can be repeatedly jointly rooted, is that the sequence be
“rooted at the leader vertex v = 1.” More precisely, an infinite sequence
of graphs G,,,G,,, in G is repeatedly jointly rooted at v if there is a positive
integer m for which each finite sequence Gy, ..., ---,Gp,,, Kk = 11s
“jointly rooted at v”; a finite sequence of directed graphs G,,, G,,,...,G,,
is jointly rooted at v if the composition G,, 0 G, , o---0G,, is rooted at v.
Our main result on discrete-time leader following is next.

Theorem 6.6. Let 0(0) be fized and let o : [0,1,2,...) — P be a switching
signal for which the infinite sequence of graphs Gy (o), Gy(1), ... s repeatedly
jointly rooted. Then

tlirrolo 0(t) = 6,(0)1 (6.86)

where the limit is approached exponentially fast.

Proof of Theorem 6.6: Since any sequence which is repeatedly jointly rooted
at v is repeatedly jointly rooted, Theorem 6.3 is applicable. Therefore the
headings of all n agents converge exponentially fast to a single common steady
state heading 6ss. But since the heading of the leader is fixed, 65 must be
the leader’s heading. [J
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1 Introduction

The analysis and design of nonlinear feedback systems has recently under-
gone an exceptionally rich period of progress and maturation, fueled, to a
great extent, by (1) the discovery of certain basic conceptual notions, and (2)
the identification of classes of systems for which systematic decomposition ap-
proaches can result in effective and easily computable control laws. These two
aspects are complementary, since the latter approaches are, typically, based
upon the inductive verification of the validity of the former system proper-
ties under compositions (in the terminology used in [62], the “activation” of
theoretical concepts leads to “constructive” control).

This expository presentation addresses the first of these aspects, and in
particular the precise formulation of questions of robustness with respect to
disturbances, formulated in the paradigm of input to state stability. We provide
an intuitive and informal presentation of the main concepts. More precise
statements, especially about older results, are given in the cited papers, as well
as in several previous surveys such as [103,105] (of which the present paper
represents an update), but we provide a little more detail about relatively
recent work. Regarding applications and extensions of the basic framework,
we give some pointers to the literature, but we do not focus on feedback
design and specific engineering problems; for the latter we refer the reader to
textbooks such as [27,43,44, 58,60, 66, 96].

2 ISS as a Notion of Stability of Nonlinear I/O Systems

Our subject is the study of stability-type questions for input/output (“i/o”)
systems. We later define more precisely what we mean by “system,” but, in
an intuitive sense, we have in mind the situation represented in Fig. 1, where
the “system” may well represent a component (“module” or “subsystem”)
of a more complex, larger, system. In typical applications of control theory,
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u —> (sub)system — y

Fig. 1. I/O system

Y

plant b

controls S Z measurements

controller [*

Y'Y

Y2 < u2

Fig. 2. Plant and controller

our “system” may in turn represent a plant/controller combination (Fig. 2),
where the input u = (ul, UQ) incorporates actuator and measurement noises
respectively, as well as disturbances or tracking signals, and where y = (y1,y2)
might consist respectively of some measure of performance (distance to a set
of desired states, tracking error, etc.) and quantities directly available to a
controller.

The goals of our work include:

e Helping develop a “toolkit” of concepts for studying systems via decom-
positions
The quantification of system response to external signals
The unification of state-space and input/output stability theories

2.1 Desirable Properties

We wish to formalize the idea of “stability” of the mapping u(-) — y(-). Intu-
itively, we look for a concept that encompasses the properties that inputs that
are bounded, “eventually small,” “integrally small,” or convergent, produce
outputs with the respective property:

bounded bounded
(ev)small 2 (ev)small
(integ)small 4 (integ)small
—0 — 0

and, in addition, we will also want to account appropriately for initial states
and transients. A special case is that in which the output y of the system is
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just the internal state. The key notion in our study will be one regarding such
stability from inputs to states; only later do we consider more general outputs.
In terms of states, thus, the properties that we would like to encompass in a
good stability notion include the the convergent-input convergent-state (CICS)
and the bounded-input bounded-state (BIBS) properties.

We should remark that, for simplicity of exposition, we concentrate here
solely on stability notions relative to globally attractive steady states. How-
ever, the general theory allows consideration of more arbitrary attractors (so
that norms get replaced by, for example, distances to certain compact sets),
and one may also consider local versions, as well as robust and/or adaptive
concepts associated to the ones that we will define.

2.2 Merging Two Different Views of Stability

Broadly speaking, there are two main competing approaches to system stabil-
ity: the state-space approach usually associated with the name of Lyapunov,
and the operator approach, of which George Zames was one of the main pro-
ponents and developers and which was the subject of major contributions by
Sandberg, Willems, Safonov, and others. Our objective is in a sense (Fig. 3)
that of merging these “Lyapunov” and “Zames” views of stability. The oper-
ator approach studies the i/o mapping

(2%u() = y()
R™ X [£4(0,400)]™ — [£4(0, +00)]"

(with, for instance, ¢ = 2 or ¢ = o0, and assuming the operator to be well-
defined and bounded) and has several advantages, such as allowing the use

¥() = F(x(0),u(.))

=

Fig. 3. Lyapunov state-space and Zames-like external stability
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of Hilbert or Banach space techniques, and elegantly generalizing many prop-
erties of linear systems, especially in the context of robustness analysis, to
certain nonlinear situations. The state-space approach, in contrast, is geared
to the study of systems without inputs, but is better suited to the study of
nonlinear dynamics, and it allows the use of geometric and topological ideas.
The ISS conceptual framework is consistent with, and combines several fea-
tures of, both approaches.

2.3 Technical Assumptions

In order to keep the discussion as informal and simple as possible, we make
the assumption from now on that we are dealing with systems with inputs
and outputs, in the usual sense of control theory [104]:

(usually omitting arguments ¢ from now on) with states x(t) taking values
in Euclidean space IR", inputs (also called “controls” or “disturbances” de-
pending on the context) being measurable locally essentially bounded maps
u(+) : [0,00) — IR™, and output values y(¢) taking values in IR, for some pos-
itive integers m,m, p. The map f : IR™ x IR™ — IR" is assumed to be locally
Lipschitz with f(0,0) = 0, and h : IR" — IR? is continuous with h(0) = 0.
Many of these assumptions can be weakened considerably, and the cited ref-
erences should be consulted for more details. We write x(¢,2°, u) to denote
the solution, defined on some maximal interval [0, tyax(2°, u)), for each initial
state £° and input u. In particular, for systems with no inputs

we write just x(t,2°). The zero-system associated to @ = f(z,u) is by defin-
ition the system with no inputs & = f(x,0). We use |z| to denote Euclidean
norm and ||u||, or ||ul|e for emphasis, the (essential) supremum norm (possi-
bly 400, if u is not bounded) of a function, typically an input or an output.
When only the restriction of a signal to an interval I is relevant, we write
lurlloo (or just|us|]), for instance |lup,ryllcc when I = [0,T7], to denote the
sup norm of that restriction.

2.4 Comparison Function Formalism

A class Koo function is a function a : R>9 — IR>o which is continuous,
strictly increasing, unbounded, and satisfies «(0) = 0 (Fig. 4), and a class KL
function is a function 8 : R>¢ X IR>¢ — IR>¢ such that 3(-,t) € K for each
t and B(r,t) \, 0 as t — oc.
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Fig. 4. Koo-function

2.5 Global Asymptotic Stability

For a system with no inputs & = f(z), there is a well-known notion of global
asymptotic stability (for short from now on, GAS, or “0-GAS” when referring
to the zero-system @ = f(x,0) associated to a given system with inputs & =
f(x,u)) due to Lyapunov, and usually defined in “c-¢” terms. It is an easy
exercise to show that this standard definition is in fact equivalent to the
following statement:

FpeKkL) |zt < p(|a°],t) Va®, Vi>0.
Observe that, since 3 decreases on t, we have, in particular:
lz(t,2%)] < B(|2°,0) Va®, Vt=0,

which provides the Lyapunov-stability or “small overshoot” part of the GAS
definition (because 3 (|z°|,0) is small whenever |2°| is small, by continuity of
6(+,0) and 3(0,0) = 0), while the fact that 8 — 0 as t — oo gives:

lz(t,2°)| < B(|2°];t) — 0 Va°,
t—o0
which is the attractivity (convergence to steady state) part of the GAS defi-
nition.
We also remark a property proved in [102], Proposition 7, namely that for
each 8 € KL there exist two class Ko, functions aq, as such that:
Brt) < ag (al(r)e_t) Vs, t>0,
which means that the GAS estimate can be also written in the form:

lz(t,2°)] < oo (ar(|z°])e™)

and thus suggests a close analogy between GAS and an exponential stability
estimate |x(t,2°)| < c|z°| e
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Fig. 5. Diverging state for converging input, for example

2.6 0-GAS Does Not Guarantee Good Behavior
with Respect to Inputs

A linear system in control theory is one for which both f and h are linear
mappings:
t=Az+ Bu, y=Czx

with A € R™*", B ¢ IR™*"™, and C € IRP*". It is well-known that a linear sys-
tem is 0-GAS (or “internally stable”) if and only if the matrix A is a Hurwitz
matrix, that is to say, all the eigenvalues of A have negative real parts. Such a
0-GAS linear system automatically satisfies all reasonable input/output sta-
bility properties: bounded inputs result in bounded state trajectories as well as
outputs, inputs converging to zero imply solutions (and outputs) converging
to zero, and so forth; see, e.g., [104]. But the 0-GAS property is not equivalent,
in general, to input/output, or even input/state, stability of any sort. This
is in general false for nonlinear systems. For a simple example, consider the
following one-dimensional (n = 1) system, with scalar (m = 1) inputs:

&= —x+ (@ +1u.

This system is clearly 0-GAS, since it reduces to & = —z when u = 0. On
the other hand, solutions diverge even for some inputs that converge to zero.
For example, take the control u(t) = (2t +2)~'/2 and 2° = /2, There results
the unbounded trajectory x(t) = (2t 4+ 2)*/? (Fig. 5). This is in spite of the
fact that the unforced system is GAS. Thus, the converging-input converging-
state property does not hold. Even worse, the bounded input v = 1 results in
a finite-time explosion. This example is not artificial, as it arises in feedback-
linearization design, as we mention below.

2.7 Gains for Linear Systems

For linear systems, the three most typical ways of defining input/output sta-
bility in terms of operators

{L?, 1>} — {L? L™~}
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are as follows. (In each case, we mean, more precisely, to ask that there should
exist positive ¢ and A such that the given estimates hold for all ¢ > 0 and all
solutions of & = Az + Bu with (0) = 2° and arbitrary inputs wu(-).)

O L2 cla(ta® )| < Ja%le™ + sup Ju(s)]
s€0,t]
t
“L2 L7 cla(t e u)| < |a°) e +/ lu(s)[? ds
0
t t
“I? - L? c/ lz(s, 2%, u)|* ds < |2°| + / lu(s)[* ds
0 0

(the missing case L> — L? is less interesting, being too restrictive). For linear
systems, these are all equivalent in the following sense: if an estimate of one
type exists, then the other two estimates exist too. The actual numerical values
of the constants ¢, A appearing in the different estimates are not necessarily
the same: they are associated to the various types of norms on input spaces
and spaces of solutions, such as “Hy” and “H.~ gains, see, e.g., [23]. Here
we are discussing only the question of existence of estimates of these types.
It is easy to see that existence of the above estimates is simply equivalent to
the requirement that the A matrix be Hurwitz, that is to say, to 0-GAS, the
asymptotic stability of the unforced system & = Ax.

2.8 Nonlinear Coordinate Changes

A “geometric” view of nonlinear dynamics leads one to adopt the view that

notions of stability should be invariant under (nonlinear) changes of variables ‘

— meaning that if we make a change of variables in a system which is stable
in some technical sense, the system in new coordinates should again be stable
in the same sense. For example, suppose that we start with the exponentially
stable system # = —z, but we make the change of variables y = T'(z) and wish
to consider the equation y = f(y) satisfied by the new variable y. Suppose
that T'(x) ~ Inx for large x. If it were the case that the system y = f(y) is
globally exponentially stable (|y(t)| < ce=** |y(0)| for some positive constants
¢, ), then there would exist some time ¢ty > 0 so that |y(to)| < |y(0)|/2 for
all y(0). But y = T"(z)x &~ —1 for large y, so y(to) =~ y(0) — to, contradicting
ly(to)| < |y(0)]/2 for large enough y(0). In conclusion, exponential stability
is not a natural mathematical notion when nonlinear coordinate changes are
allowed. This is why the notion of asymptotic stability is important.

Let us now discuss this fact in somewhat more abstract terms, and see
how it leads us to GAS and, when adding inputs, to ISS. By a change of
coordinates we will mean a map

T: R"—R"
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such that the following properties hold: T'(0) = 0 (since we want to preserve
the equilibrium at # = 0), T is continuous, and it admits an inverse map
T-! : R™ — IR" which is well-defined and continuous as well. (In other
words, T is a homeomorphism which fixes the origin. We could also add the
requirement that 7" should be differentiable, or that it be differentiable at least
for = # 0, but the discussion to follow does not need this additional condition.)
Now suppose that we start with a system & = f(x) that is exponentially stable:

lz(t,2°)| < clz®le™™ VYt>0 (some ¢, > 0)

and we perform a change of variables:

We introduce, for this transformation 7', the following two functions:

a(r) = Irr‘lin |T(z)| and @(r):= |m‘ax |T(x)] ,
x|>r z|<r
which are well-defined because T and its inverse are both continuous, and are
both functions of class K, (easy exercise). Then,

ajz]) < [T(z)] < a(|z]) VoelR"

and therefore, substituting x(t,2°) = T'(2(t,2°)) in the exponential stability
estimate:
a(lz(t,2°)) < ca(lz*)) e

where 2° = T~1(2°). Thus, the estimate in z-coordinates takes the following
form:

2(t,2°)] < B(I°]:1)

where B(r,t) = a~' (ca (re”*")) is a function of class KL. (As remarked
earlier, any possible function of class L can be written in this factored form,
actually.)

In summary, we re-derived the concept of global asymptotic stability sim-
ply by making coordinate changes on globally exponentially stable systems.
So let us see next where these considerations take us when looking at systems
with inputs and starting from the previously reviewed notions of stability for
linear systems. Since there are now inputs, in addition to the state transforma-
tion x(t) = T'(2(t)), we must now allow also transformations u(t) = S(v(¢)),
where S is a change of variables in the space of input values IR™. Arguing
exactly as for the case of systems without inputs, we arrive to the following
three concepts:

L® = L=~ a(|z(t)]) < B(l2°],t) + sup (lu(s)]),
s€0,t]
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t
L? = L¥~a(lz@))) < B(2°],t) + / Y(lu(s)]) ds
0

12— [P / a(jz(s)l) ds < aollal) + / A(lu(s)]) ds

From now on, we often write z(t) instead of the more cumbersome (¢, 2°, u)
and we adopt the convention that, any time that an estimate like the ones
above is presented, an unless otherwise stated, we mean that there should
exist comparison functions (o, a9 € Koo, 3 € KL) such that the estimates
hold for all inputs and initial states. We will study these three notions one at
a time.

2.9 Input-to-State Stability

The “L*° — L°°” estimate, under changes of variables, leads us to the first
concept, that of input to state stability (ISS). That is, there should exist some
B € KL and v € Ko such that

[z < B(12°,8) + 7 ([[ulloo) (ISS)

holds for all solutions. By “all solutions” we mean that this estimate is valid for
all inputs u(-), all initial conditions 2°, and all ¢ > 0. Note that we did not now
include the function “a” in the left-hand side. That is because, redefining 3
and v, one can assume that « is the identity: if a(r) < §(s,t)+v(t) holds, then
alsor < a 1 (B(s,t)+v(t)) < a"1(28(s,t)) +a 1 (2y(t)); since a1 (28(-,-)) €
KL and a=1(27(+)) € Ku, an estimate of the same type, but now with no
“a,” is obtained. In addition, note that the supremum sup,¢(  v(|u(s)|) over
the interval [0,] is the same as y([|ujo gllec) = Y(SupPsefo ¢ (luls))), because
the function + is increasing, and that we may replace this term by v(||u/|o),
where [|ulloc = SUpP4¢(g o0y Y(|u(s)]) is the sup norm of the input, because the
solution z(t) depends only on values u(s),s < t (so, we could equally well
consider the input that has values = 0 for all s > t).

It is important to note that a potentially weaker definition might simply
have requested that this condition hold merely for all ¢ € [0,¢pax(2®,w)).
However, this definition turns out to be equivalent to the one that we gave.
Indeed, if the estimate holds a priori only on such a maximal interval of
definition, then, since the right-hand is bounded on [0,7], for any T > 0
(recall that inputs are by definition assumed to be bounded on any bounded
interval), it follows that the maximal solution of z(¢,z° u) is bounded, and
therefore that tmax (2%, u) = 400 (see, e.g., Proposition C.3.6 in [104]). In other
words, the ISS estimate holds for all ¢ > 0 automatically, if it is required to
hold merely for maximal solutions.

Since, in general, max{a,b} < a + b < max{2a,2b}, one can restate the
ISS condition in a slightly different manner, namely, asking for the existence
of some 8 € KL and v € Ko (in general different from the ones in the ISS
definition) such that
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Fig. 6. ISS combines overshoot and asymptotic behavior

lz(®)] < max{B(|z°[,1), 7 ([[ufloc)}

holds for all solutions. Such redefinitions, using “max” instead of sum, will be
possible as well for each of the other concepts to be introduced later; we will
use whichever form is more convenient in each context, leaving implicit the
equivalence with the alternative formulation.

Intuitively, the definition of ISS requires that, for ¢ large, the size of the
state must be bounded by some function of the sup norm — that is to say, the
amplitude, — of inputs (because G(|z°|,t) — 0 as t — o). On the other hand,
the 3(]z°|,0) term may dominate for small ¢, and this serves to quantify the
magnitude of the transient (overshoot) behavior as a function of the size of
the initial state 2° (Fig. 6). The ISS superposition theorem, discussed later,
shows that ISS is, in a precise mathematical sense, the conjunction of two
properties, one of them dealing with asymptotic bounds on |z°| as a function
of the magnitude of the input, and the other one providing a transient term
obtained when one ignores inputs.

2.10 Linear Case, for Comparison

For internally stable linear systems & = Ax + Bu, the variation of parameters
formula gives immediately the following inequality:

[z < BE) [2°] + llulloo

where
Bty =[] — 0 and =B / leAllds < oo.
0

This is a particular case of the ISS estimate, |z(t)| < B(]z°],t) + v (|u]ls),
with linear comparison functions.
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2.11 Feedback Redesign

The notion of ISS arose originally as a way to precisely formulate, and then
answer, the following question. Suppose that, as in many problems in control
theory, a system & = f(x,u) has been stabilized by means of a feedback
law u = E(x) (Fig. 7), that is to say, k was chosen such that the origin
of the closed-loop system @ = f(x,k(x)) is globally asymptotically stable.
(See, e.g., [103] for a discussion of mathematical aspects of state feedback
stabilization.) Typically, the design of k was performed by ignoring the effect
of possible input disturbances d(-) (also called actuator disturbances). These
“disturbances” might represent true noise or perhaps errors in the calculation
of the value k(z) by a physical controller, or modeling uncertainty in the
controller or the system itself. What is the effect of considering disturbances?
In order to analyze the problem, we incorporate d into the model, and study
the new system @ = f(x, k(z) + d), where d is seen as an input (Fig. 8). We
then ask what is the effect of d on the behavior of the system.

Disturbances d may well destabilize the system, and the problem may arise
even when using a routine technique for control design, feedback linearization.
To appreciate this issue, we take the following very simple example. We are
given the system

&= flr,u) = o+ (2* + Du.

Y
8
[
~
—
8
IS
=

Fig. 8. Actuator disturbances, closed-loop system & = f(z, k(z) + d)
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In order to stabilize it, we first substitute u = # (a preliminary feedback
transformation), rendering the system linear with respect to the new input :

T = x+u, and then we use & = —2x in order to obtain the closed-loop system
& = —z. In other words, in terms of the original input u, we use the feedback
law: 5
—2z
k() = ——
( ) IQ + 1

so that f(z,k(x)) = —z. This is a GAS system. Next, let us analyze the effect
of the disturbance input d. The system & = f(z, k(z) + d) is:

&= —z4 (2 +1)d.

As seen before, this system has solutions which diverge to infinity even for
inputs d that converge to zero; moreover, the constant input d = 1 results
in solutions that explode in finite time. Thus k(z) = z_z—i"‘l was not a good
feedback law, in the sense that its performance degraded drastically once that
we took into account actuator disturbances.

The key observation for what follows is that, if we add a correction term

“—z” to the above formula for k(x), so that we now have:

~ —2x

Me) = g =@

then the system @ = f(x,k(x) + d) with disturbance d as input becomes,
instead:
i = -2z —x% 4 (22 +1)d

and this system is much better behaved: it is still GAS when there are no
disturbances (it reduces to & = —2z — ) but, in addition, it is ISS (easy to
verify directly, or appealing to some of the characterizations mentioned later).
Intuitively, for large z, the term —a3 serves to dominate the term (22 + 1)d,
for all bounded disturbances d(-), and this prevents the state from getting too

large.

2.12 A Feedback Redesign Theorem for Actuator Disturbances
This example is an instance of a general result, which says that, whenever

there is some feedback law that stabilizes a system, there is also a (possibly
different) feedback so that the system with external input d (Fig. 9) is ISS.

Theorem 2.1. [99] Consider a system affine in controls
&= f(z,u) = golx) + > wigi(x)  (90(0) =0)
i=1

and suppose that there is some differentiable feedback law u = k(x) so that
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Fig. 9. Different feedback ISS-stabilizes

& = f(z,k(z))

has © =0 as a GAS equilibrium. Then, there is a feedback law u = E(m) such
that _
z = f(x,k(z)+d)

is ISS with input d(-).

The proof is very easy, once that the appropriate technical machinery has
been introduced: one starts by considering a smooth Lyapunov function V' for
global asymptotic stability of the origin in the system @ = f(z, k(z)) (such a
V always exists, by classical converse theorems); then k(z) := —(LgV (z))T =
—(VV(2)G(z))T, where G is the matrix function whose columns are the g;,
i = 1,...,m and T indicates transpose, provides the necessary correction
term to add to k. This term has the same degree of smoothness as the vector
fields making up the original system. Somewhat less than differentiability of
the original k is enough for this argument: continuity is enough. However,
if no continuous feedback stabilizer exists, then no smooth V' can be found.
(Continuous stabilization of nonlinear systems is basically equivalent to the
existence of what are called smooth control-Lyapunov functions, see, e.g.,
[103].) In that case, if only discontinuous stabilizers are available, the result
can still be generalized, see [79], but the situation is harder to analyze, since
even the notion of “solution” of the closed-loop system & = f(z, k(z)) has to
be carefully defined.

There is also a redefinition procedure for systems that are not affine on
inputs, but the result as stated above is false in that generality, and is much
less interesting; see [101] for a discussion.

The above feedback redesign theorem is merely the beginning of the story.
See for instance the book [60], and the references given later, for many further
developments on the subjects of recursive feedback design, the “backstepping”
approach, and other far-reaching extensions.
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3 Equivalences for ISS

Mathematical concepts are useful when they are “natural” in the sense that
they can be equivalently stated in many different forms. As it turns out, ISS
can be shown to be equivalent to several other notions, including asymptotic
gain, existence of robustness margins, dissipativity, and an energy-like stability
estimate. We review these next.

3.1 Nonlinear Superposition Principle

Clearly, if a system is ISS, then the system with no inputs & = f(x,0) is GAS:
the term ||ul|o vanishes, leaving precisely the GAS property. In particular,
then, the system & = f(z,u) is 0-stable, meaning that the origin of the system
without inputs @& = f(z,0) is stable in the sense of Lyapunov: for each ¢ > 0,
there is some § > 0 such that |2°| < ¢ implies |z(¢,2°)| < . (In comparison-
function language, one can restate O-stability as: there is some v € K such
that |x(t,2°)] < v(]z°]) holds for all small z°.)

On the other hand, since 3(|2°|,t) — 0 as t — oo, for ¢ large one has that
the first term in the ISS estimate |2z(t)| < max {3(]z°|,t), v (||ulo)} vanishes.
Thus an ISS system satisfies the following asymptotic gain property (“AG”):
there is some v € Ko so that:

T Ja(ta®u)| < 5 () Va®, u() (AG)

(see Fig. 10). In words, for all large enough ¢, the trajectory exists, and it
gets arbitrarily close to a sphere whose radius is proportional, in a possibly
nonlinear way quantified by the function 7, to the amplitude of the input. In
the language of robust control, the estimate (AG) would be called an “ultimate
boundedness” condition; it is a generalization of attractivity (all trajectories
converge to zero, for a system & = f(z) with no inputs) to the case of systems
with inputs; the “lim sup” is required since the limit of z(t) as t — co may
well not exist. From now on (and analogously when defining other properties),
we will just say “the system is AG” instead of the more cumbersome “satisfies
the AG property.”

x(0)

\ x(1)

oy

Fig. 10. Asymptotic gain property
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Observe that, since only large values of ¢t matter in the limsup, one can
equally well consider merely tails of the input v when computing its sup norm.
In other words, one may replace v(||u|loo) by v(lim;_. o0 |u(t)]), or (since 7 is
increasing), lim; oo y(|u(t)]).

The surprising fact is that these two necessary conditions are also sufficient.
We call this the ISS superposition theorem:

Theorem 3.1. [110] A system is ISS if and only if it is 0-stable and AG.

This result is nontrivial. The basic difficulty is in establishing uniform con-
vergence estimates for the states, i.e., in constructing the 3 function in the ISS
estimate, independently of the particular input. As in optimal control theory,
one would like to appeal to compactness arguments (using weak topologies
on inputs), but there is no convexity to allow this. The proof hinges upon a
lemma given in [110], which may be interpreted [41] as a relaxation theorem
for differential inclusions, relating global asymptotic stability of an inclusion
& € F(z) to global asymptotic stability of its convexification.

A minor variation of the above superposition theorem is as follows. Let us
consider the limit property (LIM):

inf [a(t, 2%, u)| < y(llufl) ¥, ul’) (LIM)

(for some v € Koo ).
Theorem 3.2. [110] A system is ISS if and only if it is 0-stable and LIM.

3.2 Robust Stability

Let us call a system robustly stable if it admits a margin of stability p, by
which we mean some smooth function p € Ko, which is such that the system

&= g(z,d) := f(z,dp(|z))
is GAS uniformly in this sense: for some § € KL,
|=(t,2°, d)| < B(|=°] 1)

for all possible d(-) : [0,00) — [—1,1]™. An alternative way to interpret this
concept (cf. [109]) is as uniform global asymptotic stability of the origin with
respect to all possible time-varying feedback laws A bounded by p: |A(t, z)| <
p(]z|). In other words, the system

z = f(x,At,z))

(Fig. 11) is stable uniformly over all such perturbations A. In contrast to the
ISS definition, which deals with all possible “open-loop” inputs, the present
notion of robust stability asks about all possible closed-loop interconnections.
One may think of A as representing uncertainty in the dynamics of the original
system, for example.
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Fig. 11. Margin of robustness

Theorem 3.3. [109] A system is 1SS if and only if it is robustly stable.

Intuitively, the ISS estimate [2(t)| < max {B(|2°[,¢),7 (lullsc)} tells us
that the 3 term dominates as long as |u(t)| < |x(t)| for all ¢, but |u(t)| < |z(t)]
amounts to u(t) = d(t).p(|z(t)]) with an appropriate function p. This is an
instance of a “small gain” argument, about which we will say more later.

One analog for linear systems is as follows: if A is a Hurwitz matrix, then
A+ @ is also Hurwitz, for all small enough perturbations @Q; note that when
@ is a nonsingular matrix, |Qx| is a K function of |z|.

3.3 Dissipation

Another characterization of ISS is as a dissipation notion stated in terms of
a Lyapunov-like function.

We will say that a continuous function V : R" — IR is a storage function
if it is positive definite, that is, V(0) = 0 and V(z) > 0 for = # 0, and
proper, that is, V(z) — oo as || — oo. This last property is equivalent to the
requirement that the sets ¥V =1([0, A]) should be compact subsets of R", for
each A > 0, and in the engineering literature it is usual to call such functions
radially unbounded. Tt is an easy exercise to show that V' : R"” — IR is a
storage function if and only if there exist o, @ € K, such that

afz]) < V(z) < a(fz]) Vo eR"

(the lower bound amounts to properness and V(z) > 0 for x # 0, while the
upper bound guarantees V (0) = 0). We also use this notation: V : R" x IR™ —
IR is the function:

V(z,u) := VV(2).f(x,u)

which provides, when evaluated at (x(t),u(t)), the derivative dV/dt along
solutions of & = f(z,u).

An ISS-Lyapunov function for & = f(z,w) is by definition a smooth storage
function V' for which there exist functions v, a € K, so that

V(z,u) < —a(z)) + y(|ul) Vz,u. (L-ISS)
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In other words, an ISS-Lyapunov function is a smooth (and proper and
positive definite) solution of a partial differential inequality of this form, for
appropriate «, . Integrating, an equivalent statement is that, along all tra-
jectories of the system, there holds the following dissipation inequality:

14mw»—vuﬁn>s./2wwwxx@»@

t1

where, using the terminology of [126], the “supply” function is w(u,z) =
~v(|Ju|) — a(|x]). Note that, for systems with no inputs, an ISS-Lyapunov func-
tion is precisely the same as a Lyapunov function in the usual sense. Massera’s
Theorem says that GAS is equivalent to the existence of smooth Lyapunov
functions; the following theorem provides a generalization to ISS:

Theorem 3.4. [109] A system is ISS if and only if it admits a smooth ISS-
Lyapunov function.

Since —a(]z]) < —a(@ *(V(z))), the ISS-Lyapunov condition can be re-

stated as )

Viz,u) < —a(V(z)) +y(ul) Vz,u
for some & € K. In fact, one may strengthen this a bit [93]: for any ISS
system, there is a always a smooth ISS-Lyapunov function satisfying the “ex-
ponential” estimate V (z,u) < =V () + ~v(|ul).

The sufficiency of the ISS-Lyapunov condition is easy to show, and was
already in the original paper [99]. A sketch of proof is as follows, assuming
for simplicity a dissipation estimate in the form V (z,u) < —a(V (z)) +~(|ul).
Civen any z and u, either a(V(x)) < 2v(Ju|) or V < —a(V)/2. From here,
one deduces by a comparison theorem that, along all solutions,

V(z(t)) < max{B(V(2),t), a" (2v(llullx))} ,

where we have defined the KL function (s, t) as the solution y(¢) of the initial
value problem

j=—50ly) +1), y0)=s.

Finally, an ISS estimate is obtained from V(2°) < @(a?).

The proof of the converse part of the theorem is much harder. It is based
upon first showing that ISS implies robust stability in the sense already dis-
cussed, and then obtaining a converse Lyapunov theorem for robust stability
for the system @ = f(z,dp(|z|)) = g(x,d), which is asymptotically stable uni-
formly on all Lebesgue-measurable functions d(-) : R>¢ — B(0,1). This last
theorem was given in [73], and is basically a theorem on Lyapunov functions
for differential inclusions. A classical result of Massera [84] for differential
equations becomes a special case.
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3.4 Using “Energy” Estimates Instead of Amplitudes

In linear control theory, H., theory studies L? — L? induced norms. We
already saw that, under coordinate changes, we are led to the following type
of estimate:

/am@mws%mw+/wwm@
0 0

along all solutions, and for some «, agp,v € K. More precisely, let us say,
just for the purposes of the next theorem, that a system satisfies an integral-
integral estimate if for every initial state 2° and input w, the solution x (¢, x°, u)
is defined for all ¢ > 0 and an estimate as above holds. (In contrast to ISS, we
now have to explicitly demand that ty.x = 00.)

Theorem 3.5. [102] A system is ISS if and only if it satisfies an integral—
integral estimate.

This theorem is quite easy, in view of previous results. A sketch of proof
is as follows. If the system is ISS, then there is an ISS-Lyapunov function
satisfying V(z,u) < —=V(z) 4+ v(Ju|), so, integrating along any solution we
obtain

/VWW@S/VWW@+VMWSVMW+/7W@W$
0 0 0

and thus an integral-integral estimate holds. Conversely, if such an estimate
holds, one can prove that & = f(x,0) is stable and that an asymptotic gain
exists. We show here just the “limit property” infi>g |2(t)| < 0(]|u||o0). Indeed,
let § ;= a~! o~. Pick any z° and u, and suppose that inf;>q |z(t)| > (o' o
¥)(|Ju]]), so that there is some € > 0 so that a(z(t)) > € + y(|u(t)]) for all
t > 0. Then, fot a(z(s))ds > et + fot ~v(|u(s)|)ds, which implies aq(|z°]) >

et for all ¢, a contradiction. Therefore, the LIM property holds with this
choice of 6.

4 Cascade Interconnections

One of the main features of the ISS property is that it behaves well under
composition: a cascade (Fig. 12) of ISS systems is again ISS, see [99]. In
this section, we will sketch how the cascade result can also be seen as a
consequence of the dissipation characterization of ISS, and how this suggests
a more general feedback result. We will not provide any details of the rich
theory of ISS small-gain theorems, and their use in nonlinear feedback design,
for which the references should be consulted, but we will present a very simple
example to illustrate the ideas. We consider a cascade as follows:
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u
—> x > z
Fig. 12. Cascade
 w— x > z  feee- 1

Fig. 13. Adding a feedback to the cascade

z=f(z2),
== g(x,u),
where each of the two subsystems is assumed to be ISS. Each system admits
an ISS-Lyapunov function V;. But, moreover, it is always possible (see [106])
to redefine the V;’s so that the comparison functions for both are matched in
the following way:
Vi(z, )
Va(z,u)

(lz]) = a(lz]),
(ful) = 26(]) -

Now it is obvious why the full system is ISS: we simply use V :=V; 4+ V5 as
an ISS-Lyapunov function for the cascade:

V((@,2),u) < 6(|ul) = 6(|a]) — a|2]).
Of course, in the special case in which the z-subsystem has no inputs, we have
also proved that the cascade of a GAS and an ISS system is GAS.
More generally, one may allow a “small gain” feedback as well (Fig. 13).
That is, we allow inputs v = k(z) as long as they are small enough:
k(z)] < 67((1 = e)a|z])) -

The claim is that the closed-loop system

z = f(z,x)

&= g(z,k(z))
is GAS. This follows because the same V is a Lyapunov function for the
closed-loop system; for (z,z) # 0:

0(jul) < (1 = e)a(lz]) ~ V(z,2) < —0(|z]) —ea(z)) <0. v

A much more interesting version of this result, resulting in a composite system
with inputs being itself ISS, is the ISS small-gain theorem due to Jiang, Teel,
and Praly [53].

<0
<0
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4.1 An Example of Stabilization Using the ISS Cascade Approach

We consider a model of a rigid body in 3-space (Fig. 14), controlled by two
torques acting along principal axes. This is a simple model of a satellite con-
trolled by an opposing jet pair. If we denote by w = (w1, ws,ws) the angular
velocity of a body-attached frame with respect to inertial coordinates, and let
I = diag(Iy, I, I3) be the principal moments of inertia, the equations are:

0 w3 —Wo 00
Ilw =|-w3 0 w |Iw+[10]u
Wy —Wwi 0 01

Ignoring kinematics, we just look at angular momenta, and we look for a
feedback law to globally stabilize this system to w = 0. Under feedback and
coordinate transformations, one can bring this into the following form of a
system in IR® with controls in IR?:

Tl = T2T3,
To = uq,
.i‘g = Uus.

(We assume that I # I3, and use these transformations: (Ir — I3)x;=l w1,
To=Wo, T3=W3, 12171:([3 —Il)wlwg +uy, I3ﬂ2:(11 —12)w1w3 —I-UQ.) Our claim
is that the following feedback law globally stabilizes the system:

Uy = =21 — T2 — L2T3

2
U = —T3 + 2] + 2212273 .

Indeed, as done in [18] for the corresponding local problem, we make the
following transformations: zy := 21 +x9, 23 := r3—27, so the system becomes:

Fig. 14. Rigid body
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jfl - _lei + a(xla 22, 23) (degfL‘l « S 2)7
Zg = —22,
23 = —Z3.

Now, the xi-subsystem is easily seen to be ISS, and the z7, zo subsystem is
clearly GAS, so the cascade is GAS. Moreover, a similar construction produces
a feedback robust with respect to input disturbances.

5 Integral Input-to-State Stability

We have seen that several different properties, including “integral to integral”
stability, dissipation, robust stability margins, and asymptotic gain proper-
ties, all turned out to be exactly equivalent to input to state stability. Thus,
it would appear to be difficult to find a general and interesting concept of
nonlinear stability that is truly distinct from ISS. One such concept, however,
does arise when considering a mixed notion which combines the “energy” of
the input with the amplitude of the state. It is obtained from the “L? — L>”
gain estimate, under coordinate changes, and it provides a genuinely new
concept [102].

A system is said to be integral-input to state stable (iISS) provided that
there exist a, v € K and § € ICL such that the estimate

a(jz@®))) < B(|=°[,t) + /0 V(lu(s)]) ds (ilSS)

holds along all solutions. Just as with ISS, we could state this property merely
for all times ¢ € tyax (2, u), but, since the right-hand side is bounded on each
interval [0, ¢] (because, recall, inputs are by definition assumed to be bounded
on each finite interval), it is automatically true that . (2°, u) = 400 if such
an estimate holds along maximal solutions. So forward-completeness can be
assumed with no loss of generality.

5.1 Other Mixed Notions

We argued that changes of variables transformed linear “finite L? gain” es-
timates into an “integral to integral” property, which we then found to be
equivalent to the ISS property. On the other hand, finite operator gain from
LP to L9, with p # q both finite, lead one naturally to the following type of
“weak integral to integral” mixed estimate:

/Otaux(smds < r(j2°]) + a(/otvuu(smds)

for appropriate K., functions (note the additional “a”). See [12] for more
discussion on how this estimate is reached, as well as the following result:



184 E.D. Sontag

Theorem 5.1. [12] A system satisfies a weak integral to integral estimate if
and only if it is iISS.

Another interesting variant is found when considering mixed integral/
supremum estimates:

aflz@®)] < B(2°[,1) +/0 M (lu(s)) ds + 2(]lullo)

for suitable 8 € KL and a,; € Ko. One then has:

Theorem 5.2. [12] A system satisfies a mized estimate if and only if it is
iISS.

5.2 Dissipation Characterization of iISS

There is an amazingly elegant characterization of iISS, as follows. Recall that
by a storage function we mean a continuous V' : IR™ — IR which is positive
definite and proper. Following [11], we will say that a smooth storage function
V is an iISS-Lyapunov function for the system & = f(x,u) if there are a
v € Koo and an « : [0, +00) — [0, 4+00) which is merely positive definite (that
is, «(0) = 0 and «(r) > 0 for r > 0) such that the inequality:

Viw,u) < —alel) + y(lul (LAISS)

holds for all (z,u) € IR™ x IR™. By contrast, recall that an ISS-Lyapunov
function is required to satisfy an estimate of the same form but where « is
required to be of class K ; since every Ko function is positive definite, an
ISS-Lyapunov function is also an iISS-Lyapunov function.

Theorem 5.3. [11] A system is iISS if and only if it admits a smooth iISS-
Lyapunov function.

Since an ISS-Lyapunov function is also an iISS one, ISS implies iISS. How-
ever, iISS is a strictly weaker property than ISS, because o may be bounded
in the iISS-Lyapunov estimate, which means that V may increase, and the
state become unbounded, even under bounded inputs, so long as v(|u(t)]) is
larger than the range of a. This is also clear from the iISS definition, since a
constant input with |u(t)| = r results in a term in the right-hand side that
grows like rt. As a concrete example using a nontrivial V', consider the system

& = —tan"l'z + wu,

which is not ISS, since u(t) = 7/2 results in unbounded trajectories. This
system is nonetheless iISS: if we pick V(z) = 2 tan~ 'z, then

V < —(tan~'|z|)? + 2|yl
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so V is an ilSS-Lyapunov function. An interesting general class of examples
is given by bilinear systems

=1

for which the matrix A is Hurwitz. Such systems are always iISS (see [102]),
but they are not in general ISS. For instance, in the case when B = 0, bounded-
ness of trajectories for all constant inputs already implies that A+ 1" | u; A;
must have all eigenvalues with nonpositive real part, for all v € IR™, which is
a condition involving the matrices A; (for example, & = —z + ux is iISS but
it is not ISS).

The notion of iISS is useful in situations where an appropriate notion of
detectability can be verified using LaSalle-type arguments. There follow two
examples of theorems along these lines.

Theorem 5.4. [11] A system is iISS if and only if it is 0-GAS and there is
a smooth storage function V such that, for some o € Ko :

V(z,u) < oflul)
for all (z,u).

The sufficiency part of this result follows from the observation that the 0-
GAS property by itself already implies the existence of a smooth and positive
definite, but not necessarily proper, function Vj such that Vo < ~o(|u|) —
ao(|z]) for all (x,u), for some vy € Ko and positive definite g (if Vp were
proper, then it would be an iISS-Lyapunov function). Now one uses Vj + V
as an iISS-Lyapunov function (V' provides properness).

Theorem 5.5. [11] A system is iISS if and only if there exists an output func-
tion y = h(z) (continuous and with h(0) = 0) which provides zero-detectability
(u=0 and y =0 = z(t) — 0) and dissipativity in the following sense: there
exists a storage function V and o € K, a positive definite, so that:

Vie,u) < o(jul) - a(h(z))
holds for all (z,u).

The paper [12] contains several additional characterizations of iISS.

5.3 Superposition Principles for iISS

We now discuss asymptotic gain characterizations for iISS.
We will say that a system is bounded energy weakly converging state (BE-
WCS) if there exists some o € Ko, so that the following implication holds:
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t——+o0

—+oo
/ o(Ju(s)])ds < 400 = liminf|z(¢,2° u)] =0 (BEWCS)
0

(more precisely: if the integral is finite, then tyax(2°, u) = 400 and the liminf
is zero), and that it is bounded energy frequently bounded state (BEFBS) if
there exists some o € K, so that the following implication holds:

+oo
/ o(lu(s)])ds < 400 = ltimjnf lz(t, 2% u)| < 00 (BEFBS)
0 — T 00

(again, meaning that ty,ax(2°, u) = +0c0 and the liminf is finite).

Theorem 5.6. [6] The following three properties are equivalent for any given
system & = f(x,u):

The system is iISS
The system is BEWCS and 0-stable
The system is BEFBS and 0-GAS

These characterizations can be obtained as consequences of characteriza-
tions of input/output to state stability (IOSS), cf. Sect. 8.4. The key obser-
vation is that a system is iISS with input gain (the function appearing in the
integral) o if and only if the following auxiliary system is IOSS with respect
to the “error” output y = e:

z = f(z,u)

¢ = o(lul).

The proof of this equivalence is trivial, so we include it here. If the system is
ilSS, then:

t
a(lz(t, 2% u)|) < B(|2°| »t)+/ o[u(s)])ds = B(|2°],) + e(t) — e(0)
0
< B(1=°], 1) + 2lypo,alls
and, conversely, if it is IOSS, then for any x° and picking e(0) = 0, we have:

(8, 2%, w)| < B([(2°,0)[,£) + v(lulloo) + [1y10,11 /0

gﬁ(\x°|,t>+v<||u||oo>+/o o(Jul) ds

5.4 Cascades Involving iISS Systems

We have seen that cascades of ISS systems are ISS, and, in particular, any
system of the form:

&= f(x,z)
2 =g(2)
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for which the z-subsystem is ISS when z is viewed as an input and the g-
subsystem is GAS, is necessarily GAS. This is one of the most useful prop-
erties of the ISS notion, as it allows proving stability of complex systems
by a decomposition approach. The iISS property on the first subsystem, in
contrast, is not strong enough to guarantee that the cascade is GAS. As an
illustration, consider the following system:

& = —sat(z) + xz,

2=-23,
where sat(x) := sgn(z) min{1, |z|}. It is easy to see that the z-subsystem with
input z is iISS, and the z-subsystem is clearly GAS. On the other hand [13],
if we pick z(0) = 1 and any x(0) > 3, then z(t) > (V1T 50 2(t) — 0o
as t — o0; so the complete system is not GAS. However, under additional
conditions, it is possible to obtain a cascade result for a system of the above
form. One such result is as follows.

Theorem 5.7. [13] Suppose that the x-subsystem is iISS and affine in z,
and that the z-subsystem is GAS and locally exponentially stable. Then, the
cascade is GAS.

Note that the counterexample shown above is so that the z-subsystem is
indeed affine in z, but the exponential stability property fails. This theorem
is a consequence of a more general result, which is a bit technical to state.
We first need to introduce two concepts. The first one qualifies the speed of
convergence in the GAS property, and serves to relax exponential stability:
we say that the system Z = g(z) is GAS(a), for a given o € K, if there exists
a class-K, function 6(-) and a positive constant k > 0 so that

()] < a(e7™0(2°))

holds for all z°. (Recall that GAS is always equivalent to the existence of some
a and 6 like this.) The second concept is used to characterize the function ~
appearing in the integral in the right-hand side of the iISS estimate, which
we call the “iISS gain” of the system: given any a € K., we say that the
function v is “class-H,” if it is of class IC and it also satisfies:

/I(W(a(sﬂ
0

S

ds < 00.

The main result says that if the same « can be used in both definitions, then
the cascade is GAS:

Theorem 5.8. [13] Suppose that the x-subsystem is iISS with a class-Ho,
iISS gain, and that the z-subsystem is GAS(a). Then, the cascade is GAS.

See [13] for various corollaries of this general fact, which are based upon
checking that the hypotheses are always satisfied, for example for the above-
mentioned case of x- subsystem affine in z and exponentially stable z- sub-
system.
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5.5 An iISS Example

As an example of the application of iISS ideas, we consider as in [11] a robotic
device studied by Angeli in [3]. This is a manipulator with one rotational and
one linear actuator (Fig. 15). A simple model is obtained considering the arm
as a segment with mass M and length L, and the hand as a material point
with mass m. The equations for such a system are four-dimensional, using
as state variables angular position and velocity 6,6 and linear extension and
velocity r, 7, and they follow from the second order equation

(mr? + ML?/3) 0 4+ 2mri = 7

mit —mro? = F,

where the controls are the torque 7 and linear force F. We write the state
as (q,q), with ¢ = (6,r), We wish to study the standard tracking feedback
controller with equations

7= —ki0 —ko(0 — 04), F = —ksi — ka(r —rq)

where ¢q,74 are the desired trajectories. It is well-known that, for constant
tracking signals g4, r4, one obtains convergence: ¢ — 0 and ¢ — ¢4 as t — oc.
In the spirit of the ISS approach, however, it is natural to ask what is the
sensitivity of the design to additive measurement noise, or equivalently, since
these errors are potentially arbitrary functions, what is the effect of time-
varying tracking signals. One could ask if the system is ISS, and indeed the
paper [83] proposed the reformulation of tracking problems using ISS as a way
to characterize performance.

It turns out that, for this example, even bounded signals may destabilize
the system, by a sort of “nonlinear resonance” effect, so the system cannot be
ISS (not even bounded-input bounded-state) with respect to g4 and r4. Fig. 16
plots a numerical example of a de-stabilizing input; the corresponding r(t)-
component is in Fig. 17. To be precise, the figures show the “r” component of
the state of a certain solution which corresponds to the shown input; see [11]

Fig. 15. A linear/rotational actuated arm
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u

Fig. 16. Destabilizing input

Fig. 17. Corresponding r(-)

for details on how this input and trajectory were calculated. Thus, the question

arises of how to qualitatively formulate the fact that some other inputs are not

destabilizing. We now show that iISS provides one answer to this question,
In summary, we wish to show that the closed loop system

(mr? + ML?/3)0 + 2mri = uy — k10 — kb,

mit — mro? = uy — kst — kyr,

with states (¢, q), ¢ = (0,7), and u = (k204, karg) is iISS.
In order to do so, we consider the mechanical energy of the system:
1

. o1
Vig,z) = §qTH(q)q+ §qTKq

and note [11] the following passivity-type estimate:

d . . 2
ZV(@®),4(t) < —eild@®)* + e |u(t)]

for sufficiently small ¢; > 0 and large ¢ > 0. Taking ¢ as an output, the
system is zero-detectable and dissipative, since v = 0 and ¢ = 0 imply ¢ = 0,
and hence, appealing to the given dissipation characterizations, we know that
it is indeed iISS.
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6 Input to State Stability with Respect to Input
Derivatives

The ISS property imposes a very strong requirement, in that stable behavior
must hold with respect to totally arbitrary inputs. Often, on the other hand,
only stability with respect to specific classes of signals is expected. An example
is in regulation problems, where disturbance rejection is usually formulated in
terms of signals generated by a given finite-dimensional exosystem. Another
example is that of parameter drift in adaptive control systems, where bounds
on rates of change of parameters (which we may see as inputs) are imposed.
This question motivated the work in [10] on ISS notions in which one asks,
roughly, that z(¢) should be small provided that u and its derivatives of some
fixed order be small, but not necessarily when just u is small. The precise
definition is as follows.

For any given nonnegative integer k, we say that the system & = f(z,u) is
differentiably k-1SS (DFISS) if there exist 3 € KL and v; € Koo, i = 0,..., k,
such that the estimate:

k
2t )l < B0+ > (e (DMISS)
i=0

holds for all 2°, all inputs v € W% and all t € tyax(2°,u). (By W* we are
denoting the Sobolev space of functions u: [0,00)—IR™ for which the (k—1)st
derivative u(*~1) exists and is locally Lipschitz, which means in particular that
u®) exists almost everywhere and is locally essentially bounded.) As with the
ISS property, forward completeness is automatic, so one can simply say “for
all t” in the definition. Notice that DCISS is the same as plain ISS, and that,
for every k, DFISS implies D*+1ISS.

6.1 Cascades Involving the D*ISS Property

Consider any cascade as follows:

= f(z,z)
z= g(z,u)

where we assume that g is smooth. The following result generalizes the fact
that cascading ISS and GAS subsystems gives a GAS system.

Theorem 6.1. [10] If each subsystem is D*ISS, then the cascade is DFISS.
In particular the cascade of a DFISS and a GAS system is GAS.

Actually, somewhat less is enough: the z-subsystem need only be D*+1ISS,
and we may allow the input to appear in this subsystem.

It is not difficult to see that a system is D'ISS if and only if the following
system:
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= f(x,z)

z=—z+u

is ISS, and recursively one can obtain a similar characterization of DFISS.
More generally, a system is D*ISS if and only if it is D*~'ISS when cascaded
with any ISS “smoothly invertible filter” as defined in [10]. Also very useful is
a close relationship with the IOSS concept studied in Sect. 8.2. Consider the
following auxiliary system with input u and output y:

T = f(xuuo)
Uy = Uy
Up—1 = U
y = [ug,u1, ..., ug—1].

Theorem 6.2. [10] The auxiliary system is I0SS if and only if the original
system is D*ISS.

The paper [10] also discusses some relations between the notion of D'ISS
and ISS, for systems of the special form & = f(z + u), which are of interest
when studying observation uncertainty.

6.2 Dissipation Characterization of D*ISS

Theorem 6.3. [10] A system is D*ISS if and only if there exists a smooth
function V(x,u) such that, for some a,dg, 1,01, € Koo,

ar(fz] +[uf) < V(z,u) < ag(la|+ |u])
and
DoV (x,u) f(2,u) + DV (z,u)i < —a(|]) + do(lul) + 01 (|a])
for all (z,u,4) € R™ x R™ x IR™.

Notice that “@” is just a dummy variable in the above expression. Analo-
gous characterizations hold for DFISS.

6.3 Superposition Principle for D*ISS

We will say that a forward-complete system satisfies the k-asymptotic gain (k-
AG) property if there are some g, 71,...,7 € K so that, for all u € W,
and all z°, the estimate

Im |2(t,&,w)| < yo(llulloo) + 71 ([[illoo) + - + e (2™ ][o0)
holds.
Theorem 6.4. [10] A system is DFISS if and only if it is 0-stable and k-AG.
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6.4 A Counter-Example Showing that D'ISS £ ISS
Consider the following system:
@ = |lz|PU©0) 2U®)z,
where z € IR?, and u = () is the input,

[ sin(@) cos(6)
U(®) = [cos(ﬂ) Sin(Q)] 7

and where @ is any 2 x 2 Hurwitz matrix such that &' +® has a strictly positive
real eigenvalue. It is shown in [10] that this system is not forward complete,
and in particular it is not ISS, but that it is D'ISS. This latter fact is shown
by proving, through the construction of an explicit ISS-Lyapunov function,
that the cascaded system

i = |z|PU©O) SUWB)2, b=—0+u

is ISS.
It is still an open question if D?ISS is strictly weaker than D'ISS, and
more generally D*T1ISS than DFISS for each k.

7 Input-to-Output Stability

Until now, we only discussed stability of states with respect to inputs. For
systems with outputs @ = f(z,u), y = h(z), if we simply replace states by
outputs in the left-hand side of the estimate defining ISS, we then arrive to
the notion of input-to-output stability (I0S): there exist some § € KL and
v € Koo such that

@) < B2, 1) + 7 ([[ufleo) (I0S)

holds for all solutions, where y(t) = h(z(t, z° u)). By “all solutions” we mean
that this estimate is valid for all inputs wu(:), all initial conditions z°, and
all t > 0, and we are imposing as a requirement that the system be forward
complete, i.e., tmax(2°, u) = 0o for all initial states z° and inputs u. As earlier,
x(t), and hence y(t) = h(x(t)), depend only on past inputs (“causality”), so
we could have used just as well simply the supremum of |u(s)| for s < ¢ in the
estimate.

We will say that a system is bounded-input bounded-state stable (BIBS) if,
for some o € K, the following estimate:

[z(8)] < max{o(|z°]), o(l|ulleo)}

holds along all solutions. (Note that forward completeness is a consequence
of this inequality, even if it is only required on maximal intervals, since the
state is upper bounded by the right-hand side expression.)
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We define an 10S-Lyapunov function as any smooth function V : R" —
IR>¢ so that, for some o; € Koo

ar(|h(z)]) < V(z) < as(|z|) VeeR" ueR™
and, for all x,u:
V(z) > as(u]) = VV(z) f(z,u) <0.

Theorem 7.1. [113] A BIBS system is I0S if and only if it admits an 10S-
Lyapunov function.

A concept related to 10S is as follows. We call a system robustly output
stable (ROS) if it is BIBS and there is some smooth A € Ko, such that

T = g(xad) = f(mad)‘(‘yD)v Y= h(x)

is globally output-asymptotically stable uniformly with respect to all d(-) :
[0,00) — [—1, 1]™: for some [ € KL,

ly(t,2°, )| < B(|2°] 1)

for all solutions. Then, IOS implies ROS, but the converse does not hold in
general [112]. We have the following dissipation characterization of ROS:

Theorem 7.2. [113] A system is ROS if and only if it is BIBS and there are
ay,a € Koo, X €K, and az € KL, and a smooth function V : R" — IR, so
that

ar([h(z)]) < V(z) < ax(lz])

and
(@) > x(lul) = V < —as(V(x),|2])

for all (z,u).

The area of partial stability studies stability of a subset of variables in
a system & = f(x). Letting y = h(x) select the variables of interest, one
may view partial stability as a special case of output stability, for systems
with no inputs. Note that, for systems with no inputs, the partial differential
inequality for IOS reduces to VV (z) f(z) < 0 for all nonzero z, and that for
ROS to V < —a3(V(z),|z|). In this way, the results in [113] provide a far-
reaching generalization of, and converse theorems to, sufficient conditions [125]
for partial stability.

There is also a superposition principle for I0OS. We will say that a forward-
complete system satisfies the output asymptotic gain (OAG) property if

lim [y(6)] < ~([lull) (OAG)

t— oo

for some v € K, and all solutions. One would like to have a characterization of
IOS in terms of OAG, which is an analog of the AG gain property in the state
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case, and a stability property. Let us define a system to be output-Lagrange
stable (OL) if it satisfies an estimate, for some o € Koo:

@] < a(jy(0)]) + o([[ufl)

along all solutions. Under this assumption, we recover a separation principle:
Theorem 7.3. [6] An OL system is OAG if and only if it is 10S.

Observe that the OL property asks that the output be uniformly bounded
in terms of the amplitudes of the input and of the initial output (not of the
initial state), which makes this property a very strong constraint. If we weaken
the assumption to an estimate of the type

@] < o(|2°]) + o(lluflo)

then IOS implies the conjunction of OL and this property, but the converse
fails, as shown by the following counter-example, a system with no inputs:

Ty = —x2 x|, T2 = x1|T0|, Yy =x2.

The set of equilibria is {z2 = 0}, and trajectories are half circles traveled
counterclockwise. We have that |y(¢)| < |2(0)| for all solutions, and y(t) — 0
as t — 0o, so both properties hold. However, there is no possible IOS estimate
ly(t)| < B(]z°],t), since, in particular, for a state of the form x(0) = (1,¢),
the time it takes for y(-) to enter an e-neighborhood of 0 goes to oo as € — 0;
see [6] for more discussion.

8 Detectability and Observability Notions

Recall (see [104] for precise definitions) that an observer for a given system
with inputs and outputs & = f(z,u), y = h(x) is another system which,
using only information provided by past input and output signals, provides an
asymptotic (i.e., valid as t — 00) estimate &(¢) of the state x(t) of the system of
interest (Fig. 18). One may think of the observer as a physical system or as an
algorithm implemented by a digital computer. The problem of state estimation
is one of the most important and central topics in control theory, and it arises

Fig. 18. Observer provides estimate & of state x; &(t) — z(t) — 0 as t — oo
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in signal processing applications (Kalman filters) as well as when solving the
problem of stabilization based on partial information. It is well understood for
linear systems, but, a huge amount of research notwithstanding, the theory
of observers is not as developed in general.

We will not say much about the general problem of building observers,
which is closely related to “incremental” ISS-like notions, a subject not yet
studied enough, but will focus on an associated but easier question. When
the ultimate goal is that of stabilization to an equilibrium, let us say =z = 0
in Euclidean space, sometimes a weaker type of estimate suffices: it may be
enough to obtain a norm-estimator which provides merely an upper bound
on the norm |z(t)| of the state x(t); see [50,57,93]. Before defining norm-
estimators, and studying their existence, we need to introduce an appropriate
notion of detectability.

8.1 Detectability

Suppose that an observer exists, for a given system. Since z° = 0 is an equi-
librium for & = f(z,0), and also h(0) = 0, the solution z(t) = 0 is consistent
with w = 0 and y = 0. Thus, the estimation property Z(t) — z(t) — 0 implies
that Z(t) — 0. Now consider any state z° for which v = 0 and y = 0, that
is, so that h(z(t,z°,0)) = 0. The observer output, which can only depend
on u and y, must be the same & as when 2° = 0, so Z(t) — 0; then, using
once again the definition of observer &(t) — z(¢,2°,0) — 0, we conclude that
x(t,2°,0) — 0. In summary, a necessary condition for the existence of an
observer is that the “subsystem” of & = f(x,u), y = h(z) consisting of those
states for which u = 0 produces the output y = 0 must have x = 0 as a GAS
state (Fig. 19); one says in that case that the system is zero-detectable. (For
linear systems, zero-detectability is equivalent to detectability or “asymptotic
observability” [104]: two trajectories which produce the same output must ap-
proach each other. But this equivalence need not hold for nonlinear systems.)
In a nonlinear context, zero-detectability is not “well-posed” enough: to get
a well-behaved notion, one should add explicit requirements to ask that small
inputs and outputs imply that internal states are small too (Fig. 20), and that
inputs and outputs converging to zero as t — oo implies that states do, too
(Fig. 21), These properties are needed so that “small” errors in measurements
of inputs and outputs processed by the observer give rise to small errors.
Furthermore, one should impose asymptotic bounds on states as a function

S
M1l
o
<
Ii
o

- M= z—0 — 5

Fig. 19. Zero-detectability
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Fig. 20. Small inputs and outputs imply small states

u— 0 y—0

— = z—0 —

Fig. 21. Converging inputs and outputs imply convergent states

of input/output bounds, and it is desirable to quantify “overshoot” (transient
behavior). This leads us to the following notion.

8.2 Dualizing ISS to OSS and I0SS

A system is input/output to state stable (I0SS) if, for some § € KL and
Yuy Yy € Koo,

z(t) < B(12°, ) + 71 (Jlupo,gllse) + 72 (1¥0,4/l0) (I0SS)

for all initial states and inputs, and all ¢ € [0,T¢,,). Just as ISS is stronger
than 0-GAS, TOSS is stronger than zero-detectability. A special case is when
one has no inputs, output to state stability:

|2(t,2°)] < B(l2],t) + 7 (Iylo,gll)

and this is formally “dual” to ISS, simply replacing inputs w by outputs in
the ISS definition. This duality is only superficial, however, as there seems to
be no useful way to obtain theorems for OSS by dualizing ISS results. (Note
that the outputs y depend on the state, not vice versa.)

8.3 Lyapunov-Like Characterization of IOSS

To formulate a dissipation characterization, we define an I0OSS-Lyapunov func-
tion as a smooth storage function so that

VV(z) f(z,u) < —ai(|z]) + az(|u]) + as(lyl)
for all z € R",u € IR™,y € IRP. The main result is:

Theorem 8.1. [65] A system is I0SS if and only if it admits an IOSS-
Lyapunov function.
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8.4 Superposition Principles for I0SS

Just as for ISS and I0S, there are asymptotic gain characterizations of in-
put/output to state stability.

We say that a system satisfies the IO0-asymptotic gain (I0-AG) property
if:

et 2w < gululleo) + 3 (lylle) Vo, ul) (I0-AG)

t tmax (20,u)

(for some v,y ), and the IO-limit (I0-LIM) property if:

inf [2(t, 2, u)| < yulllulloc) + 2 (I9llec) Vo, ul’) (IO-LIM)

(for some 7,7, ), where sup norms and inf are taken over [0, tyax(2°,u)). We
also define the notion of zero-input local stability modulo outputs (0-LS) as
follows:

(Ve >0)(30:) max{|z’] |lypgllec} < e = |2(t,2°,0)| <e. (0-LS)

This is a notion of marginal local detectability; for linear systems, it amounts
to marginal stability of the unobservable eigenvalues. We have the following
result.

Theorem 8.2. [6] The following three properties are equivalent for any given
system & = f(z,u):

e The system is IOSS
o The system is IO-AG and zero-input O-LS
e The system is I0-LIM and zero-input O-LS

Several other characterizations can also be found in [6].

8.5 Norm-Estimators

We define a state-norm-estimator (or state-norm-observer) for a given system
as another system

z=g(zu,y), with output k : R x R? — R>o

evolving in some Euclidean space IRZ, and driven by the inputs and outputs
of the original system. We ask that the output £ should be IOS with respect
to the inputs v and ¥, and the true state should be asymptotically bounded in
norm by some function of the norm of the estimator output, with a transient
(overshoot) which depends on both initial states. Formally:

e There are 41,92 € K and B € KL so that, for each initial state z° € IR,
and inputs u and y, and every ¢ in the interval of definition of the solution

Z('? Zo7u’y)

k(=(t,2%u,y),5(8) < 8021, 6) + 41 (lalpal) + 52 (Iylo.al)
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e There are p € K, § € KL so that, for all initial states x° and 2° of the
system and observer, and every input u

|(t, 2%, )] < B(12°] +12°],1) + p (k (2(t, 2°, 0, Y40 1), Y0 u (1))
for all ¢t € [0, tmax(2°, 1)), where y,o () = y(t,2°, )

Theorem 8.3. [65] A system admits a state-norm-estimator if and only if it
is 10SS.

8.6 A Remark on Observers and Incremental IOSS

As mentioned earlier, for linear systems, “zero-detectability” and detectability
coincide, where the latter is the property that every pair of distinct states is
asymptotically distinguishable. The following is an ISS-type definition of de-
tectability: we say that a system is incrementally (or Lipschitz) input/output-
to-state stable (i-10SS) if there exist y1,72 € K and § € KL such that, for
any two initial states z° and 2°, and any two inputs u; and us,

|2(t, 2, 1) —2(t, 2%, ug)| < max{B(|z°=2"], 1), n (| Aul]), 72(]|Ay[)} (-IOSS)

where Au = (u1—u2), Ay = (Y204, —Y20,u,)[0,, for all ¢ in the common do-
main of definition. It is easy to see that i-IOSS implies IOSS, but the converse
does not hold in general. The notion of incremental-IOSS was introduced
in [111]. A particular case is that in which h(z) = 0, in which case we have
the following notion: a system is incrementally 1SS (i-ISS) if there holds an
estimate of the following form:

|z(t, 2%, ur) =z (t, 2% ug)| < max{f(ja"=2],1), n([|Aul))}  (-ISS)

where Au = u; — us, for all ¢ in the common domain of definition. Several
properties of the i-ISS notion were explored in [4], including the fact that i-ISS
is preserved under cascades. Specializing even more, when there are no inputs
one obtains the property incremental GAS (i-GAS). This last property can
be characterized in Lyapunov terms using the converse Lyapunov result given
in [73] for stability with respect to (not necessarily compact) sets, since it
coincides with stability with respect to the diagonal of the system consisting
of two parallel copies of the same system. Indeed, i-GAS is equivalent to asking
that the system:

&= f(x)
2= f(2)

be asymptotically stable with respect to {(xz, z) | # = z}. A sufficient condition
for i-ISS in dissipation terms, using a similar idea, was given in [4].

As recalled earlier, an observer is another dynamical system, which
processes inputs and outputs of the original system, and produces an esti-

~

mate Z(t) of the state x(t): x(t)—z(t) — 0 as t — oo, and this difference (the
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ud(t)
D
S observer —— Z(t)
u(t) y=h(z) y(t)®
ya(t)

Fig. 22. Observer with perturbations in measurements

estimation error) should be small if it starts small (see [104], Chap.6). As
with zero-detectability, it is more natural in the ISS paradigm to ask that
the estimation error x(t)—Z(t) should be small even if the measurements of
inputs and outputs received by the observer are corrupted by noise. Writing
uq and yq for the input and output measurement noise respectively, we have
the situation shown pictorially in Fig. 22 (see [111] for a precise definition).
Existence of an observer implies that the system is i-IOSS [111]. The converse
and more interesting problem of building observers under IOSS assumptions
is still a largely unsolved, although much progress has been made for systems
with special structures, cf. [16,57].

8.7 Variations of IOSS

The terminology I0SS was introduced in [111], and the name arises from the
view of IOSS as “stability from the i/o data to the state.” It combines the
“strong” observability from [99] with ISS; and was called simply “detectabil-
ity” in [98], where it was formulated in an input/output language and applied
to controller parameterization, and it was called “strong unboundedness ob-
servability” in [53] (more precisely, this paper allowed for an additive nonneg-
ative constant in the estimate). IOSS is related to other ISS-like formalisms
for observers, see, e.g., [37,75,77,92]. Both IOSS and its incremental variant
are very closely related to the OSS-type detectability notions pursued in [59];
see also the emphasis on ISS guarantees for observers in [82].

The dissipation characterization amounts to a Willems’-type dissipation
inequality (d/dt)V(x(t)) < —o1(|z(t)]) + o2(|y(t)]) + o3(|u(t)]) holding along
all trajectories. There have been other suggestions that one should define
“detectability” in dissipation terms; see, e.g., [76], where detectability was de-
fined by the requirement that there exist a differentiable storage function V'
as here, but with the special choice aa(r) := 7?2 (and no inputs), or as in [85],
which asked for a weaker the dissipation inequality:

T#0 = %V(az(t)) < oa(ly®))
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(again, with no inputs), not requiring the “margin” of stability —oq(|z(t)]).
Observe also that, asking that along all trajectories there holds the estimate

d

2V (@) = —ou(lz@)]) + o2(ly(O)]) + o3(lu®)])

means that V satisfies a partial differential inequality (PDI):

Inax {VV(z) - f(z,u) + 01(|z]) = o2(|a(2)]) = o3(Jul)} < 0

which is same as the Hamilton—Jacobi inequality

m

go(fﬂ)+iZ(VV(x)~9¢($))2+01(\x|)—02(|h(w)|) <0

i=1

in the special case of quadratic input “cost” o3(r) = r? and systems & =
f(x,u) affine in controls

T = go(w) + Z u;i gi ()

(just replace the right-hand side in the PDI by the maximum value, obtained
at u; = (1/2)VV (z) - gi(x)). Thus the converse result amounts to providing
necessary and sufficient conditions for existence of a smooth (and proper and
positive definite) solution V' to the PDI. In this context, it is worth remark-
ing that the mere existence of a lower semicontinuous V' (interpreted in an
appropriate weak sense) implies the existence of a C* solution (possibly with
different comparison functions); see [64].

8.8 Norm-Observability

There are many notions of observability for nonlinear systems (see, e.g., [104],
Chap. 6); here we briefly mention one such notion given in an ISS style, which
was presented in [34]. More precisely, we define “norm-observability”, which
concerns the ability to determine an upper bound on norms, rather than
the precise value of the state (an “incremental” version would correspond to
true observability). We do so imposing a bound on the norm of the state in
terms of the norms of the output and the input, and imposing an additional
requirement which says, loosely speaking, that the term describing the effects
of initial conditions can be chosen to decay arbitrarily fast.

A system & = f(x,u), y = h(z) is small-time initial-state norm-observable
if:

V7 >037,x € Ke such that [2°] < y([|yp0,7llec) + X(up,rllec) V2°, u,

it is small-time final-state norm-observable if:
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V> 03y, € Koo such that [2(7)] < 1(lyjorlloo) + X0 loc) V2, u,

and is small-time-KCL norm-observable if for every € > 0 and every v € K,
there exist v, x € Koo and a 8 € KL so that §(r,e) < v(r) for all » > 0 (i.e.,
[ can be chosen to decay arbitrarily fast in the second argument) such that
the IOSS estimate:

()] < B(2"1,) + v(lyo.0lle) + X lup,gllec) V2, u, t =0
holds along all solutions.

Theorem 8.4. [34] The following notions are equivalent:

e Small-time initial-state norm-observability
e Small-time final-state norm-observability
o Small-time-KL norm-observability

To be precise, the equivalences assume unboundedness observability (UO),
which means that for each trajectory defined on some maximal interval
tmax < 00, the output becomes unbounded as t  tyax, as well as a simi-
lar property for the reversed-time system. The unboundedness observability
property is strictly weaker than forward completeness, which is the property
that each trajectory is defined for all ¢ > 0; see [9, 53], the latter especially
for complete Lyapunov characterizations of the UO property. Similarly, one
can prove equivalences among other definitions, such as asking “37” instead
of “W7,” and one may obtain Lyapunov-like characterizations; the results
are used in the derivation of LaSalle-like theorems for verifying stability of
switched systems in [34].

9 The Fundamental Relationship Among ISS, 10S,
and 10SS

The definitions of the basic ISS-like concepts are consistent and related in an
elegant conceptual manner, as follows:

A system is 1SS if and only if it is both 10S and I0SS.
In informal terms, we can say that:
external stability and detectability <= internal stability

as it is the case for linear systems. Intuitively, we have the three possible
signals in Fig. 23. The basic idea of the proof is as follows. Suppose that
external stability and detectability hold, and take an input so that u — O.
Then y — 0 (by external stability), and this then implies that z — 0 (by
detectability). Conversely, if the system is internally stable, then we prove i/o
stability and detectability. Suppose that u — 0. By internal stability, x — 0,
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u—>0 — -0 —o— y—0

Fig. 23. Convergent input, state, and/or output

—’. y
U ——> system

> W

Fig. 24. System with error and measurement outputs © = f(z,u), y = h(z), w =
g(x)

and this gives y(t) — 0 (i/o stability). Detectability is even easier: if both
u(t) — 0 and y(t) — 0, then in particular u — 0, so x — 0 by internal
stability. The proof that ISS is equivalent to the conjunction of IOS and IOSS
must keep careful track of the estimates, but the idea is similar.

10 Systems with Separate Error and Measurement
Outputs

We next turn to a topic which was mentioned in [105] as a suggestion for
further work, but for which still only incomplete results are available. We
will assume that there are two types of outputs (Fig. 24), which we think of,
respectively as an “error” y = h(x) to be kept small, as in the IOS notion,
and a “measurement” w = g(x) which provides information about the state,
as in the IOSS notion.

Several ISS-type formulations of the central concept in regulator theory,
namely the idea of using the size of w in order to bound y, were given in [3§],
and are as follows.

10.1 Input-Measurement-to-Error Stability

We will say that a system is input-measurement-to-error stable (IMES) if there
are f € KL, 0 € K, and v € K such that the following estimate holds:

O] < B2 1) + o (lwpglle) + Y([lullo) (IMES)

for all ¢ € tmax(z° u), for all solutions, where we are writing y(t)
= h(z(t,2° u)) and w(t) = g(x(t,z° u)). Special cases are all the previous
concepts:
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e When h(z) =z, so y = x, and we view w as the output, we recover I0OSS
e When the output g = 0, that is w = 0, we recover I0S
e If both y =z and g = 0, we recover ISS

The goal of obtaining general theorems for IMES which will specialize to all
known theorems for ISS, IOS, and IOSS is so far unattained. We only know
of several partial results, to be discussed next.

For simplicity from now on, we restrict to the case of systems with no
inputs & = f(x),y = h(x), w = g(x), and we say that a system is measurement
to error stable (MES) if an IMES estimate holds, i.e., for suitable 8 € KL and
v eK:

w®l < B0°1) + 7 (lwplle)

for all ¢ € [0, Thhax) and for all solutions.

In order to present a dissipation-like version of MES, it is convenient to
introduce the following concept. We will say that a system is relatively error-
stable (RES) if the following property holds, for some p € K and § € KL:

ly@®)] > p(jw@)]) on [0,T] = |y(t)| <p(a°[,¢) on [0,T]  (RES)

along all solutions and for all T < tyax(2°, w). In words: while the error is
much larger than the estimate provided by the measurement, the error must
decrease asymptotically, with an overshoot controlled by the magnitude of the
initial state. This property, together with the closely related notion of stability
in three measures (SIT), was introduced and studied in [38]. Tt is easy to see
that MES implies RES, but that the converse is false. In order to obtain a
converse, one requires an additional concept: we say a system satisfies the
relative measurement to error boundedness (RMEB) property if it admits an
estimate of the following form, for some o; € K:

ly(t)] < max {o1(|a(2")]), o2 ([wp,gllec) } (RMEB)

along all solutions. For forward complete systems, and assuming RMEB, RES
is equivalent to MES [38].

10.2 Review: Viscosity Subdifferentials

So far, no smooth dissipation characterization of any of these properties is
available. In order to state a nonsmooth characterization, we first review a
notion of weak differential. For any function V' : R™ — IR and any point
p € IR" in its domain, one says that a vector ( is a wviscosity subgradient of
V at p if the following property holds: there is some function ¢ : R" — IR,
differentiable at zero and with V(0) = ¢ (that is, ¢(h) = ¢ - h + o(h)), such
that
V(p+h) = V(p)+e(h)

for each h in a neighborhood of 0 € IR". In other words, a viscosity subgradient
is a gradient (tangent slopes) of any supporting C! function. One denotes then
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Fig. 25. 0pV(0) = [-1,1]

Fig. 26. 9pV(0) =0

dpV (p) := {all viscosity subgradients of V" at p}. As an illustration, Fig. 25
shows a case where dpV (0) = [—1, 1], for the function V(z) = |z|, and Fig. 26
an example where OpV'(0) = 0, for V(z) = —|z|. In particular, if V is differ-
entiable at p, then dpV(p) = {VV (p)}.

10.3 RES-Lyapunov Functions

The lower semicontinuous V' is an RES-Lyapunov function if:

e There exist a; and ay € K& so, on the set C := {p : |h(p)| > p(lg(P))},
it holds that

ar([h(p)]) < V(p) < aa(lp))

e For some continuous positive definite a3 : R>9 — R0, on the set C' there
holds the estimate

¢ f(x) < —as(V(p)) VCedpVip)
(when V is differentiable, this is just VV - f(z) < —a3(V(p)))

One can show (cf. [38]) that this estimate is equivalent to the existence of a
locally Lipschitz, positive definite a3 such that, for all trajectories:

z(t)ye C on [0,t1] = V(x(t)) — V(x(0)) < 7/0 as(V(x(s)))ds.
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= u—0 y—0

- M => =0 —— 5

Fig. 27. Inverse of I0S property: small output implies input (and state) small

Theorem 10.1. [38] A forward-complete system is RES if and only if it
admits an RES-Lyapunov function.

As a corollary, we have that, for RMEB systems, MES is equivalent to the
existence of such a lower semicontinuous RES Lyapunov function.

11 Output to Input Stability and Minimum-Phase

We now mention a nonlinear “well-posed” version of Bode’s minimum phase
systems, which relates to the usual notion (cf. [42]) in the same manner as
ISS relates to zero-GAS. We need to say, roughly, what it means for the
“Inverse system” to be ISS (Fig. 27). The paper [71] defines a smooth system
as output to input stable (OIS) if there exists an integer N > 0, and functions
B € KL and v € Ko, so that, for every initial state 2° and every (IN—1)-times
continuously differentiable input u, the inequality:

[u(®)] + 2] < 8(2°10) + 7 (Il qloo)

holds for all t € tyay(2°, u), where “y™V” lists y as well as its first N derivatives
(and we use supremum norm, as usual). See [71] for relationships to OSS, an
interpretation in terms of an ISS property imposed on the “zero dynamics”
of the system, and connections to relative degree, as well as an application to
adaptive control.

12 Response to Constant and Periodic Inputs

Systems # = f(x,u) that are ISS have certain noteworthy properties when
subject to constant or, more generally periodic, inputs, which we now discuss.
Let V be an ISS-Lyapunov function which satisfies the inequality V(:L', u) <
—V(z) + ~v(Ju|) for all x,u, for some v € Ku.

To start with, suppose that u is any fixed bounded input, and let a :=
~v(]1@]|o ), pick any initial state z°, and consider the solution x(t) = x(t, z°, u)
for this input. Letting v(t) := V(z(t)), we have that v(t) + v(¢) < a so, using
e' as an integrating factor, we have that v(t) < a+e *(v(0) —a) for all ¢ > 0.
In particular, if v(0) < a it will follow that v(¢t) < a for all ¢ > 0, that is
to say, the sublevel set K := {x | V(z) < a} is a forward-invariant set for
this input: if 2° € K then z(t) = x(t,2°,4) € K for all ¢t > 0. Therefore

2y
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Mr : 2° — z(T,z° @) is a continuous mapping from K into K, for each
fixed T > 0, and thus, provided that K has a fixed-point property (every
continuous map M : K — K has some fixed point), we conclude that for
each T' > 0 there exists some state 2° such that z(T,2°,a) = 2°. The set K
indeed has the fixed-point property, as does any sublevel set of a Lyapunov
function. To see this, we note that V is a Lyapunov function for the zero-input
system & = f(x,0), and thus, if B is any ball which includes K in its interior,
then the map @ : B — K which sends any ¢ € B into z(t¢, &), where t¢ is
the first time such that z(¢,¢) € K, is continuous (because the vector field is
transversal to the boundary of K since VV'(z).f(x,0) < 0), and is the identity
on K (that is, @ is a topological retraction). A fixed point of the composition
Mo@: B — B is a fixed point of M.

Now suppose that @ is periodic of period T, u(t + T) = u(t) for all ¢t > 0,
and pick any z° which is a fixed point for Mp. Then the solution z(¢, z°, @) is
periodic of period T as well. In other words, for each periodic input, there is a
solution of the same period. In particular, if @ is constant, we may pick for each
h > 0 a state z;, so that x(h,zp, @) = xp, and therefore, picking a convergent
subsequence x;, — T gives that 0 = (1/h)(x(h,zp, @) — xp) — f(T,a), so
f(z,u) = 0. Thus we also have the conclusion that for each constant input,
there is a steady state.

13 A Remark Concerning ISS and H,, Gains

We derived the “integral to integral” version of ISS when starting from H.-
gains, that is, L?-induced operator norms. In an abstract manner, one can
reverse the argument, as this result shows:

Theorem 13.1. [33] Assume n # 4,5. If the system & = f(x,u) is ISS, then,
under a coordinate change, for all solutions one has:

t t
/ ()P ds < 122 + [ Ju(s)? ds.
0 0
(A particular case of this is that global exponential stability is equivalent to
global asymptotic stability, under such nonsmooth coordinate changes. This
would seem to contradict Center Manifold theory, but recall that our “coordi-
nate changes” are not necessarily smooth at the origin, so dimensions of stable
and unstable manifolds need not be preserved.) It is still an open question if
the theorem generalizes to n = 4 or 5. A sketch of proof is as follows.

Let us suppose that the system @ = f(z,u) is ISS. We choose a “robustness
margin” p € K, i.e., a Ko function with the property that the closed-loop
system & = f(x,dp(|z|)) is GAS uniformly with respect to all disturbances
such that ||d||.c < 1. We next pick a smooth, proper, positive definite storage
function V so that

VV(2)-f(z,dp(lz])) < =V(z) Va,d
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(such a function always exists, by the results already mentioned). Now suppose
that we have been able to find a coordinate change so that V (z) = |z|?, that
is, a T so that W(z) := V(T1(z)) = |z|> with z = T(z). Then, whenever
|u| <p(]x]), we have

d|z? Jdt =W (z) = V(z) < =V (z) = — |2 .

It follows that, if x € Ko is so that |T'(z)| < x(p(|z])), and

ar) = max d|z|* /dt
(r) [ul<r,| 2| <x(r) =%/
then: )
d
EL < e +a(ul) = |2+

(where we denote by v the input in new coordinates).

Integrating, one obtains [ lz|? < |2°) + Ik lv|?, and this gives the L2 es-
timate as wanted. The critical technical step, thus, is to show that, up to
coordinate changes, every Lyapunov function V is quadratic. That fact is
shown as follows. First notice that the level set S := {V(z) = 1} is homo-
topically equivalent to S~ (this is well-known: S x IR ~ S because IR is
contractible, and S x IR is homeomorphic to IR™ \ {0} ~ S"~! via the flow of
i = f(z,0)). Thus, {V(x) = 1} is diffeomorphic to S*~1, provided n # 4, 5.
(In dimensions n = 1,2,3 this is proved directly; for n > 6 the sublevel set
{V(z) < 1} is a compact, connected smooth manifold with a simply connected
boundary, and results on h-cobordism theory due to Smale and Milnor show
the diffeomorphism to a ball. Observe that results on the generalized Poincaré
conjecture would give a homeomorphism, for n # 4.) Finally, we consider the
normed gradient flow:

b= VvV (z)
VV ()

and take the new variable
z = +/V(z)0(z")

where 2’ is the translate via the flow back into the level set, and 6 : {V =1} ~
{]z| = 1} is the given diffeomorphism, see Fig. 28. (Actually, this sketch is not
quite correct: one needs to make a slight adjustment in order to obtain also
continuity and differentiability at the origin; the actual coordinate change is
z =75V (x))0(z"), so W(z) = ~(|z|), for a suitable ~.)

14 Two Sample Applications
For applications of ISS notions, the reader is encouraged to consult textbooks

such as [27,43,44,58,60,66,96], as well as articles in journals as well as Proceed-
ings of the various IEEE Conferences on Decision and Control. We highlight
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V=1 |Z| =1

Fig. 28. Making level sets into spheres

next a couple of applications picked quite arbitrarily from the literature. They
are chosen as illustrations of the range of possibilities afforded by the ISS view-
point.

The paper [63] provides a new observer suitable for output-feedback stabi-
lization, and applies the design to the stabilization of surge and the magnitude
of the first stall mode, in the single-mode approximation of the Moore-Greitzer
PDE axial compressor model used in jet engine studies. The equations are as
follows:

b=—v+io+i-3(6+1)°-3(6+ DR
¢=%(¢>+1—u)
R=0R(-2¢—¢*~R) (R>0)

where ¢ denotes the mass flow relative to a setpoint, ¢ the pressure rise
relative to the setpoint, and R the magnitude of the first stall mode. The
objective is to stabilize this system, using only y = .

The systematic use of ISS-type properties is central to the analysis: taking
the magnitude of the first stall mode as evolving through uncertain dynamics,
the authors require that their estimator have an error that is ISS with respect
to this unmodeled dynamics, and that the first mode be IOS with respect to
mass flow deviation from its setpoint; an ISS small-gain theorem is then used
to complete the design. Abstractly, their general framework in [63] is roughly
as follows. One is given a system with the block structure:

:I.: = f(x7 Z, u)

¢ =g(x,2)
and only an output y = h(x) is available for stabilization. The z-subsystem (R
in the application) is unknown (robust design). The authors construct a state-

feedback u = k(z) and a reduced-order observer that produces an estimate T
so that:

e The error e = x — 7 is ISS with respect to z
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d(t)

YZYl &= f(z,y) Y ;}\ ol 2 = f(z,y+d)
y = h(z) N
noisy channel

Fig. 29. Synchronized systems

e The system & = f(z,2,k(Z)) = F(x,z,e) is ISS with respect to both e
and z
e The system Z = g(z, z) is ISS with respect to =

Combining with a small-gain condition, the stability of the entire system is
guaranteed.

A completely different application, in signal processing, can be found in [4],
dealing with the topic of synchronized chaotic systems, which arises in the
study of secure communications. A “master-slave” configuration is studied,
where a second copy of the system (receiver) is driven by an output from the
first (Fig. 29). The main objective is to show that states synchronize:

lz(t) — 2(t)] < max{f(|z" = 2°[,1), [|d|[}

This can be shown, provided that the system is incrementally ISS, in the sense
discussed in Sect. 8.6.
One particular example is given by the Lorentz attractor:

&1 = —Px1 + sat(xz)sat(zs),

j?g = 0'(.%3 — .132),

I3 = —T3 + u,

Y = pr2 — T1X2,

where 8 =8/3, 0 = 10, p = 28 (the saturation function, sat(r) = r for |r| < 1
and sat(r) = sign(r) otherwise, is inserted for technical reasons and does
not affect the application). Preservation of the i-ISS property under cascades
implies that this system (easily to be seen a cascade of i-ISS subsystems) is

i-ISS. The paper [4] provides simulations of the impressive behavior of this
algorithm.

15 Additional Discussion and References

The paper [99] presented the definition of ISS, established the result on
feedback redefinition to obtain ISS with respect to actuator errors, and pro-
vided the sufficiency test in terms of ISS-Lyapunov functions. The necessity
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of this Lyapunov-like characterization is from [109], which also introduced the
“small gain” connection to margins of robustness; the existence of Lyapunov
functions then followed from the general result in [73]. The asymptotic gain
characterizations of ISS are from [110]. (Generalizations to finite-dimensional
and infinite-dimensional differential inclusions result in new relaxation theo-
rems, see [41] and [39], as well as [81] for applications to switched systems.)
Asymptotic gain notions appeared also in [20,114]. Small-gain theorems for
ISS and IOS notions originated with [53]. See [40] for an abstract version of
such results.

The notion of ISS for time-varying systems appears in the context of as-
ymptotic tracking problems, see, e.g., [124]. In [24], one can find further results
on Lyapunov characterizations of the ISS property for time-varying (and in
particular periodic) systems, as well as a small-gain theorem based on these
ideas. See also [78].

Coprime factorizations are the basis of the parameterization of controllers
in the Youla approach. As a matter of fact, as the paper’s title indicates,
their study was the original motivation for the introduction of the notion of
ISS in [99]. Some further work can be found in [98], see also [28], but much
remains to be done.

One may of course also study the notion of ISS for discrete-time systems.
Many ISS results for continuous time systems, and in particular the Lyapunov
characterization and ISS small gain theorems, can be extended to the discrete
time case; see [52,55, 56,61, 67]. Discrete-time iISS systems are the subject
of [2], who proves the very surprising result that, in the discrete-time case,
ilSS is actually no different than global asymptotic stability of the unforced
system (this is very far from true in the continuous-time case, of course); see
also [74].

Questions of sampling, relating ISS properties of continuous and discrete-
time systems, have been also studied, see [119] which shows that ISS is recov-
ered under sufficiently fast sampling, as well as the papers [86,87,90].

The paper [5] introduces a notion of ISS where one merely requires good
behavior on a generic (open dense) subset of the state space. Properties of this
type are of interest in “almost-global” stabilization problems, where there are
topological constraints on what may be achieved by controllers. The area is
still largely undeveloped, and there are several open problems mentioned in
that reference.

More generally than the question of actuator ISS, one can ask when, given
a system & = f(x,d,u), is there a feedback law u = k(z) such that the system
& = f(x,d, k(x)) becomes ISS (or iISS, etc) with respect to d. One approach
to this problem is in terms of control-Lyapunov function (“cLf”) methods,
and concerns necessary and sufficient cLf conditions, for the existence of such
(possibly dynamic) feedback laws. See for example [120], which deals primarily
with systems of the form & = f(x,d) + g(«)u (affine in control, and control
vector fields are independent of disturbances) and with assigning precise upper
bounds to the “nonlinear gain” obtained in terms of d.
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A problem of decentralized robust output-feedback control with distur-
bance attenuation for a class of large-scale dynamic systems, achieving ISS
and iISS properties, is studied in [49].

Partial asymptotic stability for differential equations is a particular case
of output stability (IOS when there are no inputs) in our sense; see [125] for a
survey of the area, as well as the book [94], which contains a converse theorem
for a restricted type of output stability. The subject of IOS is also related to
the topic of “stability in two measures” (see, e.g., [68]), in the sense that
one asks for stability of one “measure” of the state (h(z)) relative to initial
conditions measured in another one (the norm of the state).

A useful variation of the notion of ISS is obtained when one studies stability
with respect to a closed subset K of the state space IR", but not necessarily
K = {0}. One may generalize the various definitions of ISS, I0S, I0SS, etc.
For instance, the definition of ISS becomes

z(t, 2%, u)| g < B2 1) + Y(llullse)

where |z|, denotes the distance from z to the set K. (The special case when
u = 0 implies in particular that the set K must be invariant for the unforced
system.) The equivalence of various alternative definitions can be given in
much the same way as the equivalence for the particular case K = {0} (at
least for compact K), since the general results in [73] are already formulated
for set stability; see [108] for details. The interest in ISS with respect to sets
arises in various contexts, such as the design of robust control laws, where
the set K might correspond to equilibria for different parameter values, or
problems of so-called “practical stabilization,” concerned with stabilization
to a prescribed neighborhood of the origin. See [107] for a theorem relating
practical stabilization and ISS with respect to compact attractors.

Perhaps the most interesting set of open problems concerns the construc-
tion of feedback laws that provide ISS stability with respect to observation
errors. Actuator errors are far better understood (cf. [99]), but save for the case
of special structures studied in [27], the one-dimensional case (see, e.g., [25])
and the counterexample [26], little is known of this fundamental question.
Recent work analyzing the effect of small observation errors (see [103]) might
provide good pointers to useful directions of research (indeed, see [69] for
some preliminary remarks in that direction). For special classes of systems,
even output feedback ISS with respect to observation errors is possible, cf. [88].

A stochastic counterpart of the problem of ISS stabilization is proposed
and solved in [22], formulated as a question of stochastic disturbance attenu-
ation with respect to noise covariance. The paper [21], for a class of systems
that can be put in output-feedback form (controller canonical form with an
added stochastic output injection term), produces, via appropriate clf’s, sto-
chastic ISS behavior (“NSS” = noise to state stability, meaning that solutions
converge in probability to a residual set whose radius is proportional to bounds
on covariances). Stochastic ISS properties are treated in [123].
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For a class of block strict-feedback systems including output feedback form
systems, the paper [48] provided a global regulation result via nonlinear output
feedback, assuming that the zero dynamics are iISS, thus generalizing the ISS-
like minimum-phase condition in the previous [47], which in turn had removed
the more restrictive assumption that system nonlinearities depend only on the
output. See also [45] for iISS and ISS-stabilizing state and output feedback
controllers for systems on strict-feedback or output-feedback forms.

For a class of systems including “Euler-Lagrange” models, the paper [17]
provides a general result on global output feedback stabilization with a distur-
bance attenuation property. The notion of OSS and the results on unbounded
observability both play a key role in the proof of correctness of the design.

An ISS result for the feedback interconnection of a linear block and a
nonlinear element (“Lurie systems”) is provided in [14], and an example is
worked out concerning boundedness for negative resistance oscillators, such
as the van der Pol oscillator.

The authors of [15] obtain robust tracking controllers with disturbance
attenuation for a class of systems in strict-feedback form with structurally
(non-parametric) unknown dynamics, using neural-network based approxima-
tions. One of the key assumptions is an ISS minimum phase condition, when
external disturbances are included as inputs to the zero dynamics.

Output-feedback robust stabilization both in the ISS and iISS sense is stud-
ied, for large-scale systems with strongly nonlinear interconnections, in [51],
using decentralized controllers.

Both ISS and iISS properties have been featured in the analysis of the per-
formance of switching controllers, cf. [36]. The paper [35] dealt with hybrid
control strategies for nonlinear systems with large-scale uncertainty, using a
logic-based switching among a family of lower-level controllers, each of which
is designed by finding an iISS-stabilizing control law for an appropriate system
with disturbance inputs. The authors provide a result on stability and finite
time switching termination for their controllers. The dissipation characteriza-
tions of ISS and of iISS were extended to a class of hybrid switched systems
in [80].

A nonstandard application of IOSS, or more precisely of an MES prop-
erty for turbulent kinetic energy and dissipation, was the method for
destabilization of pipe flows (to enhance mixing) studied in [1]. The au-
thors used the wall velocity as inputs (blowing/suction actuators are assumed
distributed on the pipe wall) and pressure differences across the pipe as
outputs (using pressure sensors to measure). Detectability in the sense of
IOSS provided a useful way to express the energy estimates required by the
controller.

The papers [115,116] introduced the notion of “formation input-to-state
stability” in order to characterize the internal stability of leader-follower vehi-
cle formations. There, and in related papers by other authors (e.g., [91]), ISS
is used as a framework in which to systematically quantify the performance
of swarm formations under time-varying signals (leader or enemy to be fol-
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lowed, noise in observation, actuator errors); in this context, the state x in
the ISS estimate is in reality a measure of formation error. Thus, in terms of
the original data of the problem, this formation ISS is an instance not of ISS
itself, but rather of input/output stability (I0S), in which a function of state
variables is used in estimates.

For results concerning averaging for ISS systems, see [89], and see [19]
for singular perturbation issues in this context. See [97] for a notion which
is in some sense close to IMES. Neural-net control techniques using ISS are
mentioned in [95]. There are ISS-small gain theorems for certain infinite di-
mensional classes of systems such as delay systems, see [117].
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1 Introduction

In a series of previous papers (cf. [20-23]), we have developed a “primal”
approach to the mnon-smooth Pontryagin Maximum Principle, based on
generalized differentials, flows, and general variations. The method used
is essentially the one of classical proofs of the Maximum Principle such as
that of Pontryagin and his coauthors (cf. Pontryagin et al. [15], Berkovitz [1]),
based on the construction of packets of needle variations, but with a refine-
ment of the “topological argument,” and with concepts of differential more
general than the classical one, and usually set-valued.

In this article we apply this approach to optimal control problems with
state space constraints, and at the same time we state the result in a more
concrete form, dealing with a specific class of generalized derivatives (the
“generalized differential quotients”), rather than in the abstract form used in
some of the previous work.

The paper is organized as follows. In Sect.2 we introduce some of our
notations, and review some background material, especially the basic concepts
about finitely additive vector-valued measures on an interval. In Sect.3 we
review the theory of “Cellina continuously approximable” (CCA) set-valued
maps, and prove the CCA version — due to A. Cellina — of some classical
fixed point theorems due to Leray-Schauder, Kakutani, Glicksberg and Fan.
In Sect. 4 we define the notions of generalized differential quotient (GDQ), and
approximate generalized differential quotient (AGDQ), and prove their basic
properties, especially the chain rule, the directional open mapping theorem,
and the transversal intersection property. In Sect. 5 we define the two types of
variational generators that will occur in the maximum principle, and state and
prove theorems asserting that various classical generalized derivatives — such

*Research supported in part by NSF Grants DMS01-03901 and DMS-05-09930.
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as classical differentials, Clarke generalized Jacobians, subdifferentials in the
sense of Michel-Penot, and (for functions defining state space constraints)
the object often referred to as 97 ¢ in the literature — are special cases of
our variational generators. In Sect.6 we discuss the classes of discontinuous
vector fields studied in detail in [24]. In Sect.7 we state the main theorem.
The rather lengthy proof will be given in a subsequent paper.

Acknowledgments. The author is grateful to Paolo Nistri and Gianna
Stefani, the organizers of the Cetraro 2004 C.I.M.E. Summer School, for
inviting him to present the ideas that have led to this paper, to Arrigo Cel-
lina for his useful comments on the condition that is here called “Cellina
continuous approximability,” and to the audience of the Cetraro lectures for
their numerous contributions. He also thanks G. Stefani for the invitation to
give a series of lectures in Firenze in the Summer of 2005, and the partici-
pants of the Firenze lectures, especially Andrei Sarychev, who explained to
the author why it was important to use finitely additive measures.

2 Preliminaries and Background

2.1 Review of Some Notational Conventions and Definitions
Integers and Real Numbers

We use Z, R to denote, respectively, the set of all integers and the set of

all real numbers, and write Ndéf{n €Z:n >0}, Z+d§fN U {0}. Also, R, R,

R, denote, respectively, the extended real line R U {—o0, 400}, the half-line
[0, 400 [, and the extended half-line [0, +o0] (i.e., [0, 400 [U{+00}).

Intervals

An interval is an arbitrary connected subset of R. If a,b € R and a < b, then
INT([a,b]) is the set of all intervals J such that J C [a,b]. Hence INT([a, b])
consists of the intervals [«, 5], [o, B, |a, 8] and o, B[, with a < o < 8 < b,
as well as the singletons {«}, for a < o < b), and the empty set. A nontrivial
interval is one whose length is strictly positive, that is, one that contains at
least two distinct points.

Euclidean Spaces and Matrices

The expressions R, R,, will be used to denote, respectively, the set of all real
column vectors z = (z1,...,2,)" (where “I” stands for “transpose”) and the
set of all real row vectors p = (p1,...,pn). We refer to the members of R,
as covectors. Also, R™*" is the space of all real matrices with m rows and n
columns.
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Ifné€Z,, v € R, recR and r > 0, we use B"(z,7), B"*(z,7) to
denote, respectively, the closed and open balls in R"™ with center = and
radius 7. We write B"(r), B"(r) for B"(0,r), B"0, (r), and B", B" for B"(1),
B™(1). Also, we will use S™ to denote the n-dimensional unit sphere, so

S* = {(z1,...,2np1)t € R?TL: Z;‘;l 2? =1}

Topological Spaces, Metric Spaces, Metric Balls

We will use throughout the standard terminology of point-set topology: a
neighborhood of a point x in a topological space X is any subset S of X that
contains an open set U such that x € U. In the special case of a metric space
X, we use By (z,r), Bx (x,7), to denote, respectively, the open ball and the
closed ball with center x and radius r.

Quasidistance and Hausdorff Distance

If X is a topological space, then Comp®(X) will denote the set of all compact
subsets of X (including the empty set), and Comp(X) will be the set of all
nonempty members of Comp®(X).

If X is a metric space, with distance function dx, then we can define
the “quasidistance” A%“(A, B) from a set A € Comp®(X) to another set
B € Comp®(X) by letting

AV (A, B)=sup { inf{dx(z,z') : ' € B} : J:EA} : (2.1.1)
(This function is not a distance because, for example, it is not symmetric,

since AY*(A, B) =0 but A%*(B,A) #0if A C B and A # B. Furthermore,
AL can take the value 400, since AY“(A, B) = +o0 if A # 0 but B = 0(.)

Definition 2.1 Suppose that X is a metric space. The Hausdorff distance
Ax (K, L) between two nonempty subsets K, L of X is the number

Ay (K, L) = max (Agg‘“(K, L), A%(L, K)) . 0

Tt is then clear that the function Ax, restricted to Comp(X) x Comp(X), is
a metric.

Linear Spaces and Linear Maps

The abbreviations “FDRLS” and “FDNRLS” will stand for the expressions
“finite-dimensional real linear space,” and “finite-dimensional normed real
linear space,” respectively. If X and Y are real linear spaces, then Lin(X,Y")
will denote the set of all linear maps from X to Y. We use X' to denote
Lin(X,R), i.e., the dual space of X. If X is a FDNRLS, then X' is identified
with X in the usual way.
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If X and Y are FDNRLSs, then Lin(X,Y’) is a FDNRLS, endowed with
the operator norm || - ||op given by

[Lllop = sup{[[L - z|[ : & € X, [lz| < 1}. (2.1.2)

Also, we write L(X) for Lin(X, X), the space of all linear maps L : X — X.

We identify Lin(R™,R™) with R™*™ in the usual way, by assigning to each
matrix M € R"™*" the linear map R" 3 x — M -z € R™. In particular, L(X)
is identified with R™"*". Also, we identify R,, with the dual (R")" of R", by
assigning to a y € R,, the linear functional R” 3 z — y -z € R.

If X,Y are FDRLSs, and L € Lin(X,Y), then the adjoint of L is the map
LT : YT XT such that Lf(y) = yo L for y € Y. In the special case when
X =R"and Y =R™, so L € R™*", the map L' goes from R,, to R,,, and is
given by LT(y) =y - L for y € R,y,.

Manifolds, Tangent Spaces, Differentials

If M is a manifold of class C', and x € M, then T,, M will denote the tangent
space of M at z. It follows that if M, N are manifolds of class C', xz € M, F is
an N-valued map defined on a neighborhood U of x in M, and F' is classically
differentiable at x, then the differential DF(x) belongs to Lin(T, M, Tp,)N).

Single- and Set-Valued Maps

Throughout this paper, the word “map” always stands for “set-valued map.”
The expression “ppd map” refers to a “possibly partially defined (that is, not
necessarily everywhere defined) ordinary (that is, single-valued) map.” The
precise definitions are as follows. A set-valued map is a triple F' = (A, B,G)
such that A and B are sets and G is a subset of A x B. If F = (A4, B,G) is a
set-valued map, we say that F' is a set-valued map from A to B. In that case,
we refer to the sets A, B, G as the source, target, and graph of F', respectively,
and we write A = So(F), B = Ta(F), G = Gr(F). If = € So(F), we
write F(z) = {y: (z,y) € Gr(F)}. The set Do(F) = {z € So(F) : F(x) # 0}
is the domain of F. If A, B are sets, we use SVM (A, B) to denote the
set of all set-valued maps from A to B, and write F' : A—B to indicate
that FF € SVM(A,B). A ppd map from A to B is an F € SVM(A, B)
such that F(x) has cardinality zero or one for every x € A. We write
F: A< B toindicate that F is a ppd map from A to B. If F': A+» B,
and C' C A, then the restriction of F to C is the set-valued map F' [ C' defined
by F[C¥(C,B,Gr(F)n (C x B)).
If F| and Fy are set-valued maps, then the composite F5 o Fy is defined
if and only if Ta(Fy) = So(Fz) and, in that case, So(F3o Fl)défSo(Fl)7

Ta(F; o 1) Ta(F,), and

Gr(Fy o Fl)d:ef{(x,z) : (Eiy)((a:,y) € Gr(Fy) and (y,2) € Gr(F2))}.
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If Ais a set, then [4 denotes the identity map of A, that is, the triple
(A, A, Ay), where Ay is the set of all pairs (x, z), for all x € A.

Epimaps and Constraint Indicator Maps

If f: S5 < Ris a ppd function, then:

e The epimap of f is the set-valued map f : S — R whose graph is the
epigraph of f, so that f(s) = {f(s)+v: v € R,v > 0} whenever s € Do(f),
and f(s) = 0 if s € S\Do(f).

e The constraint indicator map of f is the set-valued map x% : S — R
such that x7°(s) = 0 if f(s) <0 or s € S\Do(f), and x7(s) = [0, +oo [ if
f(s)>0.

Cones and Multicones

A cone in a FDRLS X is a nonempty subset C' of X such that r-c € C
whenever ¢ € C,r € R and » > 0. If X is a FDRLS, a multicone in X is a
nonempty set of convex cones in X. A multicone C is convez if every member
C of C is convex.

Polars

Let X be a FDNRLS. The polar of a cone C' C X is the closed convex cone
CT={\e XT:)(c) <0 for all ¢€ C}.IfC is a multicone in X, the polar of

C is the set CT = Clos(U{CT :C e C}), so C' is a (not necessarily convex)

closed cone in X,

Boltyanskii Approximating Cones

If X isa FDNRLS, S C X, and = € S, a Boltyanskii approzimating cone to S
at z is a convex cone C' in X such that there exist an n € Z., a closed convex
cone D in R™, a neighborhood U of 0 in R™, a continuous map F': UND — S,
and a linear map L : R” — X, such that F'(h) =z + L-h+o(||h|]) as h — 0
via values in D, and C' = L - D. A limiting Boltyanskii approximating cone to
S at x is a closed convex cone C' which is the closure of an increasing union
U;il C; such that each C} is a Boltyanskii approximating cone to S at .

Some Function Spaces

If A, B are sets, we use fn(A,B) to denote the set of all functions from
A to B. If X is a real normed space and A is a set, then Bdfn(A, X) will
denote the set of all bounded functions from A to X. The space Bdfn(A, X)
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is endowed with the norm || - ||sup given by || fllsup = sup{||f(¢)|| : t € A}.
Then Bdfn(A, X) is a Banach space if X is a Banach space.

If, in addition, A is a topological space, then C°(A4, X) denotes the space
of all bounded continuous functions from A to B, endowed with the norm
| - llsup- It is clear that C°(A, X) is a closed subspace of Bdfn(A, X), so in
particular CY(4, X) is a Banach space if X is a Banach space.

Tubes

If X is a FDNRLS, a,b € R, a < b, £ € C%Ja,b],X) and § > 0, we use
TX(&,9) to denote the d-tube about ¢ in X, defined by

TX(&,0) Y {(2,t):2€ X, a<t<b, |z—E£(t)]| <5} (2.1.3)

Vector Fields, Trajectories, and Flow Maps

If X is a FDNRLS, a ppd time-varying vector field on X is a ppd map X xR >
(x,t) — f(x,t) € X. A trajectory, or integral curve, of a ppd time-varying
vector field f on X is a locally absolutely continuous map & : I — X, defined
on a nonempty real interval I, such that for almost all t € I the following two
conditions hold: (i) (£(t),t) € Do(f), and (i) £(t) = f(£(t),t). If f is a ppd
time-varying vector field on X, then Traj (f) will denote the set of all integral
curves § : Ie — X of f. If S is a subset of X x R, then Traj (f,S) will denote
the set of £ € Traj (f) such that (£(¢),t) € S for all t € I, and Traj .(f,S)
will denote the set of £ € Traj (f, S) whose domain I is a compact interval.
The flow map of a ppd time-varying vector field X xR> (z,t)— f(x,t) € X
is the set-valued map #f : R x R x X +» X that assigns to each triple
(t,s,7) € R x R x X the set &/ (t,s,2) = {£(t) : € € Traj (f), &(s) = z}.

Functions of Bounded Variation

Assume that X is a real normed space, a,b € R, and a < b.

Definition 2.2 A function ¢ € fn([a,b],X) is of bounded variation if
there exists a nonnegative real number C' such that Z;nzl llo(t;) —e(s)|| < C
whenever m € N and the finite sequences {s;}7L, {t;}/L, are such that
a<s1<t;<sp<tp <+ <8y, <ty <. 0

We use bvfn([a,b], X) to denote the set of all ¢ € fn([a,b],X) that are of
bounded variation, and define the total variation norm |||y of a function
¢ € fn([a,b], X) by letting |||/ = ||o(D)|[+C(p), where C(¢p) is the smallest
C having the property of Definition 2.2. Also, we let bv fn%?([a, b], X) denote
the set of all ¢ € bufn([a,b], X) such that ¢(b) = 0. Then [|¢|: = C(y) if
@ € bufn®?([a,b], X). It is then easy to verify that



Non-Smooth Maximum Principle 227

Fact 2.3 If X is a Banach space, then the space bv fn([a,b], X), endowed with
the total variation norm || - ||+, is a Banach space, and bvfn®®([a,b], X) is a
closed linear subspace of bv fn([a,b], X) of codimension one. O

Fact 2.4 If X is a Banach space and f € bvfn(([a,b],X), then limg, f(s)
exists for every t €]a,b], and limg|, f(s) exists for every t € [a,b]. O

Remark 2.5 The set bvfn([a,b],X) is clearly a linear subspace of
Bdfn([a,b], X). The sup norm and the total variation norm are related by the
inequality ||¢|lsup < ||¢|ltv, which holds whenever ¢ € bvfn([a,b], X). On the
other hand, bvfn([a,b], X) is clearly not closed in Bdfn([a,b], X). O

Measurable Spaces and Measure Spaces

A measurable space is a pair (S,.A) such that S is a set and A is a o-algebra
of subsets of S.

If (S, A) is a measurable space, then a nonnegative measure on (S, .A)
is a map p: A [0,+00] that satisfies u()) = 0 and is countably additive
(i-e., such that (52, Aj) = 272, pu(A;) whenever {A;};en is a sequence of
pairwise disjoint members of A).

A nonnegative measure space is a triple (S, A, ) is such that (S, .A) is a
measurable space and p is a nonnegative-measure on (S,.4). A nonnegative
measure space (S, A, ) is finite if p(A) < oo for all A € A.

Measurability of Set-Valued Maps; Support Functions

Assume that (5, .4) is a measurable space and Y is a FDNRLS.

Definition 2.6 A set-valued map A:S+—Y is said to be measurable if the
set {s € S: A(s) N2 #£ O} belongs to A for every open subset 2 of Y. O

If A has compact values, then we define the support function of A to be the
function o4 : S x YT — R given by

oa(s,x)=sup{(z,y) : y€A(s)} for z€YT, s€8. (2.1.4)
(If A(s) = 0 then we define o 4(s,y) = —oc.) The following fact is well known.

Lemma 2.7 Assume that (S, A) is a measurable space, Y is a FDNRLS,
and A:S+—Y is a set-valued map with compact convex values. For each
y € YT, let by (s) = oa(s,y). Then A is measurable if and only if the function
Yy, 0 S — RU{—oc} is measurable for everyy € YT. |

Integrable Boundedness of Set-Valued Maps

Assume that (5,4, rv) is a nonnegative measure space.

Definition 2.8 A v-integrable bound for a set-valued map A:S+—Y is a
nonnegative v-integrable function k: S — [0,400] having the property that
A(s)C{yeY :|lyll<k(s)} for v-almost all s€S. The map A is said to be
v-integrably bounded if there exists a v-integrable bound for A. O
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2.2 Generalized Jacobians, Derivate Containers,
and Michel-Penot Subdifferentials

For future use, we will now review the definitions and basic properties of three
classical “non-smooth” notions of set-valued derivative, namely, Clarke gen-
eralized Jacobians, Warga derivate containers, and Michel-Penot derivatives.

Generalized Jacobians

Assume that X, Y are FDNRLSs, 2 is an open subset of X, F': 2+— Y is a
Lipschitz-continuous map, and Z, € (2.

Definition 2.9 The Clarke generalized Jacobian of F at T, is the subset
OF (z,) of Lin(X,Y) defined as follows:

o OF(Z.) is the convex hull of the set of all limits L = lim;_ .. DF(x;),
for all sequences {x;}jen in 2 such that (1) lim;j_x; = Ty, (2) F is
classically differentiable at x; for all j € N, and (3) the limit L exists. O

Warga Derivate Containers

Assume that X, Y are FDNRLSs, {2 is an open subset of X, F': 2 — Y and
Ty € £2.

Definition 2.10 A Warga derivate container of F al T, is a compact
subset A of Lin(X,Y) such that:

e [For every positive number § there exist (1) an open neighborhood Us of T
such that Us C 2, and (2) a sequence {Fj}jen of Y-valued functions
of class C* on Us, such that (i) lim; . F; = F uniformly on Us,
(i) dist(DF}(x), A) <6 for every (j,x) e NxUs. O

Michel-Penot Subdifferentials

Assume that X is a FDNRLS, 2 is an open subset of X, f: 2 +— R is a
Lipschitz-continuous function, and z, € (2. For h € X, define

d°f(Zy,h) = 21612 lirrtlisoup t1 <f(§c* +tk+h)— f(z.+ tk)) , (2.2.1)

so that X 3 h + d°f(Z.,h) € R is a convex positively homogeneous function.

Definition 2.11 The Michel-Penot subdifferential of f at T, is the set
0°f(Z+) of all linear functionals w € X1 having the property that the inequality
d° f(Zx,h) > (w, h) holds whenever h € X. O
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2.3 Finitely Additive Measures

Ifa,b €R, a < b, and X is a FDNRLS, we use Pc([a, b], X) to denote the set
of all piecewise constant X-valued functions on [a,b], so that f € Pc([a,b], X)
iff f:[a,b] — X and there exists a finite partition P of [a,b] into intervals
such that f is constant on each I € P. We let Pc([a, b], X) denote the set of all
uniform limits of members of Pc([a, b], X), so Pc([a,b], X) is a Banach space,
endowed with the sup norm. Furthermore, Pc([a, b], X ) is exactly the space of
all f: [a,b] — X such that the left limit f(t—) = lims_.; s<; f(s) exists for all
t €la,b], and the right limit f(t+) = lims_; > f(s) exists for all ¢ € [a,b][.

We define Pco([a,b], X) to be the set of all f € Pc([a,b], X) that vanish
on the complement of a countable (i.e., finite or countably infinite) set. Then
Pco([a,b], X) is the closure in Pc([a,b], X) of the space Pcy([a,b], X) of all
f € Pc([a, b], X) such that f vanishes on the complement of a finite set.

We let pc([a, b], X) be the quotient space Pc([a, b], X)/Pco([a, b], X). Then
every equivalence class F' € pe([a, b], X) has a unique left-continuous member
F_, and a unique right-continuous member F'., and of course F_ = F on
the complement of a countable set. So pe([a, b], X) can be identified with the
set of all pairs (f_, f1) of X-valued functions on [a,b] such that f_ is left-
continuous, fi is right-continuous, and f_ = f; on the complement of a
countable set.

If X is a FDNRLS, then we use bvadd([a,b],X) to denote the dual
space pc([a,b], X1 of pc([a,b], XT). A reduced additive X -valued interval
function of bounded wvariation on [a,b] is a member of bvadd([a,b], X). A
measure p € bvadd([a,b], X) gives rise to a set function /i : INT([a,b]) — X,
defined by (a(1),y) = p(x¥) for y € XT, where x¥(t) = 0 if t ¢ I and
XY(t) = y if t € I. We then associate to u its cumulative distribution cd,,
defined by cd,(t) = —pa([t,b]) for t € [a,b]. Then cd, belongs to the space
bufn®®([a,b], X) of all functions ¢ : [a,b] — X that are of bounded variation
(cf. Definition 2.2) and such that ¢(b) = 0. The map

bvadd([a,b], X) > p v+ cd, € bufn®([a,b], X)

is a bijection. The dual Banach space norm ||u|| of a p € bvadd([a,b], X)
coincides with [|cd,,||po.

Remark 2.12 The non-reduced additive X-valued interval functions of
bounded variation on [a, b] are the members of the dual space Pc([a, b], X ).
Then bvadd([a,b], X) consists of those members of Pc([a,b], XT)T that vanish
on every test function F € Pc([a,b], XT) such that F(t) = 0 for all but
finitely many values of ¢. For a reduced interval function u € bvadd([a,b], X),
the measure fi({t}) of every singleton is equal to zero, because the function
X?{Jt} belongs to Pcy([a, b], XT) for every y € XT. O

A p € bvadd(]a,b], X) is a left (resp.right) delta function if there exist
anx € X and at €]a,b] (resp. a t € [a,b]) such that pu(F) = (F(t—),z)
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(resp. u(F) = (F(t+),z)) for all F' € pc(la, b, X ). We call p left-atomic (resp.
right-atomic) if it is the sum of a convergent series of left (resp. right) delta
functions.

A p € bvadd([a,b],X) is continuous if the function ed,, is continuous.
Every 4 € bvadd([a,b],X) has a unique decomposition into the sum of a
continuous part fic,, a left-atomic part piq¢,— and a right-atomic part pigs 4.
(This resembles the usual decomposition of a countably additive measure into
the sum of a continuous part and an atomic part. The only difference is that
in the finitely additive setting there are left and right atoms rather than just
atoms.)

If Y is a FDNRLS, a bounded Y -valued measurable pair on [a,b] is
a pair (y—,7v4+) of bounded Borel measurable functions from [a,b] to
Y such that v_ =~; on the complement of a finite or countable set.
If X,Y,Z are FDNRLSs, YV x X 2 (y,z) — (y,x) € Z is a bilinear map,
w € bvadd([a,b], X ), and v = (y-,74+) is a bounded Y-valued measurable pair
on [a, b], then the product measure ~y - is a member of bvadd([a, b], Z) defined
by multiplying the continuous part p., by v— or 74, the left-atomic part by
~_, and the right-atomic part by . In particular, the product v - p is a well
defined member of bvadd([a,b], X) whenever u € bvadd([a,b],R) and v is a
bounded X-valued measurable pair on [a, b].

Finally, we briefly discuss the solutions of an “adjoint” Cauchy problem
represented formally as

dy(t) = —y(t) - L(t) - dt +dp(t),  y(b) =7, (2.3.1)

where 11 belongs to bvadd([a,b], XT), L € L'([a,b], L (X)), and we are looking
for solutions y(-) € bvadd([a,b], XT).
This is done by rewriting our Cauchy problem as the integral equation

b
y(t) = V() = / y(s) - L(s) - ds, where V =cd,. (2.3.2)
t
Equation (2.3.2) is easily seen to have a unique solution 7, given by

7(t) =5 My(b,t) — /[t ) M1, (2.3.3)

where M, : [a,b] x [a,b] — L(X) is the fundamental solution of M = M - L,
characterized by the identity M (7,t) = Ix + [, L(r) - Mp(r,t) dr.

3 Cellina Continuously Approximable Maps
The CCA maps constitute a class of set-valued maps whose properties are

similar to those of single-valued continuous maps. The most important such
property is the fixed point theorem that, for single-valued continuous maps, is
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known as Brouwer’s theorem in the finite-dimensional case, and as Schauder’s
theorem in the infinite-dimensional case. A class of set-valued maps with some
of the desired properties was singled out in the celebrated Kakutani fixed
point theorem (for the finite-dimensional case), and its infinite-dimensional
generalization due to Fan and Glicksberg. This class, whose members are the
upper semicontinuous maps with nonempty compact convex values, turns out
to be insufficient for our purposes, because is lacks the crucial property that
a composite of two maps belonging to the class also belongs to the class.
(For example, if f : B"(0,1) ~ B™(0,1) has nonempty convex values and a
compact graph, and g : B"(0,1) +— B"™(0,1) is single-valued and continuous,
then g also has a compact graph and nonempty convex values, so g belongs to
the class as well, but go f need not belong to the class, because the image of a
convex set under a continuous map need not be convex. And yet it is obvious
that go f has to have a fixed point, because the same standard argument used
to prove the Kakutani theorem applies here as well: we can find a sequence of
single-valued continuous maps f; that converge to f in an appropriate sense,
apply Brouwer’s theorem to obtain fixed points x; of the maps g o f;, and
then pass to the limit.)

The previous example strongly suggests that there ought to exist a class of
maps, larger than that of the Kakutani and Fan-Glicksberg theorems, which is
closed under composition and such that the usual fixed point theorems hold.
This class was introduced by A. Cellina in a series of papers around 1970
(cf. [3-6]). We now study it in detail.

3.1 Definition and Elementary Properties

CCA maps are set-valued maps that are limits of single-valued continuous
maps in the sense of an appropriate (non-Hausdorfl) notion of convergence.
We begin by defining this concept of convergence precisely.

Inward Graph Convergence

If K, Y are metric spaces and K is compact, then SV Mo, (K, Y) will denote
the subset of SVM (K,Y’) whose members are the set-valued maps from K to
Y that have a compact graph. We say that a sequence {F}}jen of members
of SV Meomp(K,Y) inward graph-converges to an F € SV Meomp(K,Y) — and

write F; ~2» F — if for every open subset 2 of K x Y such that Gr(F) C 2
there exists a jo € N such that Gr(F};) C {2 whenever j > jp.

The above notion of convergence is a special case of the following more
general idea. Recall that Comp®(X) is the set of all compact subsets of X.
Then we can define a topology Teompo(x) on Comp”(X) by declaring a subset
U of Comp®(X) to be open if for every K € U there exists an open subset U
of X such that K C U and {J € Comp®(X) : J C U} C U. (This topology is
non-Hausdorff even if X is Hausdorff, because if J, K € Comp®(X), J C K,
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and J # K, then every neighborhood of K contains J.) Inward graph
convergence of a sequence {Fj}jeny of members of SV Meom,(K,Y) to an
F € SV Meomp(K,Y) is then equivalent to convergence to Gr(F) of the sets
Gr(F}) in the topology Tcompo(x)-

The convergence of sequences and, more generally, of nets, in the space
Tcompo(x) can be characterized as follows, in terms of the quasidistance A7*®
defined in (2.1.1).

Fact 3.1 Let (Z,dz) be a metric space, let K = { Ky }aca be a net of members
of Comp®(Z), indexed by a directed set (A,=4), and let K € Comp®(Z).
Then the net K converges to K with respect to Toompo(z) if and only if
limg AL(K,, K) = 0. 0

Fact 3.1 can be applied in the special case when the metric space Z is a
product X x Y, equipped with the distance dz : Z x Z +— R, given by

dz ((1‘, y)u (,T/, y/)) = dX(‘T7 {L‘/) + dy(y, y') . (311)

We then obtain the following equivalent characterization of inward graph
convergence.

Fact 3.2 Let X, Y be metric spaces, with distance functions dx, dy, let
F = {F.}aca be a net of members of SV Meomp(X,Y), indezed by a directed
set (A,=<4), and let F € SV Momp(X,Y). Then the net F converges to F
in the inward graph convergence sense (that is, the graphs Gr(F,) converge

to Gr(F) in Toompo(xxy)) if and only if  limgq AL (Gr(Fa),Gr(F)) =0,
where Z = X XY, equipped with the distance dz given by (3.1.1). O

Compactly Graphed Set-Valued Maps

Suppose that X and Y are metric spaces, and F' : X +» Y. Then F
is compactly graphed if, for every compact subset K of X, the restriction

F[K of F to K has a compact graph, i.e., has the property that the set

Gr(F fK)déf{(x,y) cx € KNy € F(x)} is compact.

We recall that, if X, Y are topological spaces, then a set-valued map
F: X — Y is said to be upper semicontinuous if the inverse image of every
closed subset U of Y is a closed subset of X. It is then easy to see that

Fact 3.3 If X and Y are metric spaces and F : X +— Y has compact values,
then F is upper semicontinuous if and only if it is compactly graphed. a

CCA Maps

We are now, finally, in a position to define the notion of a “Cellina continuously
approximable map.”
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Definition 3.4 Assume that X and Y are metric spaces, and F : X +—» Y.
We say that F is Cellina continuously approximable (abbr. “CCA”) if
F is compactly graphed and

e [or every compact subset K of X, the restriction F' [ K is a limit — in the
sense of inward graph-convergence — of a sequence of continuous single-
valued maps from K toY . O

We will use the expression CCA(X,Y") to denote the set of all CCA set-
valued maps from X to Y. It is easy to see that

Fact 3.5 If f: X — Y is a ppd map, then the following are equivalent:
(1) f € CCA(X,Y)

(2) f is everywhere defined and continuous
(3) [ is everywhere defined and compactly graphed O

Composites of CCA Maps

The following simple observation will play a crucial role in the theory of GDQs
and AGDQs.

Theorem 3.6 Assume that X, Y, Z are metric spaces. Let F € CCA(X,Y),
G € CCA(Y, Z). Then the composite map G o F belongs to CCA(X, Z).

Proof. Let H = G o F'. We prove first that H is compactly graphed. Let K
be a compact subset of X, and let J = Gr(H [ K). A pair (z,z) belongs
to J if and only if there exists y € Y such that (z,y) € Gr(F[K)
and (y,z) € Gr(G). Let Q@ = w(Gr(F[K)), where 7 is the projection
X xY 3 (z,y) —yeY. Then (x,2) € J iff there exists y € @ such that
(z,y) € Gr(F[K) and (y,2) € Gr(G [ Q). Equivalently, (x,z) € J iff there
exists a point p = (z,y,9,2) € S such that IT(p) = (x,z) and p € A, where
A={(z,y,75,2) e X xY xYxZ:y=7}, S=GCr(F[K)xGr(G[Q), and
IT is the projection X XY xY x Z € (2,9,9,2) — (z,2) € X x Z.

So J=1II(SNA). Since S is compact and A is closed in X x Y xY x Z,
the set SN A is compact, so J is compact, since IT is continuous. Hence H is
compactly graphed.

We now fix a compact subset K of X, let h = H [ K, and show that
there exists a sequence {h;};en of continuous maps from K to Z such that
h; 225 1. For this purpose, we let f = F [ K, and use the fact that F' is a
CCA map to construct a sequence {f;};jen of continuous maps from K to Y
such that f; ~2» f as j — oo. Then the set B = Gr(f) U (U;’;l Gr(fj)) is
clearly compact. (Proof: Let O be a set of open subsets of X x Y such that
B CU{2: 2 € O}. Then Gr(f) C U{f2 : 2 € O}. Since Gr(f) is compact,
we may pick a finite subset O of O such that Gr(f) C [J{£2: 2 € Op}. Since
the set {2 : 2 € Oy} is open and contains Gr(f), there exists a j* € N
such that Gr(f;) € U{f2 : £2 € Op} whenever j > j*. For j = 1,...,j%,
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use the compactness of Gr(f;) to pick a finite subset O, of O such that
Gr(f)) CU{R2: 2 € 0;}. Let O =J{O; :j =0,...5*}. Then O is a finite
subset of O, and B C |J{2: 2 € O}.)

Let C' = n(B), where m is the projection defined above. Then C is a
compact subset of Y, and the fact that G is a CCA map implies that there

exists a sequence {g;};en of continuous maps g; : C'+— Z such that g, 2L,
where g =G [ C.

We now define h; = g; o f;, and begin by observing that the h; are well
defined continuous maps from K to Z. (The reason that h; is well defined
is that if x € K, then (z, f;(z)) € Gr(f;) C B, so (z, fj(x)) € B, and then
fi(z) € C, so g;(f;(x)) is defined. The continuity of h; then follows because
it is a composite of continuous maps.)

To conclude the proof, we have to establish that h; 225 h. Let us first
define a; = sup{=(z,z) : (z,2) € Gr(h;)}, where = is the map given by
E(z,z) = inf{d(x,z) + d(z,2) : (%, %) € Gr(h)}. We want to show that a; — 0
as j — oo. Suppose not. Then by passing to a subsequence we may assume that
a; > 2a for all j, for some strictly positive a&. For each j, pick (z;, z;) € Gr(h;)
such that =(xj,2;) > @ Let y; = f;(x;), so z; = g;(y;). The point (z;,y;)
then belongs to Gr(f;), so ©(z;,y;) — 0, where © was defined above. Hence
we can find (Z;,y,;) € Gr(f) such that d(x;,%;) + d(y;,7;) — 0. Similarly,
we can define O(y, z) = inf{d(y,7) + d(z,%) : (4,%) € Gr(g)}, and conclude
that é(yj,zj) — 0, since g; 2%, ¢, so we can find points (j}f,ij), belonging
to Gr(g), such that d(yj,fg;#) +d(z;,%;) — 0. So all four quantities d(x;, Z;),
d(y;,7;), d(y;, gf), and d(z;, Z;), go to 0. Since Gr(f) and Gr(g) are compact
we may assume, after passing to a subsequence, that the (Z;,7;) converge to
a limit (Z,7) € Gr(f), and the (gjf,éj) converge to a limit d(§7, %) € Gr(g).
Since d(y;,9;) — 0 and d(yj,gjf) — 0, we have dgj,gf) — 0,50 7 = g§7. So
(z,9) € Gr(F) and (g, 2) € Gr(G), from which it follows that (Z,2) € Gr(H).
But d(zj,z;) — 0 and Z; — Z, so d(z;,Z) — 0. Similarly, d(z;, %) — 0. Hence
Z(zj,2j) — 0 contradicting the inequalities =(z;,2;) > a& > 0. So a;j — 0,
and our proof is complete. O

3.2 Fixed Point Theorems for CCA Maps

The Space of Compact Connected Subsets of a Compact Metric
Space

Recall that, if X is a metric space, then Comp(X) denotes the set of all
nonempty compact subsets of X. The Hausdorff distance Ax was introduced
in Definition 2.1. We write Comp,(X) to denote the set of all connected
members of Comp(X). We will need the following fact about Comp(X).

Proposition 3.7 Let X be a compact metric space. Then (I) (Comp(X), Ax)
is compact, and (II) Comp.(X) is a closed subset of Comp(X).
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Proof. We first prove (I). Let X be compact, and let D be the diameter of
X, that is, D = max{dx(z,2’) : z,2’ € X}. Let {K,};en be a sequence
in Comp(X). For each j € N, let ¢; : X — R be the function given by
@j(x) = dx(z, K;). Then each ¢; is a Lipschitz function on X, with Lip-
schitz constant 1. Furthermore, the bounds 0 < goj(sc) < D clearly hold.
Hence {¢;};en is a uniformly bounded equicontinuous sequence of continuous
real-valued functions on the compact space X. Therefore the Ascoli-Arzela
theorem implies that there exist an infinite subset J of N and a continuous
function ¢ : X + R such that the ¢; converge uniformly to ¢ as j — oo via
values in J. Define K = {x : ¢(x) = 0}. Then K is a compact subset of X.

Let us show that K # (). For this purpose, use the fact that each Kj is
nonempty to find a member x; of K;. Since X is compact, there exists an
infinite subset J’ of J such that the limit # = lim;_ . je  z; exists. Since
@;(x;) =0, and ¢; — ¢ uniformly, it follows that ¢(z) = 0, so € K, proving
that K # 0, so that K € Comp(X).

We now show that K; —; K in the Hausdorff metric, where “—;”
means “converges as j goes to oo via values in J.” First, we prove that
AV (K, K;) — 0. By definition, AY"“(K, K;) = sup{p;(x) : € K}. Since
p; — ¢ uniformly on X, it follows that ¢; —; ¢ uniformly on K. But ¢ =0
on K, so ¢; —; 0 uniformly on K, and then sup{y;(z) : x € K} —; 0, that
iS, Agga(K, KJ) —J 0.

Next, we prove that AY“(K;, K) —; 0. If this was not so, there would
exist an infinite subset J’ of J and an « such that o > 0 and

AV K;,K)>a whenever jcJ'. 3.2.1
x

For each j € J', pick z; € K; such that distx (z;, K) = AY"(K;, K). Then,
using the compactness of X, pick an infinite subset J” of J’' such that the
limit = lim; o je s~ ; exists. Clearly, ¢;(z;) = 0, because z; € K;. Hence
o(z) =0,s0 x € K. But dx(zj,z) — 0 as j —_, co. Hence distx (z;, K) — 0
as j — ,,, 0o, contradicting (3.2.1). This proves (I).

We now prove (II). Let {K};en be a sequence in Comp(X) that converges
toa K € Comp(X) and is such that all the K; are connected. We have to prove
that K is connected. Suppose K was not connected. Then there would exist
open subsets Uy, U of X such that K C Uy UU,, UyNU; = 0, KNU; # ), and
K NUs, # 0. The fact that K; — K clearly implies that there exists a j, such
that, if j > j., then (a) K]‘ CULUU,, (b) K]’ NUy ?é @, and (C) Kj NU, ?é 0.
But then, if we pick any j such that j > j., the set K; is not connected, and
we have reached a contradiction. This completes the proof of (II). O

Connected Sets of Zeros

The following result is a very minor modification of a theorem of Leray and
Schauder — stated in [14] and proved by F. Browder in [2] — according to which:
if K C R™ is compact convex, 0 € Int K, R > 0, and H : K x [0, R] — R"



236 H.J. Sussmann

is a continuous map such that H(x,0) = x whenever x € K and H never
vanishes on OK x [0, R], then there exists a compact connected subset Z of
K x [0, R] such that H(x,t) = 0 whenever (x,t) € Z, and the intersections
ZN(K x{0}), Zn (K x {R}) are nonempty.

Our version allows H to be a set-valued CCA map, and in addition allows
0 to belong to the boundary of K, but requires that 0 be a limit of interior
points v; such that H never takes the value v; on 0K x [0, R].

Theorem 3.8 Let n € Z4, and let K be a compact conver subset of R™.
Assume that R > 0 and H: K x [0,R] —» R"™ is a CCA map. Assume,
moreover, that:
(1)H(z,0) = {z} whenever z € K
(2) There exists a sequence {v;};en of interior points of K such that:
(21) llm]‘}oo v; = 0
(2.2) H(x,t) # v; whenever x€0K, t€[0,R], jeN
Then there exists a compact connected subset Z of K x [0, R] such that:
(a) 0 € H(x,t) whenever (z,t) € Z
(b) Z0 (K x {0}) 0
(c) ZN(K x {R}) # 0

Remark 3.9 If 0 is an interior point of K, and H never takes the value 0
on 0K x [0, R], then Hypothesis (2) is automatically satisfied, since in that
case we can take v; = 0. If in addition H is single-valued, then Theorem 3.8
specializes to the result of [14] and [2]. O

Remark 3.10 Any point (£, 7) of intersection of Z N (K x {0}) must satisfy
7=0and 0 € H(£,0). Since H(&,0) = {£}, £ must be 0. So Conclusion (b) is
equivalent to the assertion that (0,0) € Z. O

Proof of Theorem 3.8. Pick a sequence {H} }en of ordinary continuous maps

H} : K x [0, R] — R" such that H} B H oas k — oo Then, for each k, pick
a sequence {H;ig}keN of polynomial maps ng,e : R™ x R +— R™ such that

sup{||H£74(x,t) — H}(z,t)]| : (z,t) € K x [0,R]} <27°.

Let Hy = Hf ., and define H;(z,t) = H}(x,t) + x — H(2,0). Then the H;;
are polynomial maps from R™ xR to R" such that H}!(z,0) = x for all z € R™.
We claim that

HAT(K % [0,R]) 25 H  as k— 0. (3.2.2)

To prove (3.2.2), we let ag, = sup{0x(&,7) : (§,7) € K x [0, R]}, where

01, T)=min { g —al|+ |+ (€, 7)—ylls (@, 1) €K X [0, ], ye H(w,) .
(3.2:3)
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and show that aj — 0. Assume that «; does not go to 0. Then assume, after
passing to a subsequence if necessary, that ap > 30 for a strictly positive
(. Then we may pick (£, 7x) € K x [0, R] such that (&, %) > 20 for all
k. After passing once again to a subsequence, we may assume that the limit
(€,7) = limy,_ o0 (&, T¢) exists and belongs to K x [0, R]. Then (3.2.3) implies,
since Oy (&, k) > 23, that ||& — &+ |76 — 7|+ || HE (Ek, ) — vl > 28 whenever
y € H(E,7). If k is large enough then [|&, — &|| + |7 — 7| < 3. So we may
assume, after passing to a subsequence, that ||H2(&, 7x) — vl > 3 whenever
y e H(ET). B
On the other hand, if y € H({, 7). then

Hy (&, ) — vl
Hig (&, ) — Hi (&) | + |1 HE (66, 78) — |
= [|H}(&xs i) + & — Hi(Er, 0) — H (s ) | + 1 H (& i) —
(& ) — Hy (s i) | + 116 — HE &k, O] + 1 H (s i) —
= |HE o (&, ) — Hy (s )l + 166 — HE 1 (&, O + 1 H g (ks ) — |
<278 4 ||&k — H)y (8, 0) || + |1 H (€, 0) — HE 1 (&, O)I| + 1 H (k7)) — o
<2870 4 ||& — Hi (6, 0) + [ Hig (rs ) — wll
=2"F )l — ukll + vk — ol

where up = H}(&,0), vi = HL(&, k). Since (&k,0,u;) € Gr(H}) and
H} — G H, we may pick points (£, 7, @) € Gr(H) such that

€k — Exll + 7 + luk — ]| = 0 as t— oo. (3.2.4)

We may then pass to a subsequence and assume that the limit (500, Toos Uoo)
of the sequence {(§k,7k,uk)}k€N exists and belongs to Gr(H). Then (3.2.4)
implies that £, — & (from which it follows that foo = €), 7o = 0, and, finally
oo = limg 00 up = limg 00 H} (&, 0).

Since (£,0,ls0) = (€sos Toos fing) € Gr(H), we conclude that i, € H(,0),
SO 1l = &. Since & — € and uy, — &, we see that limy_ o ||€x — uz|| = 0.

Next, since (&, 7k,vi) € Gr(H}) and H} — ' H, we may pick points
(ék, T, 0 ) € Gr(H) such that

€6 — &kl + |7 — 7| + lok — 9] = 0 as t— oo. (3.2.5)

It is then possible to pass to a subsequence and assume that the limit
(éoo,%oo,{)oo) = limk_,oo(fk,%k,{zk) exists and belongs to Gr(H). Then (3.2.5)
implies that & — £s (s0 that o = &), Tk — 7so (SO that 7o, = 7), and
Voo = limg—00 vk = limg 0o H} (€, T) (so that [Jvp — o] — 0 as k — 00).
Since (€,7,000) = (EsosToos oe) € Gr(H), we conclude that i € H(E,7).
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Hence we can apply the inequality 3 < 2% + [|& — ug| + |lvx — y| with
Y = Voo, and conclude that

B <277 4 16k — urll + ok — tool - (3.2.6)

However, we know that limy_.o || — ui|| = 0, and limg .o [|vr — 06| = 0.
So the right-hand side of (3.2.6) goes to zero as k — oo, contradicting the fact
that § > 0. This contradiction completes the proof of (3.2.2).

The set

Q=H(OK x [0,R]) = {y € R" : (3z € 9K)(3t € [0, R))(y € H(z, 1))}

is compact, and our hypotheses imply that the points v; do not belong to Q.
Let Qr = H(OK x [0, R]), so Q is also compact. We claim that:

(3) For every j € N there exists a k(j) € N such that v; ¢ Qp whenever
k> w(j).

To see this, suppose that j is such that v; € @y for infinitely many values of k.
Then we may assume, after passing to a subsequence, that v; € @y, for all £.

Let v; = Hi (xy, 1), 21 € 0K, ty € [0, R]. Since H{ [ (K x [0, R]) -2 H, we
may pick (Zy,tx, 9%x) € Gr(H) such that ||, —Zg |+ |[ts — x| +||v; — k|| — 0.
Since Gr(H) is compact, we may pass to a subsequence and assume that
the limit (Too,foo; Too) = limy oo (Tk, Tk, Us) exists and belongs to Gr(H).
But then Z., = limg_.o 2, so in particular ., € 0K, because x; € K,
and Joo = limy_o0 tg.  In addition, ¥ = v;. So v; € H(Feo,teo) and
(Foortoo) € OK x [0, R]. Hence v; € @, and we have reached a contradiction,
proving ($).

We now pick, for each j, an index k(j) such that k(j) > (j) and
k(j) > j, and let H} = H,‘j(j). Then each HY is a polynomial map such that
H3(z,0) = « whenever z € R", and Hj (z,t) # v; whenever (z,t) belongs to

OK x [0, R]. Furthermore, H? [ (K x [0, R]) 2% H as j — oo. Since the set
Pj = H (0K x [0, R]) is compact, v; ¢ P, and v; € Int(K), we may pick
for each j an e; such that 0 < e; < 277 with the property that the ball
Bj ={veR":|v—uvj|| <e;} is a subset of Int(K) and does not intersect
P;. It follows from Sard’s theorem that, for any given j, almost every v € R"
is a regular value of both maps R" x R > (z,t) — Hj(z,t) € R" and
R™ 5 x +— Hg’(a:,R) € R™. So we may pick w; € B, which is a regular
value of both maps. Since v; — 0 as j — oo and |lw; — v;|| < &; < 277, we
can conclude that lim;_,. w; = 0.

We now fix a j. Let S = {(z,t) € R* x R: H(x,t) = w;}. Then S is the
set of zeros of the polynomial map

R" xR 3 (x,t) |—>H§’(a:,t)—wj eR",

which does not have 0 as a regular value. It follows that S is a closed embedded
one-dimensional submanifold of R™ x R, so each connected component of
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S is a closed embedded one-dimensional submanifold of R™ x R which is
diffeomorphic to R or to the circle S' = {(x,y) € R?: 22 + 4% = 1}. Since
Hf(wj,O) = wj, the point (w;,0) belongs to a connected component C of
S. Since C is diffeomorphic to R or S, the set X of all smooth vector fields
X on C such that || X (z)]] = 1 for every € C has exactly two members.
Fix an X € X, so the other member of X is —X. The vector X (w,,0) is then
tangent to C at (wj,0), and therefore belongs to the kernel of DH]5 (w;,0). On
the other hand, the differential at w; of the map R™ > z — H?(z,0) € R is
the identity map, which is injective. It follows that the vector X (w,,0) is not
tangent to R” x {0}. Hence X (w;,0) = (w,7), withw € R”, r € R, and r # 0.
We may then assume, after relabeling —X as X, if necessary, that r > 0.

Next, still keeping j fixed, we let v, be, for each ¢ € C, the maximal
integral curve of X such that v,(0) = ¢. Then each ~, is defined, in principle,
on an interval I, =]ag, 4], where —oco < oy < 0 < 8, < +00. It turns out,
however, that the numbers aq, [, cannot be finite. (For example, suppose
By was finite. Then the limit p = limyp, 74(t) would exist, as a limit in
the ambient space R"™ x R, because 7, is Lipschitz. Then p would have to
belong to C, since C' is closed, and p would also be the limit in C' of ~,(t)
as t T B4, because C' is embedded. Hence we would be able to extend v, to a
continuous map from the interval I, =]ay, B,] to C such that v,(8,) = p, and
concatenate this with an integral curve 7 : [y, B4+¢[+— C such that 5(8,) = p,
thereby obtaining an extension of v, to a larger interval, and contradicting
the maximality. of v,. A similar argument works for a,. So a; = —oo and
B¢ = +00.) Therefore I, = R for every ¢ € C. Clearly, the set A; = v4(R)
is an open submanifold of C. Furthermore, if ¢,¢" € C then the sets A,, Ay
are either equal or disjoint. Since C is connected, all the sets A, coincide and
are equal to C. In particular, if we let ¢ = (w;,0), and write v = ~4, then
v(R) = C. Write v(t) = (£(¢),7(t)), £(t) € R™, 7(t) € R. Then there exists
a positive number § such that £(¢) € Int(K) for —6 < t < ¢ and t7(¢t) >0
for 0 < |t| < 4. It follows, after making § smaller, if necessary, that y(t) is an
interior point of K x [0, R] for 0 < t < 6. If C' is diffeomorphic to S!, then v is
periodic, so there exists a smallest time T" > 0 such that v5(7") = v(0). Then
~(T = h) = y(=h) for small positive h, so 7(T — h) = 7(—h) < 0 for such h,
implying that v(t) ¢ K x [0,R] when ¢t < T and T — ¢ is small enough. It
follows that it is not true that v(¢) € K x [0, R] for all ¢ € [0,T]. If we let
M ={te[0,T]:~(t) ¢ K x[0,R]}, then M is a nonempty relatively open
subset of [0,77]. Let Ty = inf M. Then T > 0, because v(¢) € K x [0, R] when
0 <t < 6. Therefore Ty ¢ M, because if Ty € M then the facts that M is
relatively open in [0,7] and Ty > 0 would imply that Tp — h € M for small
positive h, contradicting the fact that Ty = inf M. It follows that:

(&) Ty > 0, 7(t) € K x [0, R] for 0 < t < To, 4(To + he) ¢ K x [0, R] for
sequence {h¢}oen of positive numbers converging to 0, and 7y is an injective
map on [0, Ty].
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So we have proved the existence of a Ty for which (&) is true, under the
hypothesis that C' is diffeomorphic to S!.

We now show, still keeping j fixed, that a Ty for which (&) holds also
exists if C' is diffeomorphic to R. To prove this, we define a set M by letting
M ={t €[0,+00[: ¥(t) ¢ K x [0, R]}. Then M is a relatively open subset of
[0, +o00[. Furthermore, M # (. (Proof. If M was empty, then () would
belong to K x [0, R] for all positive t. So we could pick a sequence {ty}sen of
positive numbers converging to +oo and such that v(t¢) converges to a limit
q. But then ¢ € C, because C is closed, and the equality limy_,~ ¥(t¢) = ¢
also holds in C, because C' is embedded. Since C' is embedded, there exists a
neighborhood U of g in R™ x R which is diffeomorphic to a product —]p, p[**!
under a map @ : U — —]p, p[**! that sends ¢ to 0 and is such that ¢(UNC) is
the arc A = {(s,0,...,0) : —p < s < p}. Then ~(t;) € A if £ is large enough.
But A itself, suitably parametrized, is an integral curve Jo, 5[ t — ((t) of
X such that « < 0 < 8 and ((0) = ¢. It follows that for large enough ¢
there exist hy €Ja, B[ such that hy — 0 as £ — oo and ((hs) = y(t¢). Let
T € R be such that v(T) = ¢q. Then ¥(T + hy) = ((h¢) = ~(t¢). Since the
ty go to +o0, but the T 4 hy are bounded, there must exist at least one /¢
such that T+ hy # t,. Since y(T + hy) = ((he) = (t¢), it follows that v is
periodic and then C' = y(R) is compact, contradicting the assumption that C'
is diffeomorphic to R.) Let Ty = inf M. Then T > 0, because v(t) € K x [0, R]
when 0 < t < §. Therefore T; ¢ M, because if Ty € M then the facts that M
is relatively open in [0, +oo[ and Ty > 0 would imply that Ty — h € M for
small positive h, contradicting the fact that Ty = inf M. Hence (&) holds.

So we have shown that:

or every j there exist a positive number ' and a smooth curve
&&) F i th ber TY and h
[0, +00[> s — Y (s) = (€9(s),77(s)) € R™ x R such that:
(k1) 79(0) = (5,0) |
(&&.2) ~(s) € K x [0,R] for 0 < s <Tjy
(&&.3) There exists a sequence {hy¢}ien of positive numbers, converging
to 0, such that v’ (Tg + hy) ¢ K x [0, R] for every ¢
(&&.4) 47 is an injective map on [0, T3]
(&&.5) H (v (s)) = w; for every s € [0,T7]

We now let Z; = ~7([0,Tj]) for every j € N. Then each Z; is a compact
connected subset of K x [0, R], such that (w;,0) € Z; and the function H? —w;
vanishes on Z;. Furthermore, we claim that Z; N (K x {R}) # 0. (Proof.
We show that 47 (TJ) € K x {R}. To see this, observe that (&&.2) implies
that +/(TJ) € K x [0, R], and (&&.3) implies that 47 (T3) is not an interior
point of K x [0,R], so v/(TJ) € O(K x [0,R]). On the other hand, it is
clear that d(K x [0, R]) = (0K x [0, R]) U (K x {0, R}). But 47(TJ) cannot
belong to K x [0, R], because H; (v’ (T])) = w; and H? never takes the value
w; on K x [0, R] (because w; € B; and B; N P; = 0). So 47(TY) belongs
to (K x {0}) U (K x {R}). But 4/(TJ) cannot belong to K x {0}, because
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Wj(TOj) # 77 (0) (thanks to (&&.4)), 4/ (0) = (w;,0), and (wj;,0) is the only
point of K x {0} where H} — w; vanishes (since H}(x,0) = z for all x). So
YI(T]) € K x {R}, as desired.)

Since Z = {Z;}en is a sequence of nonempty compact connected subsets
of K x [0, R], Proposition 3.7 implies that we may assume, after passing to a
subsequence, that Z converges in the Hausdorff metric to a nonempty compact
connected subset Z of K x [0, R]. We now show that Z satisfies the three
properties of the conclusion of our theorem. First. we prove that 0 € H(x,t)
whenever (z,t) € Z. Pick a point (x,t) of Z. Then dist((x,t), Z;) goes to 0
as j — 00. So we may pick (z;,t;) € Z; such that z; — 2 and t; — t. Since
(zj,t;) € Zj, the point ((z;,t;), w;) belongs to Gr(HJ [ (K x [0, R])). Since

H? [ (K %[0, R]) 8%, [, we may pick points ((Z,1),;) in Gr(H) such that

Jim (Jlay = &+ 1t =] + oy —y1]) = 0. (3.27)
Since (xj,tj,w;) — (z,t,0), (3.2.7) implies that ((Z;,%;),9;) — ((z,t),0).
Since Gr(H) is compact, ((z,t),0) belongs to Gr(H), so 0 € H(x,t), as
desired. Next we show that Z N (K x {0}) # (. To see this, it suffices to
observe that (w;,0) € Z; and w; — 0, so (0,0) € Z. Finally, we prove that
Z; N (K x {R}) # 0. For this purpose, we use the fact that Z;N(K x{R}) #
to pick points z; € K such that (z;, R) € Z;. Using the compactness of K,
pick an infinite subset J of N such that z = lim; . jes 2; exists and belongs
to K. Then, since (z;, R) € Zj, (2;, R) — (2, R), and Z; — Z in the Hausdorff
metric, it follows that (z, R) € Z, concluding our proof. O

Kakutani—Fan—Glicksberg (KFG) Maps

An important class of examples of CCA maps consists of those that we will
call Kakutani—Fan—Glicksberg (abbreviated “KFG”) maps, because they occur
in the celebrated finite-dimensional Kakutani fixed point theorem as well as
in its infinite-dimensional version due to Fan and Glicksberg.

Definition 3.11 If X is a metric space and C' is a convex subset of a normed
space, a KFG map from X to C is a compactly-graphed set-valued map
F : X — C such that F(z) is convex and nonempty whenever x € X. O

Remark 3.12 It follows from Fact 3.3 that a set-valued map F : X — C
from a metric space X to a conver subset C' of a normed space is a KFG
map if and only if it is an upper semicontinuous map with nonempty compact
convez values. O

The following result is due to A. Cellina, cf. [3,4,6].

Theorem 3.13 If X is a metric space, C is a conver subset of a normed
space Y, F': X +— C, and F is a KFG map, then F' is a CCA map.
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Proof. The definition of a KFG map implies that Gr(F [ K) is compact and
nonempty whenever K is a nonempty compact subset of X, which is one of the
two conditions needed for F' to be a CCA map. To prove the other condition,
we fix a nonempty compact subset K of X and prove that there exists a
sequence {F;}22; of continuous maps Fj : K + C such that Fj; L F[K as
] — 00.

For each positive number ¢, select a finite subset S, of K such that
K CU,cs. Bx(s,e). For z € K, s € S, let ¢, () = max (0,5 . dx(x,s)),

50 Y5 : K — R is continuous and nonnegative and s .(z) > 0 if and only

-1
if x € Bx(s,e). Define ¢, .(z) = (ZS'ESE wsgg(x)) )s,e(x), so the ¢, o are
continuous nonnegative real-valued functions on K having the property that
> ses. Ps,e(x) = 1for all ¥ € K. Using the fact that the sets F'(z) are non-
empty, pick a ys. € F(s) for each s € S.. Define H. : K +— C by letting
H. (z) = 25655 ¥s.e(7)ys,e. Then each H, is continuous.
Now let {€;};en be a sequence of positive numbers that converges to zero.

We claim that the H, SN A [ K. To see this, we let
aj =sup{dxxy(q,Gr(F' [ K)): q e Gr(H,,)},

and prove that a; — 0. The proof will be by contradiction.

Assume that {«;} does not go to zero. Then we may pass to a subsequence
and assume that the o;; are bounded below by a fixed strictly positive number
a. Pick a  such that 0 < 3 < a. Pick ¢; € Gr(H.,) such that

Write ¢; = (x;,y;). Then the x; belong to K, so we may assume, after passing
to a subsequence, that the limit Z = lim;_, x; exists.

Fix a v such that 0 < v and 2y < (. Pick a positive § such that
dy (z,F(z)) < v whenever w € K, z € F(w), and dx(z,w) < §. (The
existence of such a ¢ is easily proved: suppose, by contradiction, that there
exist sequences {wy }, {zx} in K such that z;, € F(wy), wy — Z as k — 00, and
dy (zk, F(Z)) > =; since Gr(F' [ K) is compact we may assume, after passing to
a subsequence, that the sequence {z } converges to a limit z; since zj, € F(wy,),
and wy, — Z, the compactness of Gr(F [ K) also implies that z € F(Z); since
zr — 2, we see that dy (zx, F(Z)) — 0, and we have derived a contradiction.)

Now let j* € N be such that

2¢; <6 and dx(z;,Z) < min (’y, g) (3.2.9)

whenever j > j*. If j > j*, = x;, and € = ¢, then all the terms in the
summation defining H. for which dx(s,Z) > ¢ vanish, because dx(s,z) > §
implies dy (z,s) > § > ¢; in view of (3.2.9), so ¢, (2;) = 0. Therefore, if
we let y; = H. (x;), we have

J
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Y = Haj(xj) = Z (Ps,aj(xj)ys,eja (3'2'10)

seé'gj T

where S’sjj = {s €8, 1dx(s,7) < 5}. For every s € S’Ej@,, the point y, .,
is in F(s), so dist(ys.,, F'(Z)) <. Therefore we may pick 7., € F(z) such
that [|ys.e, — Us,e, || < 7. If we let §; = Zseﬁsj,i ©s,e; (7})Us,e;, and compare
this with (3210)7 we find Hg] - y]” < EseSsj,i Ps,e; (xj)”gs,ej - Z/s,q” <7.
On the other hand, g, clearly is a convex combination of points of F(z), so
y; € F(Z), because F(z) is convex. Since ||y; — ;|| < v and dx(x;,z) < v for
j > j*, and the point (jjdéf(a’:, ;) belongs to Gr(F [ K), we can conclude that
dxxy(¢;,Gr(F[K)) < 2y < g if j > j* This, together with Formula
(3.2.8), shows that the assumption that «; does not go zero leads to a
contradiction. So o;j — 0, and the proof is complete. O

The Cellina, Kakutani, and Fan—Glicksberg Fixed Point Theorems

Many fixed point properties of continuous maps are also valid for CCA maps,
as we now show. Let us recall that, if A is a set, and F' : A — A, then a fized
point of F is a point a € A such that a € F(a).

Theorem 3.14 (Cellina, cf. [5]) Let K be a nonempty compact convex subset
of a normed space X, and let F': K +—» K be a CCA map. Then F has a fized
point.

Proof. Let {F}},cn be a sequence of continuous maps from K to K such that

F; 225 F as j — oo. By the Schauder fixed point theorem, there exist Zj
such that Fj(x;) = x;. Since K is compact we may pass to a subsequence,
if necessary, and assume that the sequence {x;};en has a limit z € K. Then
Fj(xzj) — x as well, so x € F(x). O

Corollary 3.15 (The Kakutani—-Fan—Glicksberg fized point theorem, cf.
Kakutani [13], Fan [10], Glicksberg [11].) Let K be a nonempty compact convex
subset of a normed space X. Let F' : K — K be a set-valued map with a
compact graph and nonempty convex values. Then F has a fized point.

Proof. Theorem 3.13 tells us that F' is a CCA map, and then Theorem 3.14
implies that F' has a fixed point. O

4 GDQs and AGDQs

We use © to denote the class of all functions 6 : [0, +o00 [+— [0, 4+00] such that:

e 0 is monotonically nondecreasing (that is, 6(s) < 0(t) whenever s,t are
such that 0 < s <t < +00)
e 0(0) =0 and lims ) 0(s) =0
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If X,Y are FDNRLSs, we endow Lin(X,Y) with the operator norm || - |op
defined in (2.1.2). If A C Lin(X,Y) and 6 > 0, we define

A’ ={L e Lin(X,Y) : dist(L, A) < 6},

where dist(L, A) = inf{||L — L'||p : L' € A}. Notice that if L € Lin(X,Y),
then dist(L,()) = +oo. In particular, if A = () then A% = (). Notice also that
A% is compact if A is compact and A° is convez if A is conver.

4.1 The Basic Definitions
Generalized Differential Quotients (GDQs)

We assume that (1) X and Y are FDNRLSs, (2) F: X +— Y is a set-valued
map; (3) T, € X, (4) . €Y, and (5) S C X.

Definition 4.1 A generalized differential quotient (abbreviated “GDQ”)
of F at (Z.,y«) in the direction of S is a compact subset A of Lin(X,Y)
having the property that for every neighborhood A of Ain Lin(X,Y) there
exist U, G such that:

(I) U is a neighborhood of T, in X
(D) ¥« + G(x) - (x — 24) C F(x) for everyz € UNS
(III) G is a CCA set-valued map from UNS to A O

We will use GDQ(F, T, §x, S) to denote the set of all GDQs of F at (T, )
in the direction of S.

Remark 4.2 The set A can, in principle, be empty. Actually, it is very easy
to show that the following three conditions are equivalent:

(1) 0 € GDQ(F, %+, 7, S)
(2) Every compact subset of Lin(X,Y) belongs to GDQ(F,Z,y,S)
(3) Z. does not belong to the closure of S O

It is not hard to prove the following alternative characterization of GDQs.

Proposition 4.3 Let X,Y be FDNRLSSs, let F' : X — Y be a set-valued map,
and let A be a compact subset of Lin(X,Y). Let z, € X, g. € Y, S C X.
Then A € GDQ(F,Z,4,S) if and only if there exists a function § € © —
called @ GDQ modulus for (A, F,Z., 3., S) — having the property that:

(*) For every e €]0,+00[ such that 0(¢) < oo there erists a set-valued map
G*® € CCABx (Ts,e)NS, Lin(X,Y)) such that for every x € Bx (T4, e)NS
the inclusions G (x) C A% and g, + G*(2) - (x — &) C F(z) hold

Proof. Assume that A belongs to GDQ(F,Z«,J«,S). For each nonnegative
real number ¢, let H(e) be the set of all § such that (i) 6 > 0, and
(ii) there exists a G € CCA(Bx (Z.,e)N S, Lin(X,Y')) with the property that
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G(z) € A% and 9, + G(2) - (v — Z.) C F(x) whenever 2 € Bx(Z,,e) N S.
Let 6p(c) = inf H(e), and then define 6(c) = 6Oy(e) + e. (Notice that
the set H(e) could be empty, in which case Oy(c) = 0(c) = +o0.) It is
clear that 6 is monotonically non-decreasing, since H(e') C H(e) whenever
0 < e < &'. The fact that A € GDQ(F, Z«, s, S) implies that, given any
positive 8, there exist a neighborhood U of Z, and a map G € CCA(UNS, A%)
such that 7, + G(x) - (x — Z,) C F(z) whenever z € U N S. Find ¢ such that
Bx(Z.,e) C U, and let G =190 G o1, where 1 : Bx(Z.,e)NS+—UNS
and 19 : A% +— Lin(X,Y) are the set inclusions. Then it is clear that G
belongs to CCA(Bx (24,¢) NS, Lin(X,Y)), and also that G(z) C A° and
U« + G(z) - (v — Z.) C F(z) whenever z € Bx (Z.,e)NS. Therefore § € H(e),
so Op(e) < 4. This proves that lim. o60y(c) = 0, thus establishing that
6o € O, and then § € O as well. Finally, if 6(¢) < 400, then we can
pick a 6 € H(e) such that Oy(c) < ¢ < 6(e), and then find a G belonging
to CCA(Bx(Z«,¢) NS, Lin(X,Y)) for which the conditions G(x) C A° and
U« + G(z) - (x — Z.) € F(z) hold whenever = € Bx (Z.,£) NS. Since § < 6(e),
the map G takes values in A9, Hence we can choose G¢ to be G, and the
condition of (*) is satisfied.

To prove the converse, let § be a GDQ modulus for A, F, Z,, 3., S. Fix
a positive number 0. Pick an e such that 6(¢) < J. Then pick G° such
that the conditions of (*) hold. Then the map G* satisfies the requirement
that 7. + G° - (v — #,) C F(x) whenever x € Bx(Z.,c) N S. Furthermore,
G® € CCABx (Z,,e) NS, Lin(X,Y)), and G takes values in A%). Since
0(g) < 6, if K is a compact subset of Bx (Z.,¢) NS and {G,}jen is a sequence
of continuous maps from K to Lin(X,Y) such that G; ~2> G¢ [ K, it follows
that G; takes values in A% if j is large enough. Therefore G° belongs to
CCA(B"(Z4,e) NS, A%). This shows that A € GDQ(F, Z., ¥, S), concluding
our proof. O

Approximate Generalized Differential Quotients (AGDQs)

Motivated by the characterization of GDQs given in Proposition 4.3, we now
define a slightly larger class of generalized differentials. First, if X, Y are
FDNRLSs, we let Aff(X,Y) be the set of all affine maps from X to Y, so
the members of Aff(X,Y) are the maps X 32— A(x) =L -z+h, L€
Lin(X,Y), heY. (For a map A of this form, the linear map L € Lin(X,Y)
and the vector h € Y are the linear part and the constant part of A.) We
identify Aff(X,Y) with Lin(X,Y) x Y by identifying each A € Aff(X,Y)
with the pair (L, h) € Lin(X,Y) x Y, where L, h are, respectively, the linear
part and the constant part of A.

Definition 4.4 Assume that X,Y are FDNRLSs, F : X — Y is a set-valued
map, A is a compact subset of Lin(X,Y), T, € X, 4. €Y, and S C X. We
say that A is an approximate generalized differential quotient of F at
(T4, Ux) in the direction of S — and write A€ AGDQ(F, T, ¥s, S) — if there
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exists a function 8 € ©® — called an AGDQ modulus for (A, F,Z., 7., S) -
having the property that:

(**) For every e €]0,+00| such that 6(c) < oo there exists a set-valued
map A° € CCABx (Z.,e) NS, Aff(X,Y)) such that

LeA’® . |n|<6()e, and g.+L-(z—=2.)+heF(x)

whenever © € Bx (T.,e) NS and (L, h) belongs to A%(x) . O

4.2 Properties of GDQs and AGDQs
Retracts, Quasiretracts and Local Quasiretracts

In order to formulate and prove the chain rule, we first need some basic facts
about retracts.

Definition 4.5 Let T' be a topological space and let S be a subset of T. A
retraction from T to S is a continuous map p : T — S such that p(s) = s
for every s € S. We say that S is a retract of T if there exists a retraction
from T to S. O

Often, the redundant phrase “continuous retraction” will be used for emphasis,
instead of just saying “retraction.”
It follows easily from the definition that

Fact 4.6 If T is a Hausdorff topological space and S is a retract of T, then
S is closed. O

Also, it is easy to show that every retract is a “local retract” at any point,
in the following precise sense:

Fact 4.7 IfT is a Hausdorff topological space, S is a retract of T, and s € S,
then every neighborhood U of s contains a neighborhood V' of s such that SNV
s a retract of V. a

It will be convenient to introduce a weaker concept, namely, that of a
“quasiretract,” as well as its local version.

Definition 4.8 Let T be a topological space and let S be a subset of T. We
say that S is a quasiretract of T if for every compact subset K of S there
exist a neighborhood U of K and a continuous map p : U — S such that
p(s) =s for every s € K. O

Definition 4.9 Assume that T is a topological space, S CT, and 5, € T. We
say that S is a local quasiretract of T at s, if there exists a neighborhood
U of 5. such that SNU 1is a quasiretract of U. O
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It is then easy to verify the following facts.

Fact 4.10 If T is a topological space and S C T, then:

(1) If S is a retract of T then S is a quasiretract of T
(2) If S is a quasiretract of T and §2 is an open subset of T then SN2 is a
quasiretract of §2 O

Fact 4.11 Assume that T is a topological space, S C T, and s, € T. Then
the following are equivalent:

(a) S is a local quasiretract of T at 5.
(b) Every neighborhood V' of 8. contains an open neighborhood U of 3, in T
such that SN U is a quasiretract of U O

Fact 4.11 implies, in particular, that being a local quasiretract is a local-
homeomorphism invariant property of the germ of S at §.. Precisely,

Corollary 4. 12 Assume that T,T' are topological spaces, S C T, 8" C T’,
S5 €T, and 5, € T'. Assume that there exist neighborhoods V., V' of 5., 5, in
7,7, and a homeomorphzsm h from V onto V' such that h(SNV) =5 NV’
and h(s.) = §,. Then S is a local quasiretract of T at 5. if and only if S is

a local quasiretract of T' at §,.

Proof. Tt clearly suffices to prove one of the two implications. Assume that S
is a local quasiretract of T" at 5,. Then Fact 4.11 implies that there exists an
open subset U of T such that 5, € U, U C V, and SNU is a quasiretract
of U. Let U’ = h(U). Since h is a homeomorphism, U’ is a relatively open
subset of V' such that 8, € U’, and S’ N U’ is a quasiretract of U’. Since V'
is a neighborhood of &, in T”, it follows that U’ is a neighborhood of &, in 7",
so Definition 4.9 tells us that S’ is a local quasiretract of 77 at .. O

Remark 4.13 The set S = {(z,y) € R* : y > 0} U {(0,0)} is a quasiretract
of R2. (Indeed, if K i is a compact subset of .5, then the convex hull K of K
is also compact, and K C S because S is convex. Therefore K is a retract of
R2. If p : R? — K is a retraction, then p maps R? into S, and p(s) = s for
every s € K.)

On the other hand, S is not a retract of R?, because S is not a closed subset
of R. This shows that the notion of quasiretract is strictly more general than
that of a retract.

The same is true for the notions of “local quasiretract” and “local retract.”
For example, the set S of our previous example is a local quasiretract at the
origin, but it is not a local retract at (0,0), because there does not exist a
neighborhood V' of (0, 0) such that SNV is a relatively closed subset of V. O
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The Chain Rule

We now prove the chain rule for GDQs and AGDQs.

Theorem 4.14 Fori=1,2,3, let X; be a FDNRLS, and let Z.; be a point
of X;. Assume that, for i = 1,2, (i) F; : X; — X,;11 is a set-valued map,
(11) S; is a subset of X;, and (i1t) Ay € AGDQ(F;, Ty, T it1,5:). Assume,
in addition, that (iv) Fy(S1) C Sa, and

(v) Either (v.1) Sy is a local quasiretract of Xo at Tyo or (v.2) there exists a
neighborhood U of &1 in X1 such that the restriction Fy [ (UNSy) of Fy
to U NSy is single-valued.

Then Ag o Ay € AGDQ(F; 0 Fy, Ty 1,%43,51). Furthermore, if the sets Ay,
Ag belong to GDQ(F1, Ts,1,Ts,2,51) and GDQ(Fy, Ty 2,74 3,52), respectively,
then A € GDQ(F, Tx,1, T3, 51)

Proof. We assume, as is clearly possible without loss of generality, that
Zy; =0fori=1,23. Welet P FyoFy, Adéf/lgo/ll. We will first prove the
conclusion for AGDQs, and then indicate how to make a trivial modification
to obtain the GDQ result.

To begin with, let us fix AGDQ moduli 6, 05 for (A, F,0,0,51) and
(Ag, F5,0,0,55), respectively. Also, let k; = 1+ sup{||L|| : L e Ai}, for
i=1,2. (We add 1 to make sure that x; > 0 even if A; = {0}.) It is then easy
to see that A2 o A9 C Am201+r10240102 §f 5, > () §, > 0. (Indeed, if L, € A",
Ly € A§2, we may pick ~I~/1~€ Ay, Ly € Ay such that HI~/1 — Ly|| < 41 and
HL2 = 1;42” S 52. Then~||L2L~1 — L2L1|| §~||L2L1 — L2L1|| + ||L2L1 — L2L1||,
s0 |[LeLy — LoLn| < || Lol [|1Ly = La|| + [|L2 — Lol [[L1]] < (k2 + 02)01 + K162,
showing that LyL; € Ar201Fr19240102 )

We now use Hypothesis (v). If S is a local quasiretract of X5 at 0, then
we choose a neighborhood U of 0 in X5 such that So NU is a quasiretract of
U, and then we choose a positive number & such that the open ball Bx, (0, 5)
is contained in U. Then Fact 4.10 implies that S2NBx,(0,5) is a quasiretract
of By, (0,5). If Sp is not a local quasiretract of X3, then Hypothesis (v)
guarantees that Fy [ (U N Sy) is single-valued for some neighborhood U of 0
in X;. In this case, we choose a positive € such that Fj is single-valued on
By, (0,£) NSy, and then take & to be equal to &.

Then, for € €]0, +oo [, we define 00 = (k1 + 261 (¢))e, 0. = 00 + ¢,

) if 0. <&
P(e) = kath(€) + maba(o) + 31 aor) . 0l = { LTS
Let us show that 6 is an AGDQ modulus for (4, F,0,0,.51). For this purpose,
we first observe that 6 € ©. We next fix a positive ¢ such that () is finite,
and set out to construct a CCA map A : Bx, (0,e) N Sy — Lin(X1, X3) x X3
such that
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(xEBXI(O,E)ﬂSl A (L, h) EA(&L‘)) =

(4.2.1)
(Le/ﬁ(s) A IR) < 0(e)e A L-a:—i—heF(x)).

The fact that 6(s) < +oo clearly implies that o. < &, 6(c) = 6°(e),
01(g) < 400, and O2(0.) < +00. We may therefore choose set-valued maps

A € CCA(IE_BXI (O,E) N Sl,Lin(Xl,Xg) X XQ) R
A2 € CCA(PBX,Z (0,0’5) N SQ, LZTL(XQ, Xg) X X3) s

such that the conditions
L€ A2 || < 01(e)e, Ly-a+hi € Fy(x), (4.2.2)

Ly € A2 lho|| < 0x(02)oe,  Lo-y+ho € Fa(y) (4.2.3)

hold whenever = € By, (0,¢) N S1, (L1, h1) € Ai(2), y € Bx,(0,0.) N S, and
(L2, h2) € As(y). B

We then define our desired set-valued map A from Bx, (0,e) N S to
Lin(X;, X3) x X3 as follows. For each x € Bx, (0,£) N Sy, we let

A( ) {(L2 Ll,Lth + h2) (L1 ) € A1($)7 (LQ, hg) € A2(L1 -x+ hl)} .

Assume that z € By, (0,) NS, and (L,h) € A(z), and let z = L - x + h.
Then there exist (L1,h1) € Ai(x) and (Lo, ha) € Aa(Ly - + hy) such that
L =Ly Ly and h = Lohy + hy. The fact that (L1, hy) € Ay(x) implies that

L, e A?(E), A1l < 61(e)e, and y &L x+h € Ry (). Then y € Sy (because
Fi(S1) C S2), and |ly|| < (k1 + 01(€))e + 01(c)e = 0¥ < o¢, s0O

y € Bx,(0,07) N S2 C Bx, (0,0.) NS (4.2.4)

and then Ly € A5%) ||hy|| < 02(02)0e, and Ly -y + ho € Fy(y). Tt follows
that L = LyLy € Ar102(0e)+r201(e)+02(00)01(e) C A0(c)  Also,

IRl < [[L2|[ [[ha ]l + A2l < (K2 + O2(0%))01(e)e + O2(0c)oe
= (K2 + 02(0c))bh(e)e + Oa(0:) (k1 + 201 (€))e

K001 (€) + B2(0.)01(2) + B2(0 ) k1 +292(05)91(5))5

(
( 201(8) + O (02 )1 + 302(02)01 ( ))
o(e

Finally,
z = Lx—f—h = L2L1'Z‘+L2'h1+h2 = L2(L1.I‘—|—h1)+h2 = L2y+h2 S Fg(y) .

Since y € Fy(z), we conclude that z € F(x). Hence A satisfies (4.2.1).
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To conclude our proof, we have to show that
A€ COAB™0,e) NSy, Lin( Xy, X3) x X3). (4.2.5)
We let
Q1. =Bx,(0,e) NSy, Tie = Q1 x Lin(X1,Xz2) x X2 x Xo,
Rie=Bx,(0,00)NS2,  Tae = Qi x Lin(X1, X2) x Xa x Ry,

and let ¥; . be the set-valued map with source Q; . and target 7; . that sends
each © € Q. to the set ¥y .(z) of all 4-tuples (£, L1, h1,y) € 71 such that
& ==z, (L1,h1) € A1(z), and y = Ly -  + hy. We then observe that ¥ .
takes values in 75 .. (This is trivial, because we have already established — cf.
(4.2.4) —that ifz € Q1¢, (L1,h1) € Ay (x),and y = Ly-x+hy, theny € Ry ..)

Let @175 be “¥ . regarded as a set-valued map with target 75 ..” (Precisely,
@1,5 is the set-valued map with source Q; ., target 73 ., and graph Gr(¥; .).)

We now show that !f/LE € CCA(Qie,Tz,). To prove this, we pick a
compact subset K of Q; ., and show that (a) Gr(¥; . [ K) is compact, and
(b) there exists a sequence H = {H;};cn of continuous maps H; : K +— 75,
such that H; -2 &, _ [ K as j — oo.

The compactness of Gr(¥; . [ K) follows from the fact that Gr(¥; . [ K) is
the image of Gr(A; [ K) under the continuous map

Qi e xLin(Xy1, Xo)x Xy 3 (x, L1, h1) — (x,(x, L1, b1, L1-z+hy)) € Q1 e xTy ..

To prove the existence of the sequence H, we use the fact that A; belongs
to CCA(Qi ¢, Lin(Xq,Xs) x X3) to produce a sequence {A7};en of ordinary
continuous maps from K to R"2*™ x R"2 such that A{ RN [ K as j — oo,
and we write A7 (x) = (L] (z), ki (x)) for z € K.

We will construct H in two different ways, depending on whether (v.1) or
(v.2) holds.

First suppose that (v.1) holds. The set

K= {Ll - x4+ hy: (m,Ll,hl) S GI‘(Al [K)} (426)

is compact, and we know from (4.2.4) that every y € K is a member of
Bx,(0,0.) N Sy. Since Bx,(0,5) N Sy is a quasiretract of Bx,(0,7), and
0. < 7, Fact 4.10 implies that Bx, (0,0.) N Sz is a quasiretract of By, (0,0.).
Hence there exist an open subset 2 of the ball Bx,(0,0.) and a continuous
map p: 2 +— Bx,(0,0.) NSy such that p(y) = y whenever y € K. Since

Al LY [ K, the functions A7 must satisfy
{L{(x) -z +hi(z) :z € K} C 0 (4.2.7)

for all sufficiently large j. (Otherwise, there would exist an infinite subset
J of N and z; € K such that y; = L{(z;) - z; + h{(z;) ¢ 2. By making J
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smaller — but still infinite — if necessary, we may assume that the sequence
{(z;, L], h])} ey converges to a limit (x, L1, h1) € Gr(A; [ K). Then if we let
y = Ly - x4+ hy, we see that y € K. On the other hand, the y; are not in (2,
so y is not in 2 either, because (2 is open. Since K C (2, we have reached a
contradiction.)

So we may assume, after passing to a subsequence, that (4.2.7) holds for
all j € N. We then define H;(z) = (z, L] (x), h] (), p(L] () - x + h](z))) for
z € K, j € N. Then the H; are continuous maps from K to 7., because p
takes values in Ry ..

We now show that H; BN @175 [ K as j goes to co. To prove this, we let
v; = sup{dist(q, Gr(¥; . [ K)) : ¢ € Gr(H;)}, and assume that v; does not go
to zero. We may then assume, after passing to a subsequence, that there exists
a v such that 0 < 20 < v; for all j. We can then pick z; € K such that

lj— | HI1L] (25) = Lall+ 15 ()= hal [+ o(L4 () - 2+hf (25)) —y | 2 7 (4.2.8)

whenever (z, L1, h1,y) € CGr(¥, . [ K), j € N. Since AJ BLNyH [ K, we may
clearly assume, after passing to a subsequence if necessary, that the sequence
{(Ij,le(l’j),hJL(‘Ij))}jel\l has a limit (E,L17h1) S GI‘(Al (K)

Let y» = L1 -Z + hi. Then g, € K, because of (4.2.6) and the fact
that (2, L1,h1) € Gr(A; [ K). Therefore p(y.) = y.. Furthermore, z; — z,
Li(z;) — L1, and hj(z;) — hy. Hence Li(z;) - x; + hi(z;) converges to
Li(Z) - & + hy = .. But then lim;_, (p(L{(xj) sz + h{(:tj))) = p(Gs),
since p is continuous, so lim;_, (p(L{(xj) ST+ h{(xj))) = 7., and then

lim; oo ||p(L] (25) - @ + 1) (2;)) — §a|| = 0. Tt follows that
=2 | L ()= La |+ (25)=ha [+ p(L] (2} 0] () =g || — 0. (4.2.9)

Let 3. = (Z,L,L - Z). Then . € Gr(¥; . [ K), so (4.2.9) contradicts (4.2.8).
This concludes the proof that H; ELIN @1,5 [ K as j goes to oco. We have thus
established that the sequence H exists, under the assumption that (v.1) holds.

Next, we consider the case when (v.2) holds. Then & = &, so the fact that
0. < o implies that € < &, and then the map Fj is single-valued on Q; .. Define
o(@)={L1-x+h1: (L1,h1) € Ai(z)} for z € K. Since Ly - x + hy € Fi(2)
whenever z € K and (L1, h;) € Aj(x), the hypothesis that F is single-valued
on Q; . implies that ¢ is a single-valued CCA map from K to X, so ¢ is an
ordinary continuous map from K to Xs. Since L;-z+h; € Bx, (0, 0.) whenever
x € K, and (L, h1) € Ai(x), we conclude that ¢ is in fact a continuous map
from K to Rq.. We then define H;(z) = (z, L{(z), ] (x), p(x)) for z € K,
j € N. Then the H; are continuous maps from K to 7> ., and it is easy to see

that H; RN LI.:/LE [ K as j — oo. So the existence of H has also been proved
when (v.2) holds.
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We are now ready to prove (4.2.5). We do this by expressing A as a
composite of CCA maps as follows: A = W3 . oWy . oW o, where:

1. 7375 = ,TQ’E X LZn(XQ,Xg) X Xg

2. Wy . : Ty > T3 is the set-valued map that sends (x, L1, h1,y) € Ta. to

the set Wy o (x, Ly, hi,y) = {a} x {L1} x {h1} x {y} x As(y)

7:175 = LZn(Xl,Xg) X X3

4. W3, + T3, — Ty, is the continuous single-valued map that sends
(x, L1, h1,y, Lo, ho) € T3 to the pair (LoLy, Lohy + ho) € Ty

@

It is clear that ¥, . and ¥3 . are CCA maps, so A is a CCA map, and our
proof for AGDQs is complete.

The proof of the statement for GDQs is exactly the same, except only for
the fact in this case all the constant components h of the various pairs (L, h)
are always equal to zero. O

GDQs and AGDQs on Manifolds

If M and N are manifolds of class C', z.€M, §.€N, SCM, and
F: M+~ N, then it is possible to define sets GDQ(F, Z«, §«,S), AGDQ
(F, %+, 9s,S) of compact subsets of the space Lin(Tz M,Ty N) of linear
maps from T3 M to Ty N as follows. We let m =dimM, n = dim N,
and pick coordinate charts M 3 x < &(x) € R™, N 3y — n(y) € R", de-
fined near Z., y. and such that £(z.)=0 and 7(y.)=0, and declare that
a subset A of Lin(Ts M,Ty N) belongs to GDQ(F,Z,ys,S) (resp. to
AGDQ(F,%.,9s,S)) if the composite map Dn(y.)o Ao DE(z,)~1 is in
GDQ(no Fo&=10,0,£(5)) (resp. in AGDQ(no Fo&710,0,£(9))). It then
follows easily from the chain rule that, with this definition, the sets
GDQ(F, %, ys,S) and AGDQ(F,Z,ys,S) do not depend on the choice of
the charts £, n. In other words, the notions of GDQ and AGDQ are in-
variant under C' diffeomorphisms and therefore make sense intrinsically on
manifolds of class C".

The following facts about GDQs and AGDQs on manifolds are then easily
verified.

Proposition 4.15 If M, N are manifolds of class C*', S C M, z, € M,
U« € N, and F : M —» N, then:

(1) GDQ(F, %+, ys,S) C AGDQ(F, T, Fx, S).

(2) If (i) U is a neighborhood of Z. in M, (ii) the restriction F[(U N S)
is a continuous everywhere defined map, (iii) y. = F(Z.), (i) F is
differentiable at T, in the direction of S, (v) L is a differential of F
at T. in the direction of S (that is, L belongs to Lin(Tz M, Ty N) and

lim, .z, zes | — T 7! (F(JL‘) — F(Z,) — L (z— 5:*)) = 0 relative to

some choice of coordinate charts about T, and g, ), then {L} belongs to
GDQ(Fa'f*7y*7S)
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(3) If (i) U is an open neighborhood of Z. in M, (ii) the restriction F[U
is a Lipschitz-continuous everywhere defined map, (iii) F(Z.) = ¥, and
(iv) A is the Clarke generalized Jacobian of F at T, then A belongs to
GDQ(F, %, v, M). 0

Proposition 4.16 (The chain rule.) Assume that (I) fori = 1,2,3, M,
is a manifold of class C and Z.; € M;, and (II) fori=1,2, (IL.1) S; C M;,
(I.2) F; : M; — M1, and (I1.8) A; € AGDQ(F;, T iy T ix1, Si). Assume,
in addition, that either Sy is a local quasiretract of My or Fy is single-valued
on UNSy for some neighborhood U of T, 1. Then the composite Ayo Ay belongs
to AGDQ(F2 o Fl, f*yl, if'*,g, Sl) If i addition AZ S C";DCQ(F;7 i'*,i, f*1i+1, Si)
fori=1,2, then Ay oAy € GDQ(Fy0 F1, %y 1,T43,51). O

Proposition 4.17 (The product rule.) Assume that, for i = 1,2, (1) M;
and N; are manifolds of class C', (2) S; C My, (3) Zw; € My, (4) §ui € Ny,
(5) F; : M; — Ny, (6) Ay € AGDQ(F;, T i, Uiy Si). Assume also that:

(7) i’* - («f*,hj*,Q); ﬂ* - (ﬂ*,l,ﬂ*,z), and S - Sl X SQ

(8) F = Fy x Fy, where Fy X Fy is the set-valued map from My x Ma to N1 X Ny
that sends each point (x1,x2) € My X Ms to the subset Fy(x1) x Fa(za)
Of N1 X N2

(9) A=Ay @ Ay, where (i) Ay ® As is the set of all linear maps Ly @ Lo for
all L, € Al, Ly € Ag, (11) Ly & Ly is the map

Tj*ylMl & Tz, , My > (Ul,’Ug) — (lel,Lgvg) S Tg*=1N1 D Tg*JNQ’

*,2
and (iii) we are identifying Ty, , My @ Ty, , Mz with Tiz, | &, ,) (M1 x M>)
and Ty, , N1 @ Ty, ,No with Ty, | 5. ,)(N1 x Na)

Then A € AGDQ(F, %+, Ys,S). Furthermore, if A; € GDQ(F;, Ts iy, Uuis Si)
fori=1,2, then A € AGDQ(F,Z., ¥, S). O

Proposition 4.18 (Locality.) Assume that (1) M, N, are manifolds of class
Cl,(2) 7. €M, (3) 5. €N, (4) S C M, (5) Fy: M > N fori = 1,2,
and (6) there exist neighborhoods U, V of Z., ys, in M, N, respectively,
such that U NSy = UNSy and (UxV)NGr(F) = (U x V)N Gr(Fs).
Then (a) AGDQ(F1,Zx,Ux,S1) = AGDQ(Fs, T, §x,S2), and in addition
(b) GDQ(Fy, Ty, s, S1) = GDQ(Fa, T, s, S2). O

Remark 4.19 It is easy to exhibit maps that have GDQs at a point Z, but
are not classically differentiable at z, and do not have differentials at z, in
the sense of other theories such as Clarke’s generalized Jacobians, Warga’s
derivate containers, or our “semidifferentials” and “multidifferentials”. (A
simple example is provided by the function f:R—R given by f(z)=zsinl/x
if x # 0, and f(0) = 0. The set [—1, 1] belongs to GDQ(f,0,0,R), but is not
a differential of f at 0 in the sense of any of the other theories.) ad
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Closedness and Monotonicity

GDQs and AGDQs have an important closedness property. In order to
state it, we first recall that, if Z is a metric space, then (i) Comp®(Z) is the set
of all compact subsets of Z, (ii) Comp®(Z) has a natural non-Hausdorff topol-
08Y Tcompo(z), defined in Sect. 3.1. In particular, if X and Y are FDRLSs, then
Comp®(Lin(X,Y)) is the set of all compact subsets of Lin(X,Y). Clearly, a
subset O of Comp®(Lin(X,Y)) is open in the topology Tcompo(Lin(x,v)) if
and only if for every A € O there exists an open subset 2 of Lin(X,Y’) such
that (i) A C 2 and (ii) {4 € Comp®(Lin(X,Y)): A C 2} C O. It is clear that
the topology Tcompo(Lin(x,y)) can be entirely characterized by its convergent
sequences. (That is, a subset C of Comp®(Lin(X,Y)) is closed if and only
if it is sequentially closed, i.e., such that, whenever {/Ay}ren is a sequence
of members of C and A € Comp®(Lin(X,Y)) is such that Ay — A in the
topology Tcompo(Lin(x,y)) a8 k — oo, it follows that A € C.)
Furthermore, convergence of sequences is easily characterized as follows.

Fact 4.20 Assume that X and Y are FDRLSs, {Ax}ren is a sequence of
members of Comp®(Lin(X,Y)), and A belongs to Comp®(Lin(X,Y)). Then
A — A as k— oo in the topology Tcompo(rLin(x,y)) i and only if
limg o0 SUP {dist(L, A):Le Ak} =0. O

The following result is then an easy consequence of the definitions of GDQ
and AGDQ.

Fact 4.21 If M, N are manifolds of class C*, F : M —» N, (Z.,J.) € MxN,
SCM, X =T M, and Y =Ty N, then the sets GDQ(F,ZT«,7x,S) and
AGDQ(F, %, 9, S) are closed relative to the topology Teompo(Lin(x,v))- O

Fact 4.21 then implies that GDQs and AGDQs also have the following
monotonicity property.

Fact 4.22 If M, N are manifolds of class C*, F : M+ N, (Z.,7.)E M x N,
S C M, Ac AGDQ(F, %, s, S), A€ Comp®(Lin(Tg, M, Ty, N)), and ACA,
then A € AGDQ(F, %, 7, S). Furthermore, if Ac GDQ(F,Z,,§.,S) then A
belongs to GDQ(F, Z, §x, S).

Proof. Tt suffices to use Fact 4.21 and observe that, under our hypotheses, A
belongs to the closure of the set {A} relative t0 7o ompo(Lin(x,v))- O

In addition, GDQs and AGDQs also have a monotonicity property with
respect to F' and S. Precisely, the following is a trivial corollary of the
definitions of GDQ and AGDQ.

Fact 4.23 Suppose that M, N are manifolds of class ct, (T«,x) € M X N,
SCSCM,F:M N, F: M~ N, and Gr(F) C Gr(F). Then

GDQ(F7i‘*7g*7S) g GDQ(F,.f*,g*,S)
and AGDQ(F, Zy,5.,S) C AGDQ(F, &, i, S) . |
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Fact 4.21 says in particular that every GDQ of a map is also a GDQ of
any “larger” map. On the other hand, it is perfectly possible for the “larger”
map to have smaller GDQs. For example, if f : R +— R is the function given
by f(z) = |z|, then the interval [—1,1] is a GDQ of f at 0 in the direction
of R, and no proper subset of [—1,1] has this property. But if we “enlarge”
f and consider the set-valued map F : R — R given by F(z) = [0, |z|], then
{0} e GDQ(F,0,0,R).

4.3 The Directional Open Mapping and Transversality Properties

The crucial fact about GDQs and AGDQs that leads to the maximum
principle is the transversal intersection property, which is a very simple
consequence of the directional open mapping theorem. We will now prove
these results. As a preliminary, we need information on pseudoinverses.

Linear (Moore—Penrose) Pseudoinverses

If X, Y are FDRLSs and L € Lin(X,Y), a linear right inverse of L is a
linear map M € Lin(Y,X) such that L - M = Iy. It is clear that L has a
right inverse if and only if it is surjective. Let Lin,ni0(X,Y) be the set of all
surjective linear maps from X to Y. Since every L € Lingnt,(X,Y) has a right
inverse, it is natural to ask if it is possible to choose a right inverse I(L) for
each L in a way that depends continuously (or smoothly, or real-analytically)
on L. One way to make this choice is to let I(L) be L#, the “Moore-Penrose
pseudoinverse” of L (with respect to a particular inner product on X).

To define L#, assume X, Y are FDRLSs and endow both X and Y with
Euclidean inner products (although, as will become clear below, only the
choice of the inner product on X matters). Then every map L € Lin(X,Y)
has an adjoint (or transpose) L' € Lin(Y, X), characterized by the property
that (Lty,z) = (y, Lz) whenever x € X, y € Y. It is then easy to see that

Fact 4.24 If X and Y are FDRLSs endowed with Euclidean inner products,
then L € Linonto(X,Y) if and only if LLY is invertible. O

Definition 4.25 If X and Y are FDRLSs endowed with Fuclidean inner
products, and L € Lingno(X,Y), the Moore-Penrose pseudoinverse of
L is the linear map L# € Lin(Y,X) given by L# = LT(LL")~', where the
symbol “1” stands for “adjoint.” O

The following result is then a trivial consequence of the definition.

Fact 4.26 Suppose that X andY are FDRLSs endowed with Euclidean inner
products. Then Ling,io(X,Y) is an open subset of the space Lin(X,Y), and
the map Linenio(X,Y) > L+ L¥ € Lin(Y, X) is real-analytic. Furthermore,
the identity LL¥ =Ix holds for all L € Lin(X,Y). O



256 H.J. Sussmann

Remark 4.27 If X, Y, L are as in Definition 4.25, y € Y, x = L#y, and &
is any member of L~ 1y, then

(& 2) = (&, LPy) = (¢, LN(LLY) " y) = (L&, (LLY) 'y) = (y, (LLY) ).

In particular, the above equalities are true for x in the role of &, so that
(z,x) = (y, (LLT)"1y), and then (¢,z) = (x,z), so (¢ — z,x) = 0. Therefore

€17 = [lg — @ +=l|* = ll§ —2* + |2]|* +2(6 — 2, ) = € —[* + [l«]* > [|=]|*.

It follows that L#y is the member of L™ y of minimum norm. This shows,
in particular, that the map L# does not depend on the choice of a Euclidean
imnner product on Y . O

More generally, we would like to find a pseudoinverse P of a given surjective
map L € Lin(X,Y) that, for a given v € X, has the value v when applied to
Lv. This is clearly impossible if Lv = 0 but v # 0, because P0 has to be 0.
But, as we now show, it can be done as long as Lv # 0, with a P that depends
continuously on L and wv.

To see this, we first define 2(X,Y)={(L,v): L€ Lingnt,(X,Y), Lv#£0}.
We then fix inner products (-,-) ., {-,+),, on X, Y, and use L# to denote, for
L € Lingno(X,Y), the Moore-Penrose pseudoinverse of L corresponding to
these inner products. Then, for (L,v) € 2(X,Y), we define

(y, Lv),

L#¥(y) = L¥(y) + Lo o).

(v — L¥Lv). (4.3.1)

Then it is clear that

Fact 4.28 If (L,v) belongs to 2(X,Y), then (1) L#* is a linear map from
Y to X, (2) LL#* = Iy, and (8) L#**Lv = v. Furthermore, the map
Q2(X,Y) 3 (L,v) — L#® € Lin(Y, X) is real-analytic. O

Pseudoinverses on Cones

If X,Y are FDRLSs and C' is a convex cone in X, we define
Y(X,Y,C)= {(L, y)eLin(X,Y)xY: yeInt(LC)}. (4.3.2)

(Here “Int(LC)” denotes the absolute interior of LC, i.e., the largest open
subset U of Y such that U C LC.)

Lemma 4.29 Let X,Y be FDRLSSs, let C' be a convex cone in X, let S¢ be

the linear span of C, and let C be the interior of C' relative to Sc. Then:

(1) X(X,Y,C) is an open subset of Lin(X,Y) x Y

(2) There exists a continuous map nxy.c : 2(X,Y,C) — X such that the
following are true whenever (L,y) € X(X,Y,C) and r > 0:
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nx,yv,c(L,y) € C U{0} (4.3.3)
Lnxy.c(L.y) =y (4.3.4)
nx,v,c(L,ry) = mx.y,c(L,y) (4.3.5)

Proof. We assume, as we clearly may, that X and Y are endowed with inner
products, and we write X' = X(X,Y,C), S = Sc.

Statement (1) is trivial, because if (L,7) € X, and m = dim(Y’), then we
can find m + 1 points qq, ..., ¢, in Int(LC) such that 7 is an interior point
of the convex hull of the set Q@ = {qo,...,¢n}. Then we can write ¢; = Lp;,
with p; € C, for j =0,...,m. If L € Lin(X,Y) is close to L, and y € Y is
close to ¥, then the points q]’-: = Lp; belong to LC, and y is an interior point
of their convex hull, so y € Int(LC), proving (1).

For each (L, ) € X, we pick a point rr 5 € C such that L - rp ;=19 (To
see that such a point exists, fix a z € C, and observe that § —eL-z € LC if e

is positive and small enough, because y € Int(LC), since (L,y) € X. Pick one
such ¢, write y—eL-z = L-x foran z € C, and then let z; ;, = z+¢cz. It is then

clear that ﬂxi’g =yand xf 5 € Co') We then define a map pj 5 : X +— X by
letting puf, ;(L,y) = x5+ (Ls)#(y—Lszy ;) for (L,y) € X, where Lg denotes
the restriction of L to S (so Lg € Linonio(S,Y), because Lg € Lin(S,Y) and
y € Int(LC) = Int(LsC) C Int(LgS), showing that Int(LgS) # 0, so Lg is
surjective).

Then pf 5 is a continuous map from X' to S, and satisfies the identity
pr,y(L,y) =z 5. In addition, if (L,y) € X, then

Loppg(Ly)=L-zpy+L-(Ls)* - (y—L-wgy)
=L-wpy+y—L-wpy
:y.

Since pp 4(L,§j) = 21 4 € é, Cisa relatively open subset of S, and puy ; is
a continuous map from X' to S, we can pick an open neighborhood V7 ; of
(L,7) in X such that py ;(L,y) € C' whenever (L,y) € Vi -

The family V = {VE,Q}(Lg)eE of open sets is an open covering of Y. So
we can find a locally finite set VW of open subsets of X~ which is a covering of
X and a refinement of V. (That is, (a) every W € W is an open subset of X,
(b) for every W € W there exists (L,7) € X such that W C V; ;. (c) every
(L,y) € X belongs to some W € W, and (d) every compact subset K of X
intersects only finitely many members of W.)

Let {ow }wew be a continuous partition of unity subordinate to the
covering W. (That is, (a) each ¢ is a continuous nonnegative real-valued
function on X' such that support(pw) € W, and (b) > ey ¢w = 1. Recall
that the support of a function ¢ : X +— R is the closure in X of the set
{o € X : ¢(0) # 0}.) Select, for each W € W, a point (Lw,yw) € X
such that W C Vi ., and define (L, y) = > ey ow (L, YLy gu (1Y)
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for (L,y) € X. Then 7 is a continuous map from X to X. If (L,y) € X,
let W(L,y) be the set of all W € W such that @w(L,y) # 0. Then
(L,y) € W for every W € W(L,y), so W(L,y) is a finite set. Clearly,
(L,y) = ZWew(L,y) ow (L, )Ly g (L y), and ZWGW(L7y) ow(L,y) = 1.

If W e W(L,y), then (L,y) € W C Vi _ -850 g, 5w (Y, L) € C and
L-pry gw(Lyy) =y. Soq(L,y) is a convex combination of points belonging

to CD, and then 7(L,y) € C. Furthermore,

Loiily)= > ewBy)L iy, o En)=( D ew(Ly)y=y.
WeW(L,L) WeW(L,y)

Hence, if we took nx,y,c to be 1, we would be satisfying all the required
conditions, except only for the homogeneity property (4.3.5). In order to
satisfy (4.3.5) as well, we define nx y,c(L,y), for (L,y) € X, by letting

N
nxv.e(Ly) = Iolla (L. ) if y#0,
O lf y = O .

(This is justified, because if (L,y) € X and y # 0 then (Luz—u) € X as well.)

Then nx y,c clearly satisfies (4.3.3), (4.3.4) and (4.3.5), and it is easy to
verify that nx y,c is continuous. (Continuity at a point (L,y) of X such that
y # 0 is obvious. To prove continuity at a point (L, 0) of X, we pick a sequence
{(Lj,y;)}jen of members of X' such that L; — L and y; — 0, and prove that
nx,v,c(Lj,y;) — 0. If this conclusion was not true, there would exist a positive
number ¢ and an infinite subset J of N such that

Inx.v.c(Lj,y;)|l >¢ for all jeJ. (4.3.6)

In particular, if j € J then y; # 0, so we can define a unit vector z; = HZ—JH
J

and conclude that (L;,z;) € X and nx,yv,c(Lj,y;) = |ly;l|71(L;, z;). Since
the z; are unit vectors, there exists an infinite subset J’ of J such that the
limit z = limj_, je 2; exists. Since (L,0) € X, 0 is an interior point of the
cone LC, so LC' =Y and then z € Int(LC) as well. Therefore (L, z) € X.
Since (Lj,z;) — (L,z) as j — oo via values in J’, the continuity of 7 on
X implies that 7(L;,z;) — n(L,z) as j — oo via values in J’. But then

nxy.c(Ljy;) =0 as j —, 00, because nx.y.c(Lj;y;) = lly;lli(L;, z;) and
y; — 0. This contradicts (4.3.6).) So nx,y,c satisfies all our conditions, and
the proof is complete. O

The Open Mapping Theorem

We are now ready to prove the open mapping theorem.

Theorem 4.30 Let X,Y be FDNRLSSs, and let C be a convex cone in X. Let
F: X —Y be a set-valued map, and let A € AGDQ(F,0,0,C). Let €Y be
such that g € Int(LC) for every L € A. Then:
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(I) There exist a closed convex cone D in X such that § € Int(D), and
positive constants &, k, having the property that
(Ix) For everyy € D such that 0 < ||y|| < & there ezists an x € C' such
that ||z|| < klly|| and y € F(z).
(IT) Moreover, & and k can be chosen so that
(IL.x) There exists a function 10,&] > a — p(a) € [0,1[ such that
limg o p(@) = 0, for which, if we write C(r) = CNBx(0,7), then:
(ILx.#) For every o €]0,a] and every y € D such that |ly|| =
there exists a compact connected subset Z, of the product
C(ka) x [p(a),1] having the following properties:

2,0 (Clsa) x {ple)}) #0. 2,0 (Clra) x {1}) £0.  (437)
rye F(x) and ||z|| < kr|ly|| whenever p(a) <r<1and (z,r)€Z,. (4.3.8)

(II1) Finally, if A € GDQ(F,0,0,C) then the cone D and the constants &,
K can be chosen so that the following stronger conclusion holds:
(IIL.x) If ye D and ||y|| <& then there exists a compact connected subset

4 of C(klyl)x[0,1] such that (0,0)€ Z,, Z, m( (k) % {1})#)
and ry € F(x) whenever (z,r) € Z,.

Remark 4.31 For g # 0, Conclusion (I) of Theorem 4.30 is the directional
open mapping property with linear rate and fixed angle for the restriction
of F to C, since it asserts that there is a neighborhood A of the half-line
Hy = {ry : r > 0} in the space Hy of all closed half-lines emanating from 0
in Y such that, if Dy is the union of all the members of N, then for every

sufficiently small ball By (0, ) the set (]Ey(o, a)n DN)\{O} is contained in

the image under F of a relative neighborhood Bx (0,7) N C of 0 in C, whose
radius r can be chosen proportional to a.

For § = 0, Conclusion (I) is the punctured open mapping property with
linear rate for the restriction of F to C, because in that case the cone D
is necessarily the whole space Y, and Conclusion (I) asserts that for every
sufficiently small ball By (0, ) the punctured neighborhood By (0, )\ {0} is
contained in the image under F' of a relative neighborhood Bx (0,7) N C of 0
in C, whose radius r can be chosen proportional to a. a

Proof of Theorem 4.30. Tt is clear that (IT) implies (I), so there is no need
to prove (I), and we may proceed directly to the proof of (IT). Furthermore,
Conclusion (IIT) is exactly the same as Conclusion (IT), except only for the
fact that in (IIT) p(c) is chosen to be equal to 0. So we will just prove (II),
making sure that whenever we show the existence of p(«) it also follows that
p(ar) can be chosen to be equal to zero when A € GDQ(F,0,0,C).

Next, we observe that, once our conclusion is proved for g # 0, its validity
for y = 0 follows by a trivial compactness argument. So we will assume from
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now on that ¢ # 0, and in that case it is clear that, without loss of generality,
we may assume that [|g]| = 1.

Let Sc be the linear span of C, and let C be the interior of C relative to
Sc. Write ¥ = X(X,Y,C) (cf. (4.3.2)). Then Lemma 4.29 tells us that X' is
open in Lin(X,Y) x Y, and there exists a continuous map nxy,c: 2 — X
such that (4.3.3), (4.3.4) and (4.3.5) hold. We write n = nx y,c.

Our hypothesis says that the compact set A x {g} is a subset of X'. Hence
we can find numbers 4, 4, such that § > 0,0 <4 <1, and A% x By (7,7) C X.
Let D={ry:reR,r>0y€eV,|ly—4gl <A} Then D is a closed convex
coneinY and g € Int(D) Furthermore, it is clear that A% x (D\{0}) C X. So

n(L,y) is well defined whenever L € /1‘S and y € D\{0}. In particular, n(L,v)
is defined for (L,y) € J, where J = {(L,y) : L€ A° , y € D, ||y = 1}, s0 J i is

compact. Let H = {n(L,y) : (L y) € J}. Then H is a compact subset of c.
Pick a compact subset H of C such that H is contalned in the interior of H.
Since H is a compact subset of the convex set C the convex hull H of H is

also a compact subset of .10 ¢ H, and we define C = {rz :r >0,z € H},
then C is a closed convex cone in R"™ such that

CC cu {0} and n(L,y) € Int(C) whenever (L,y) € J. (4.3.9)

If0 e ﬁ, then 0 € Co’, so C' = S¢ and then in particular C'is closed, so we can
define C = C, and then then C is a closed convex cone in R™ such that (4.3.9)
holds. Let & = max{||n(L,y)|| : (y, L) € J}. Then |n(L,y)|| < &|ly| whenever
(L,y) € A% x (D\{O}) This shows that 7 can be extended to a continuous
map from A% x D to C by letting n(L,0) = 0 for L € A%,

Fixay €]0,9[,and let D ={ry:r € R,r >0,y €Y, [y — gl <~}
Then D is a closed convex cone in Y, § € Int(D), and D C Int(D)U{0}. More
precisely, we may pick a & such that & > 0 and By (y,&||y||) € D whenever
y € D. (For example, & = 4 — v will do. A simple calculation shows that the
best — i.e., largest — possible choice of & is & = (¥ —7)(1 — 7)~1/2.) We then
let 0 = 5, k= /(1 + 20).

Fix an AGDQ modulus @ for (F,0,0,C). For each £ such that 6(¢) is finite,
pick a map A, € CCA(C(e), Lin(X,Y) x Y') such that

(xEC(E) A (L,h)eAE(gc)> = (LeAe(E) AR <6(e)e AL - x—i—heF(x)).

Also, observe that when A € GDQ(F,0,0,C) then A, can be chosen so that
all the members (L, h) of A.(z) are such that h = 0. In that case, we let G¢(x)
be such that A.(z) = G.(x) x {0}.
Next, fix a positive number & such that 6(¢) < 6 and 0(¢) < Z. Let & = =.
Fix an o such that 0 < o« < @, and let e = kv, s0 0 < e < &. Then@( ) <6
and 6(¢) < 2. Let C(e) = C N Bx(0,£). Then C(e) is a nonempty compact
convex subset of X.
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Now choose p(«) — for a €]0,a] — as follows:

o) = {0 if A€ GDQ(F,0,0,0)

slse) if A ¢ GDQ(F,0,0,,C).

It is then clear that 0 < p(a) < 1, because O(ka) < O(ka) = 0(8) < 2.
Furthermore, p(«) clearly goes to 0 as « | 0.

Fix a y € D such that |ly]| =«a. Let Q. =C(e) x [0,1], and define a
set-valued map H. : Q. +» X by letting H.(x,t) = = — Uc(z,t) (that is,
H.(z,t) ={x —&: £ € Us(x,t)}) for x € C(e), t € [0, 1], where, for (z,t) € Q.:
o 1 A¢GDQF0,0,0), then Un(r. 1) = {n(L.ty—p(): (L ) € A(2) .

where the function ¢, : [0, 1] — [0, 1] is defined by

pelt) = oo i D<t<p(). @) =1 i plo) <t

o If Ac GDQ(F,0,0,C), then U.(x,t) = {n(L,ty) Le GE(:E)}.
We claim that H. € CCA(Q., X). To see this, we first show that
ty — pe(t)h € D whenever (z,t) € Q. and (L, h) € Ac(x). (4.3.10)

This conclusion is trivial if A € GDQ(F,0,0,C), because in that case h = 0.
Now consider the case when A ¢ GDQ(F,0,0,C), and observe that if z € C(¢)
and (L, h) € A.(x) then L € A%¢) and

t t t "

li=(0)hll < bl < — () = — s blma)llyll = —se(sa)slly|
7L9(/<;04)/<; " :i e .

=@ o tell= el =tollyl

It follows that ty— . (t)h belongs to the ball By (ty, to||y||), which is contained
in D. So ty — . (t)h € D, completing the proof of (4.3.10).

Next, let i1 be the set-valued map with source Q. and target Lin(X,Y)xY,
such that p(z,t) = {(L,ty — p=(t)h) : (L,h) € A-(z)}. Then p belongs to
CCA(Q:, Lin(X,Y) xY), because it is the composite of the maps

Q-3 (x,t) — Ac(z) x {t} C Lin(X,Y) xY xR,

and Lin(X,Y)xY xR 3 (L, h,t) — (L, ty—p:(t)h) € Lin(X,Y)xY .

On the other hand, ; actually takes values in A%(5) x D. Therefore, if we let
v be the map having exactly the same graph as p, but with target A% x D,
then v € CCA(Q., A° x D). (Indeed, if {y;};en is a sequence of continuous

maps from Q. to Lin(X,Y) x Y with the property that pu; e, 1, and we
write pj(x,t) = (L;(x,t),(j(x,t)), then L; will take values in A% if j is large



262 H.J. Sussmann

enough, because A° is a neighborhood of A%(). On the other hand, D is
a closed convex subset of Y, so it is a retract of Y. If w : Y — D is a
retraction, and v;(x,t) = (L;(z,t),w((;(2,t))), then {v; }jen, j>,. is — for some
j« — a sequence of continuous maps from Q. to A% x D such that vj BLIN v.)
Now, U. is the composite 7 o v, and 7 is a continuous map on A% x D. So
U. € CCA(Q., X), and then H. € CCA(Q., X) as well, completing the proof
that H, € CCA(Q., X).
It is clear that

if (z,t) € Q. then 0¢€ H.(x,t) <= z € U (x,t).

We now analyze the implications of the statement “z € U, (z,t)” in two cases.

First, suppose that A € GDQ(F,0,0,C). Then = € U.(x,t) if and only if
(3L € G(x))(xz = n(L, ty)). If such an L exists, then L -2 = Ln(L,ty) = ty,
so ty € Ge(z) -z, and then ty € F(z). Furthermore, the fact that « = n(L, ty)
implies that ||z] < &t||y||, so a fortiori ||z| < xt||y]|.

Now suppose that 4 ¢ GDQ(F,0,0,C). Then z € U.(x,t) if and only if
(EI(L,h) € Ag(x)) (:c =n(L,ty — <p5(t)h)). If such a pair (L, h) exists, and
t > p(a), then

L-x=Ln(L,ty — ¢c(t)h) = Ly(L,ty — h) =ty — h

so L-x+ h = ty, and then ty € F(z). On the other hand, the fact
that o = n(L,ty — - (t)h) implies that ||z| < &(t||ly|| + to|lyl]), since we have
already established that ||¢:(¢)h| < tol|ly||. Hence ||z|| < xt||y]|.

So we have shown, in both cases, that:

(A) If (z,t) € Qe, 0 € He(x,t) and p(a) < t < 1, then ty € F(x) and
]| < wtly]l-

In addition, H. obviously satisfies:
(B) H.(z,0) = {z} whenever z € C(¢).

Next, choose a sequence {v;};en of interior points of C such that v; — 0 as
Jj — oo and |lvj|| < oklly|| for all j. We claim that:

(C) v; ¢ He(z,t) whenever x € OC(¢), t € [0,1], and j € N.

To see this, we first observe that the condition v; € H.(z,t) is equivalent to
x €v; + U, t). If z € IC(¢), then either z € IC or ||z|| = klly||. If z € OC,
then  cannot belong to v; + U.(z,t), because U.(z,t) C C and v; € Int(C),
so vj + Ug(x,t) C Int(C). If ||z|| = k|y||, then  cannot belong to v; + U.(x,t)
either, because if (L, h) € Az(z) then

In(L, ty — e (ORI < &ty — e ()R] < Rlityll + &lle= ()]

< trllyl+tkllollyll = th(1+o)llyll < &(1+o)llyll,
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so [|lvj +n(L, ty)|| < &1+ 0)lyll + [lv;[| < &1+ o)yl + ~ollyll = &llyll.
Hence we can apply Theorem 3.8 and conclude that there exists a compact
connected subset Z of C(e) x [0, 1] such that (i) the sets Z N (C(e) x {0}) and
Z N (C(e) x {1}) are nonempty, and (ii) 0 € H.(z,t) whenever (z,t) € Z.
For 3 such that 0 < 8 < 1—p(a), let Z?) be the open B-neighborhood of Z
in Q., so that Z?) = {q € Q. : dist(q, Z) < 3}. Then Z is a relatively open
subset of Q.. It is clear that Z(?) is connected, so it is path-connected. Since
ZP) intersects both sets C(g) x {0} and C(g) x {1}, there exists a continuous
map & : [0,1] — Z) such that £(0) € C(g) x {0} and £(1) € C(e) x {1}. Let

I= {t €[0,1]: &(t) € C(e) x [0, p() +ﬂ]},

Then it is clear that I is a nonempty compact subset of [0, 1], so I has a largest
element 7. Then £(7) € C(e) x {p(a) + B}, and

&(t) eCle) x [p(a) + 8,1]  whenever 7 <t<1. (4.3.11)

Hence, if we define W# = ~([r,1]), we see that (i) W* is compact and
connected, (ii) W# C C(e) x [p(a) + 3,1], (iii) WP N (C(e) x {p(a) Jrﬁ}) #0,
(iv) WP N (C(s) X {1}) £ 0, and (v) dist(w, Z) < 8 whenever w € WP

Let Z = ZN(C(g) x [p(c),1]). Then Z is a compact subset of C(¢) x[p(a), 1].
If w € W#, then the point z,, € Z closest to w is at a distance < 3 from w,
and must therefore belong to C(e) x [p(a), 1], since w € C(g) x [p(a) + 5,1].
It follows that 2z, € Z. Therefore

dist(w, Z) < 8 whenever w € W7 (4.3.12)

We now use Theorem 3.7 to pick a sequence {f3;};jen converging to zero,
such that the sets W5 converge in Comp(Q.) to a compact connected set W.

It then follows from (4.3.12) that W C Z. On the other hand, since the sets
Whin (C(E) X {p(a)—i—ﬂj}) and Whin (C(s) X {1}) are nonempty for each j, we

can easily conclude that W N (C(s) X {p(a)}) % () and WN (C(E) X {1}) £ 0.
Hence, if we take Z, to be the set W, we see that (i) Z, is compact connected,
(i) Z, € Zn (C(a) X [p(a), 1]), and (iii) Z, has a nonempty intersection with
both C(e) x {p(a)} and C(g) x {1}.

Now, if (x,t) € Z,, we know that 0 € H.(x,t), and then (A) implies that
ty € F(x) and ||z|| < kt||y||, since p(a) <t < 1. This shows that Z, satisfies
all the conditions of our statement, and completes our proof. O

Approximating Multicones

Assume that M is a manifold of class C!, S is a subset of M and Z, € S
Recall that “multicones” were defined on Page 225.
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Definition 4.32 An AGDQ approximating multicone to S at T, is a
convex multicone C in Tz, M such that there exist an m € Z,, a set-valued
map F : R™ +—» M, a convex cone D in R™, and a A € AGDQ(F,0,Z., D),
such that F(D) C S and C = {LD : L € A}. If A can be chosen so
that A € GDQ(F,0,Z.,D), then C is said to be a GDQ approrimating
multicone to S at x,. O

Transversality of Cones and Multicones

If Sy, S5 are subsets of a linear space X, we define the sum S7 + Sy and the
difference S1 — S by letting

Sl+52={81+82351 ESl,SQESQ}, 51—52:{51—52251 651,32652}.

Definition 4.33 Let X be a FDRLS. We say that two convex cones C', C?
in X are transversal, and write C*NC2, if C* — C? = X. 0

Definition 4.34 Let X be a FDRLS. We say that two convex cones C, C?

in X are strongly transversal, and write ClﬂﬁC’z, if CMC? and in addition
C'neC? #{0}. O

The definition of “transversality” of multicones is a straightforward extension
of that of transversality of cones.

Definition 4.35 Let X be a FDRLS. We say that two convex multicones
C' and C? in X are transversal, and write clfﬁ(,’?, if cihe? for all pairs
(C1,C?) ect x C2 O
The definition of “strong transversality” for multicones requires more care.
It is clear that two convex cones C', C? are strongly transversal if and only

if (i) C'MC2, and (ii) there exists a nontrivial linear functional A € X such
that C'NC?N{x € X : A(z) > 0} # (. It is under this form that the definition
generalizes to multicones.

Definition 4.36 Let X be a finite-dimensional real linear space. Let C*, C?
be convex multicones in X. We say that C' and C? are strongly transversal,

and write C'MC2, if (i) c'he?, and (ii) there exists a nontrivial linear
functional X € XT such that C*' N C? N {x € X : Az) > 0} # 0 for every
(C1,C?) ect xC2 O

The Nonseparation Theorem

If Sy, S; are subsets of a topological space T, and 5, € S1 N S, we say that
S1 and Sy are locally separated at s, if there exists a neighborhood U of 5,
such that S1NSyNU = {5.}. If T is metric, then it is clear that S; and S are
locally separated at s, if and only if there does not exist a sequence {s;};en
of points of (51 N S2)\{0} converging to 3..
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Theorem 4.37 Let M be a manifold of class C1, let S1, So be subsets of M,
and let 5, € S1NSs. Let Cy, Co be AGDQ-approzimating multicones to Sy, S

at S, such that ClHﬁCQ. Then S1 and Sy are not locally separated at 5. (that
is, the set S1 NSy contains a sequence of points s; converging to 5. but not
equal to S, ). Furthermore:

(1) If £ : 2 — R™ is a coordinate chart of M, defined on an open set {2
containing 3., and such that £(5.) = 0, then there exist positive numbers
&, k, 0, and a function p :10,&] — [0,1[ such thatlim, o p(a) = 0, having
the property that, whenever 0 < a < @&, the set £(S1 N So N §2) contains a
nontrivial compact connected set Z,, such that Z, contains points x_(«),
x4 (@), for which ||z_(a)|| < kp(a)a and ||z4(a)|| > oa.

(2) If C1, Co are GDQ-approzimating multicones to S1, So at §.. then S1 NSy
contains a nontrivial compact connected set Z such that 5, € Z.

In view of our definitions, Theorem 4.37 will clearly follow if we prove:

Theorem 4.38 Let ny,no, m be positive integers. Assume that, for i = 1,2,
(1) C; is a convex cone in R™, (2) F; : R™ +—» R™ is a set-valued map, and

(8) A; € AGDQ(F};,0,0,C;). Assume that the transversality condition
LCy — LyCy = R™ for all (Ll,LQ) S /11 X A2 (4313)
holds, and there exists a nontrivial linear functional i : R™ +— R such that

LiCiNLCon{y e R™ : pu(y) >0} #0  for all (L1, L) € Ay xAy. (4.3.14)

Let T = {(sr:l,xg,y) € Cy xCy xR™ 1y € Fy(ay) N Fy(xg) } Then there

exist positive constants &, k, o, and a function p :]10,a] — [0,1] such that
lim, o p(e) = 0, having the property that:

(*) For every a for which 0 < a < & there exist a compact connected subset
Za OfI7 and pOints (951,04,77962,04,77904,—); (xl,a,Jrva,a,Jraya,Jr) Of Zou fOT’
which ||ya+| = oo and |[ya,—|| < rp(e)a.

Furthermore, if A; € GDQ(F;,0,0,C;) for i = 1,2, then it is possible to
choose p(a) = 0.

Proof. Define a set-valued map F : R™ x R x R™ +— R™ x R™ x R by
letting F(z1,22,y) = (y — F1(z1),y — Fa(z2), u(y)) for x1 € R™, 25 € R"2,
y € R™. (Precisely, this means that F(x1,z2,y) is the set of all triples
(y —y1,y = y2, u(y)), for all y1 € Fi(21), y2 € Fa(x2).)

Also, define a cone C C R™ x R™2 x R™ by letting C' = C; x Cy x R™,
and a subset £ of Lin(R™ x R™2 x R™ R™ x R™ x R) by letting £ be the set
of all linear maps Ly, 1,, for all (L1, Ls) € Ay x Ag, where L1, 1, is the map
from R™ x R™ x R™ to R™ x R™ x R such that

£L17L2(x17x25y) - (y—lel’y—Lgl'g,,U/(y)) (4315)
if  (21,22,y) €R™ xR" x R™. -
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It then follows immediately from the definition of AGDQs and GDQs that
L e AGDQ(F,(0,0,0),(0,0),C), and also that L& GDQ(F, (0,0,0),(0,0),C)
if A; is in GDQ(F;,0,0,C;) for i = 1,2.

Let w, = (0,0, 1). We want to show that the conditions of the directional
open mapping theorem are satisfied, that is, that @, € Int(LC) whenever
L e L Let L € L, and write L = Ly, 1,, with L1 € Ay, Ly € Ay. Using
(4314), find ¢; € Cq, éa € Oy, such that Lié; = Laés and /L(Llél) > 0.
Let @ = u(L1¢). Let vi,v2 € R™ be arbitrary vectors. We claim that the
equation

L(x1,22,y) = (v1,v2,7) (4.3.16)

has a solution (z1,z2,y) € C provided that r is large enough. To see this,
observe first that (4.3.13) implies that we can express vy — v7 as a difference

vy — v, = Licy — Lacy , C1 &€ 4 , Co € Csy. (4317)

Then, if we let § = v1 + L1cq (so that (4.3.17) implies that § = vo + Laco as
well), it is clear that L(ci,c2,9) = (§ — Lic1,§ — Laca, u(g)) = (v1,v2,7), if

we let Fdﬁfp(gj). If » > 7, then we can choose

_ =T _ =T _ r—7
y=y+ a “Lici, 1 =c1+

cCl, X2=2C+

With this choice, we have

- r—r _ r—r B 5
y—Lll‘lzy—L161+ = - L6 — — 'Llclzy—L161:U1,
- r—r _ r—r _
Yy — Loxo = 9§ — Loco + —— - L1¢y — —— - LaC
- r—r _ r—r _ N
=9 — Loco+ —— - L[16 — —— - L1&1 = § — Lacy = vy,

and p(y) = p(@) + =Sp(Lié) = 7+ r —F = r. It then follows that
L(z1,22,y) = (v1,v2,7), and we have found our desired solution of (4.3.16).

So we have shown that for every (vq,v2) € R™ x R™ the vector (vy,va,7)
belongs to L - C' if r is large enough. This easily implies that the point
W, = (0,0,1) belongs to the interior of L - C. (This can be proved in many
ways. For example, let E = (eq,...,€e2,) be a sequence of 2m + 1 affinely
independent vectors in R™ x R™ such that the origin of R™ x R™ is an
interior point of the convex hull of E. Then we can find an 7 such that 7 > 0
and (e;,7) € LC whenever r > 7. It then follows that the vectors (e;, 7) and
(es,7 4+ 2) belong to LC, so the vector (0,0,7 + 1) is in Int(LC), and then
(0,0,1) € Int(LC) as well.)

We can then apply Theorem 4.30 to the map F and conclude that there
exist positive numbers @, k, and a function p :]0,&] — [0,1[ such that, if
a €]0,a] and we let w.(a) = aw,, then there exists a compact connected
subset Zg, of C(ka) % [p(a), 1] such that Z, intersects the sets C(kar) x {p(c)}
and C(ka) x {1}, and the conditions
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riw(a) € Fzi,w,y) and |z + [lz2fl + [lyl] < rra

hold whenever ((z1,%2,y),7) € Za and p(a) < r < 1. (Here we are writing
C(r) = {(z1,22,y) € C: [laa]| + [lz2|| + [lyl < 7}.) We let o = [|u]| 7"

If we now define Z,= {(acl, x2,y): (3rep(a),1]) (((a:l, T2,Y),T) EZa) },
then Z, is a continuous projection of a compact connected set, so Z, is
compact and connected. If (z1,x2,y) € Z,, then there is an r € [p(«), 1] such
that ((z1,z2,y),r) € Za, and then (0,0,ra) € F(x1,22,y), so in particular
0=y—y =y — y2 for some y; € Fi(z1) and some yo € Fy(x2). But then
Y1 = Y2 =y, so y € Fy(xz1) N Fy(x2), showing that (z1,22,y) € Z. So Z, C Z,
as desired.

Finally, we must show that Z, contains points (21,4,—,%2,a,—, Ya,—) and
(T1,0,4> 2.0+ Ya,+) for which ||ya,—| < kp(a)a and |Jya,+| > oa. Let
(10— 2,0,—Ya,— )y Ta—) and ((T1,04:T2.0,4+» Yot )s Ta,+) be members of
ZaN(C(ka) x {p(a)}) and ZoN(C(rka) x {1}), respectively. Then ro - = p(a),
and (0,0, p()ar) = (0,0,7q —) = ro,_Ws(a) € F(x1,0,—,Z2.0,—, Yau,— ), from
which it follows that ||ya,—| < k7q,—a. On the other hand, r, + = 1, and then
(0,0,a) = (0,0,7rq +a) = ro1+Ws(a) € F(21,0,4+5%2,0,+5Ya,+), from which
it follows that (1(ya,+) = «, so that & = pu(ya.+) < ||¢ll |ya,+|, and then
1Yo+l = oo 0

5 Variational Generators

5.1 Linearization Error and Weak GDQs

Assume that X and Y are FDNRLSs, SC X, F: S+— Y, and Z, € X. Recall
that a linear map L : X — Y is said to be a differential of F' at Z, in the
direction of S if the linearization error E%”L:z (h) =F(Z«+h)—F(Z.)—L-h
is o(||h]|) as h — 0 via values such that Z, +h € S.

Remark 5.1 The precise meaning of the sentence “E%’}:j(h) is o(||h]]) as

h — 0 via values such that z, +h € 5”7 is:

o There exists a function 6 € © (cf. Sect. 4, page 243) having the property
that ||E%’}1§* (Z, D) || < O(||hIDIR] for every h such that . +h € S. O

A natural generalization of that, when A is a set of linear maps, F' is
set-valued, and we have picked a point g, € Y to play the role of F(z.), is
obtained by defining the linearization error via the formula

B L o () inf{Hy —Go—L-h|:yeF(z.+h), Le A} . (5.1.1)

Definition 5.2 Assume that X and Y are FDNRLSs, (T4, 7<) € X XY,
F:X+—Y, and SCX. A weak GDQ of F at (Z.,y.) in the direction of
S is a compact set A of linear maps from X toY such that the linearization
error E%@lig*(h) is o(||h|]) as h — 0 via values such that Z,+h € S. O
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In other words, a weak GDQ is just the same as a classical differential,
except for the fact that, since the map F' is set-valued and the “differential”
A is a set, we compute the linearization error by choosing the y € F(Z, + h)
and the linear map L € /A that give the smallest possible error.

We will write WGDQ(F, T, §s, S) to denote the set of all weak GDQs of
F at (Z,Tx) in the direction of S.

The following trivial observations will be important, so we state them
explicitly. (The second assertion is true because the infimum of the empty
subset of [0, +o0] is +00.)

Fact 5.3 Assume that X andY are FDNRLSSs, (T4, 9x) € X XY, F: XY,
and SCX. Then:

e If A € WGDQ(F,Z,5.,S), A € Comp’(X,Y), and A C A, then
A e WGDQ(F, %, ¥s, S).
o ()€ WGDQ(F,Z.,¥s,S) if and only if T, ¢ Closure(S). 0

We recall that the distance dist(S,S’) between two subsets S, S’ of a metric
space (M,dys) is defined by dist(S,S") = inf{dy(s,s"):s€ 5,5 €S} It
follows that dist(S,S”) > 0, and also that dist(.S, S") < +o0 if and only if both
S and S’ are nonempty. Furthermore, the linearization error E%@m*y*(h)
defined in (5.1.1) is exactly equal to dist(y. + A - h, F(Z. + h)).

The following two propositions are rather easy to prove, but we find it
convenient to state them explicitly, because they will be the key to the notion
of “variational generator” in GD(Q theory.

Proposition 5.4 Suppose X,Y are FDNRLSs, F : X — Y, S C X, (ZTu,TUx)
belongs to X XY, and A is a compact set of linear maps from X toY. Then
the following three conditions are equivalent:

()A€ WGDQ(F.7..7..5)
(2) There exist a positive number 6, and a family {I{(S}O<5§g* of positive
numbers such that lims | k% =0, having the property that

dist (g*+/1-h, F(s‘c*+h)) <6x® whenever ||h]|<86<0, and Z4heS (5.1.2)

(3)If {h;j}jen is a sequence in X such that lim; .o h; =0 and .+ h; € S
for all j, then there exist (i) a sequence {L;};en of members of A (ii) a
sequence {y;}jen for which y; € F(Z. + hj) for each j, (iit) a sequence
{rj}jen of positive numbers such that |y; — g« — Lj - h;|| < r;j||h;|| for all
Jje€N andlim;_r; =0 O

Proposition 5.5 Let XY, F,S T,y be as in Proposition 5.4. Then:

If A e AGQD(F, z,,ys,S) it follows that A € WGQD(F, Z., ys, S).

If A belongs to WGQD(F, T, §s, S), A is convex, and the restriction F [ S
s upper semicontinuous with closed convex values, then it follows that
A€ GQD(F, Z.,ys,S). O
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5.2 GDQ Variational Generators

For a set-valued map F': X x R +» Y, we write I, F*,if x € X, t € R, to
denote the partial maps F, : R — Y, F'* : X + Y, given by

F.(s) = F(x,s) and F'(u) = F(u,t)if s€R, u€ X .

For a subset S of X x R, we write S,, S, if x € X, t € R, to denote
the sections S, C R, S* C X, given by S, = {s € R : (2,5) € S} and
St={ue X:(ut)eS}

We would like to define the notion of “variational generator” as follows,
assuming that:

(VGAL) X andY are FDNRLSSs, a,b € R, and a <b

(VGA2) & € C%|a,b]; X) and 0. is a ppd single-valued function from
[a,b] to Y

(VGA3) SC X xR

(VGA4) F: X x R+—Y is a set-valued map

Tentative definition: Assume that (VGA1,2,3,4) hold. A GDQ wariational
generator of F along (§.,04) in the direction of S is a set-valued map
A fa,b] = Lin(X,Y) such that, for every t € [a,b], the set A(t) is a weak
GDQ of F' at (£.(t),04(t)) in the direction of S. 0

The trouble with this definition is twofold:

e First of all, there at least two natural ways to define the “linearization
error” at a particular time ¢, because we could:
(1) Use the “fixed time error” b By ¢, (h, DEEE e .00 (D)
where Y\ ¢ (1) 5. (1 (1) is obtained by applying Formula (5.1.1) to
the map F?, so that

EEMY e o (hot) = dist(o.(t) + A(t) - b, F(&(t) + h,t)) (5.2.1)

(2) Work instead with a “robust” version of the error, in which we try to
approximate F(&.(t + s) + h,t + 8) — 0.(t + s) by A(t) - h not just for
s = 0 but also for s in some neighborhood of 0; this leads to defining

B (hys,t) = dist(ou(t+5) + A(t) - h, F(&(t+5) + ht+5)  (5.2.2)

e Second, once we have settled on which form of the error to use, this
will lead to introducing functions ¢ + %(t), t +— k>°(t) such that
I o o ()] < 6K%(t) and | ERYTEY, (hs,t)| < 0k%5(t) whenever
|h]| < §, and require that these functions “go to zero.” However, when
functions are involving, “going to zero” can mean many different things,
since the convergence could be, for example, pointwise, in L', or uniform.
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It follows that, in principle, there are at least twice as many reasonable notions
of “variational generators” as there are notions of convergence of functions,
since for each convergence notion we can require that the convergence take
place for the fixed-time error or for the robust one.

It turns out, however, that of all these possible notions of “variational
generator,” only two will be important to us. So we will define these two
notions and ignore all the others.

L' Fixed-Time GDQ Variational Generators

Let us assume that X, Y, a, b, &, 0., S, F are such that (VGA1,2,3,4) hold.

Definition 5.6 An L' fized-time GDQ wvariational generator of the
map F along (§.,0.) in the direction of the set S is a set-valued map
A a,b] — Lin(X,Y) such that:

o There exist a positive number 0 and a family {k°}.5<5 of measurable
functions k° : [a,b] + [0,+00] such that lims o f; K(t)dt = 0 and, in

addition, dist(o.(t) + A(t) - h, F(&.(t) 4+ h,t)) < 0k(t) whenever h € X,
t € [a,b], (&(t) + h,t) € S, and ||h]] < 4. O

We will write vaé}g"(F, £.,04,5) to denote the set of all L* fixed-time GDQ
variational generators of F' along (&4, 0.) in the direction of S.

Pointwise Robust GDQ Variational Generators

Again, let us assume that X, Y, a, b, &, 04, S, F are such that (VGA1,2,3,4)
hold.

Definition 5.7 A pointwise robust GDQ variational generator of the
map F along (¢.,0.) in the direction of the set S is a set-valued map
A a,b] — Lin(X,Y) such that:

o There exist § > 0, 5 > 0, and a family {x**}o_s<50cs<s Of functions
k%% 2 [a,b] — [0, 400], such that (i) lims|o s 10 £%%(t) = O for every t € [a, b]
and (i) dist(o.(t4s)+A(t)-h, F(&.(t+5)+h,t45)) <6x>5(t) whenever
he X, ||h]| <4, tea,b], t+s € [a,b], and (&.(t+s)+h,t+s) € S. O

We write VGZ?BE;I’(F, x, 04, 5) to denote the set of all pointwise robust GDQ
variational generators of F' along (&4, 0,) in the direction of S.

5.3 Examples of Variational Generators

We now prove four propositions giving important examples of variational
generators.
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Clarke Generalized Jacobians

Recall that 0, f(g,t) denotes the Clarke generalized Jacobian (cf. Definition
2.9) at @ = g of the map = — f(z,1).

Proposition 5.8 Assume that X,Y are FDNRLSSs, and f is a single-valued
ppd map from X x R to 'Y, whose domain contains a tube T (£4,0) about a
continuous curve &, : [a,b] — X. Assume that each partial map t — f(z,t)
is measurable and each partial map x — f(x,t) is Lipschitz with a Lipschitz
constant C(t) such that the function C(-) is integrable. Let Z = Lin(X,Y),
and define A(t) = 0, f(£.(t),t) and o.(t) = f(&(t),t) for t € [a,b]. Then A
is an integradbly bounded measurable set-valued function from [a,b] to Z with

a.e. nonempty compact convex values, and A is an L' fized-time variational
GDQ of f along (&x,04) in the direction of X X [a,b].

Proof. To begin with, we observe that the bound ||L|| < C(t) holds for every
t € [a,b] and every L € A(t), so A is integrably bounded. Furthermore, A
clearly has compact convex a.e. nonempty values. A somewhat tedious but
elementary argument proves that /A is measurable.

Now, let x°(t) denote the maximum of the distances dist(L, A(t)) for all
L € AO(t), where A (t) is the closed convex hull of the set of all the
differentials D f*(x) for all x € D%, and D} is the set of all points z in the the
open ball By (£.(t),0) such that f* is differentiable at . Then ? is easily seen
to be measurable, and such that lims)g x°(t) = 0 for every t. Furthermore, if
||| < 6, then the equality f(&,(t) + h,t) — f(€.(t),t) = L - h holds for some
L € A®)(t), and we can pick L € A(t) such that ||L— L|| < x%(t), and conclude
that ~

f(f*(t) +h=t) - f(f*(t)7t) —L-h=(L-L)-h,

from which it follows that || f(&.(t) + h,t) — f(£.(t),t) — L - h|| < 0x°(t).

On the other hand, it is clear that x°(t) < 2C(t). So the functions x°
converge pointwise to zero and are bounded by a fixed integrable function.
Hence limg f; x%(t) dt = 0, and our proof is complete. O

Michel-Penot Subdifferentials

Recall that if f : X xR < R then 92 f(q,t) is the Michel-Penot subdifferential
(cf. Definition 2.11) at & = ¢ of the function x — f(x,t), and that the notion
of epimap was defined in Sect. 2.1, page 225.

Proposition 5.9 Let X be a FDNRLS, and let [ be a single-valued ppd map
from X xR to R, whose domain contains a tube T (&,,9) about a continuous
curve & : [a,b] — X. Assume that each partial map t — f(x,t) is measurable
and each partial map x +— f(x,t) is Lipschitz with a Lipschitz constant
C(t) such that the function C(-) is integrable. Let A(t) = 0%f(&.(1),t), and
let o.(t) = f(&«(t),t). Let F be the epimap of f. Then A is an integrably
bounded measurable set-valued function with a.e. nonempty compact convex
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values, and A is an L fized-time variational GDQ of F along (€.,0.) in the
direction of X X [a,].

Proof. To begin with, we observe, as in the previous proof, that (i) the bound
IIL]| < C(¢) holds for every t € [a,b] and every L € A(t), so A is integrably
bounded, and (ii) A clearly has compact convex a.e. nonempty values.

Next, we prove that A is measurable. For this purpose, we need to review
how the Michel-Penot subdifferential A(¢) is defined: for each ¢t € [a,b], let
ft be the function Bx (&.(t),0) > o +— f(x,t) € R; extend f* to all of X by
defining it in an arbitrary fashion outside By (&,(t),6); for x,h € X, define

d°ft(xz, h) = supyex limsup, o ¢! (f(:zc—l—t(k—l—h))—f(a:—&—tk)), so that, for each

z € X, the function X 3 h — df (z,h) € [—00,+00] is convex and positively
homogeneous; then A(t) is the set of all linear functionals w € XT such that
d° ft(&.(t),h) > (w, h) whenever h € X.

We define the support function o4 using (2.1.4), with R in the role of Y,
and XT = Lin(X,R) in the role of X, so 0, is a function on [a,b] x X. The
measurability of A will follow if we prove that the function [a,b] 3 t — o 4(t, h)
is measurable for each h € X.

Fix an h € X and a t € [a,b]. If w € A(t), then {w,h) < d°ft(&.(t), h).
Therefore o (¢, h) < d°ft(&.(t), h). We will prove that the opposite inequality
is also true. Define F = {(h,r) € X x R:r > d°f"(&.(t),h)}, Then E is the
epigraph of the function X 3 h s d°f'(&.(t),h) € R, which is everywhere
finite, convex, and positively homogeneous. In particular, F is a closed convex
cone in X x R with nonempty interior. If we let ¥ = d°f*(£.(t),h), then
the point (h,7) belongs to the boundary of E. Hence the Hahn-Banach
theorem implies that there exists a linear functional £ € (X x R)"\{0} such
that 0 = 2(h,7) < Q(h,r) for all (h,r) € E. Then there exist a linear
functional w : X +— R and a real number wq such that 2(h,r) = —w(h) + wor
for all (h,r) € X xR, and (w,wp) # (0,0). Clearly, wy > 0, because
0 = —w(h) + wor < —w(h) + wo(F + 1). Furthermore, wy # 0, because if
wo = 0 then w(h) = —2(h,7) = 0, and then the inequality 2(h,7) < 2(h,7)

implies 0 = —w(h) < —w(h) for all h € X, so w = 0 as well. So we may assume

that wyg = 1, and then 0 = —w(h) + 7 < —w(h) + r for all (h,r) € E. Hence
w(h) < rforall (h,r) € E, so in particular w(h) < d°f*(£.(t),h) forall h € X.

Tt follows that w € A(t). On the other hand, the fact that —w(h) +7 = 0 tells
us that w(h) = d°f*(£.(t), h). Hence oa(t, h) > d°ft(£.(t), h).

It follows that o4 (t,h) = d°f!(&.(t),h) for all h € X. This implies the
desired measurability of the function [a,b] > t +— o4(t,h) € R, because

la,b] 3t d°f*(£.(t), h) is clearly measurable.
Now fix ¢ € [a,b]. For h € R™ such that ||k <9, let

0'(h) = min{ f(£.(t) + h,t) — 0u(t) —w-h:w € A(t)}. (5.3.1)

If in addition h#0, write 0% (h) = %. We claim that lim supy, o j,o 0" (h) <0,

Indeed, if this was not so there would exist a positive € and a sequence {h;} jen
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converging to zero and such that h; # 0 and 6'(h;) > e for all j. Then
Fl&(t) + hj,t) — f(&(t),t) —w - h; > ¢|hj| for all j and all w € A(t). Let
7 = ||hjll, w; = %], so ||lw;|| = 1. By passing to a subsequence, if necessary,

assume that the limit w = lim;_, o w; exists. Let e; = w; —w, so e; — 0. Then
hj = tjw; = 1j(w+e€;), s0 f(&(t) + Tj(w +e;),t) — f(&(t),t) —w - h; > eT;
for all j € N and all w € A(t).

It follows that limsup; ., 7, (f(f*( i (wte;), t)—f (&
if w e A(t). But f(§u(t) +7j(wte;),t)— (5*(t)+71w t) <
limsup; oo 7,7t (F(E-(0) + mjw,t) = FE(0).1) —w - hy)
find that limsup;_, . 7; (f(ﬁ*( )+ mw,t) — f(& ))
)

which it follows that limsup, o7~ ( (§e(t) + 1w, t) F&(), )) >etw-w.

So we have shown that d°f!(&.(t),w) > e + w - w for all w € A(t). But
this is impossible, because we already know that d°f!(£.(t),w) = oa(t,w),
so d°ft(&.(t),w) = w - w for some w € A(t). This proves our claim that
limsup,,_,, 0*(h) < 0.

Now define 9 (t) =max (O, sup{0'(h):||h| < 6}) . Then the functions x° are
measurable and nonnegative, and converge pointwise to zero. In addition,
they clearly satisfy x% < 2C(t), since (5.3.1) implies that 6(h) < 2C(t)||h||.
Therefore limg) o f; KO (t) dt = 0.

Given t € [a,b] and h € X such that ||| < §, we can pick w € A(¢) such
that f(&(t) + h,t) — 04(t) —w - h = 0'(h), and then

FE(&) + hyt) = ou(t) —w - h = ||h[|6°(h) < ||h[|x°(t) < 6K°().
It then follows that we can pick a real number r € F(&.(t) + h,t) such that
|r — 0u(t) — w - h| < 6k%(t). (Indeed, if f(&.(t) + h,t) — 0u(t) —w-h >0, we
may pick r = f(&(t) + h,t), and if f(&.(t) + h,t) — 0.(t) —w - h < 0 pick
r = .(t) +w - h.) But then dist(F(ﬁ*(t) Fhot),0u(t) + A(L) - h) < 6K3(1),

since 0. (t) + w-h € o.(t) + A(t) - h and r € F(&.(t) + h,t). This completes
our proof. 0

(D)) hy) > e
C(t)7;lle;l|. Hence
>

e, and then we

€+ w - w, from

Classical Differentials

If (M,dy), (N,dy) are metric spaces, and T, € M, amap F' : M — N
is calm at 7, if there exist positive constants C,d such that # € Do(F) and
dy(F(x), F(Z.) < Cdp(x,Z.) whenever dys(z,Z.) < 6. Ifa,b € R, a < b, and
&« la,b] — M is continuous, then a ppd map F' : M X [a,b] — N is integrably
calm along &, if there exist a positive constant § and an integrable function
C : [a,b] — [0,+00] such that, for almost all ¢ € [a,b], the following two
conditions are satisfied whenever dps(z, & (t)) < 6: (i) (x,t) € Do(F), and
(ii) dny(F(z,t), F(&(t), 1)) < C(t)dpr(x,Ex(t)). Then the following is easily
proved.
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Proposition 5.10 Assume that X,Y are FDNRLSSs, and [ is a single-valued
ppd map from X x R to Y whose domain contains a tube TX(&,,5) about a
continuous curve &, : [a,b] — X. Assume that each partial map t — f(x,t) is
measurable. Assume in addition that:

e For each t the map x — f(x,t) is differentiable at &.(t)
e f isintegrably calm along &,

Let 04(t) = f(&(t),t), and let A(t) = {D, f(&(t),t)}. Then A is an integrable
single-valued map. Furthermore, A is an L' fived-time variational GDQ of f
along (&«,04) in the direction of X X [a,b). O

The Set-Valued Maps 0 > g

We are going to assume that:

(A) X is a FDNRLS, ¢, € C°([a,b],X), 6 > 0, and T = TX(&,,9).

(B) g : T — R is a single-valued everywhere defined function such that
(1) g(&«(t),t) <0 for allt € [a,b], and (i) each partial map x — g(x,t)
is Lipschitz on {x € X : ||v — &.(¢)|| < 0}, with a Lipschitz constant C
which is independent of t for t € [a,b].

We define Av, = {(z,t) € TX(&.,0) : g(z,t) > 0}, so Av, is the domain of
the constraint indicator map xg° (cf. Sect. 2.1, page 225).

Remark 5.11 For an optimal control problem with an inequality state space
constraint g(x,t) < 0, Av, is the set to be avoided, that is, the set of points
(z,t) such that any trajectory £ for which (£(t),t) is one of these points, for
some t, fails to be admissible. O

We define 97 g(z,t) to be the convex hull of the set of all limits lim;_, o w;,
for all sequences {(x;,t;,w;)};en such that lim; . (z;,t;) — (z,t) and, for
all 5, (1) (xj,t;) € Avg, (2) the function = — g(z,t;) is differentiable at z;,
and (3) wj = Vag(z;,t;).

We let K be the set of all ¢ € [a,b] such that (£.(t),t) belongs to the
closure of Av,. Then K is compact.

Remark 5.12 The set K could be empty. (This happens if and only if the
closure of Av, does not contain any point of the form (. (¢),t), ¢t € [a,b].) O

Proposition 5.13 Assume that X, a, b, &, 6, T = T (&4,90), g, C are such
that (A), (B) hold, and Avy, 07 g, K are defined as above. Let o.(t) =0 for
t € [a,b], and define A(t) = 97 g(&.(t),t) fort € [a,b]. Then:

(1) A is an upper semicontinuous set-valued map with compact convex
values

(2) K ={t € [a,b] : A(t) # 0}

(8) A'is a pointwise robust GDQ variational generator of xg° along (§«, 0+)
in the direction of Av,
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Proof. The desired conclusions do not depend on the choice of a norm on X,
so we will assume that the norm on X is Euclidean. For each t € [a, b], let g*
denote the function z — g(z,t), with domain B* = Bx (&.(t),0), and let D?
be the set of points x € B? such that g is differentiable at z. Then D! is a
subset of full measure of BY.

Let us show that A is upper semicontinuous and has compact convex
values. The convexity of the sets A(t) is clear from the definition of A. We
will prove that the graph of A is compact, from which it will follow that A is
upper semicontinuous and has compact values.

First, we observe that every member (¢f,w) of Gr(A) is the limit of a
sequence {(t;,w;)}jen such that ||w;|| < C for all j. Therefore ||w| < C
whenever ¢ € [a,b] and w € A(?).

Now, take a sequence {(¢j,w;)}jen of points in Gr(A). Then |w;|| < C
for all j, so we may find an infinite subset J of N such that the sequence
{(tj,w;)}jes converges to a limit (t,w) € [a,b] x XT. We need to show
that w € A(t). For each j € J, the covector w; is a convex combination
> or—o @ kwik, where g > 0, >0 jayk =1, and wjj = limy_c wj ke,
with Tjke € Dtk ‘. g(xj k g,tj’k’g) > 0, wjke= %(;Cj’kl,tj’k’g), and
limy oo (25,0, tj () (&«(t;),t;). Pick an infinite subset J’ of J such that the
limits @y, = limj_,o je. Wy k and O = limj_,o0 jejr 01 exist. Then &y > 0,
Sh_oar =1, and Y} ax@r = w. Therefore the conclusion that w € A(t)
will follow if we show that @, € A(t) for each k. For j € J', k € {0,...,n},
pick £(j, k) € N such that

@k — winll + 1Z5.6 — &) + 1Ejp — 5] <277,

WheI‘eLfJLk:w]"k’g(j’k),.f?ij =Tj k, g(], ) tAj k= tj kl(5,k)+ Thendjk— lim]_,oo jeJ! LZ)j k>
with @ € 9009(Zjk, i)y 9(Ej 1, i) > 0, and imj oo (&4, L) = (Ex(1),1).
Therefore @y, € A(t) for each k, and then w € A(t), completing the proof that
A is upper semicontinuous and has compact values. So we have proved (1).

Now let us prove (2). Fix a t € K. Then there exist, for j € N, pairs
(Z;,t;) € Sy such that g(Z;,t;) > 0 and ||Z; — &(0)|| + |t; — t] < 279, Pick
z; € D% such that g(zj,t;) > 0 and ||z; — Z;|| < 277. Let w; = g—g(xj,tj).
Then ||w,|| < C for all j. Therefore, we can pick an infinite subset J of N
such that w = lim, ., w; exists. Then w € A(t), so A(t) # 0. Next, fix
at € [a,b]\K. Then no sequence {(z;,t;,w;) en of the kind specified in the
definition of 9 g exists, so 97 ¢(F, t) is empty, that is, A(t) = (. This completes
the proof of (2).

We now prove (3). We take a point ¢ € [a,b], a sequence {(¢;,h;)},en of
points of Sy such that lim; .o h; = 0, and lim;_, t; = ¢, and show that

lim p;=0, where p;= HZJH’ pyi =dist(xg” (&« (t5)+hy, t5), A(t) - hy). (5.3.2)
j

Jj—oo

Write ; = &,(tj) + hj, T = &(t) (so that lim; .o z; = Z). Suppose (5.3.2) is
not true. Then we can pick an infinite subset J of N and an ¢ € R such that >0
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and p; > ¢ for all j € J. Fix a j € J. Then g(x;,t;) > 0. Let v; = g(x;,t;),
and use X; to denote the sphere {h € X : ||h| = ||h;||}. (Recall that h; # 0,
so X; is a true sphere, not reduced to a point.) For h € X\{0}, let o}, denote
the segment {£,(¢;) + sh : 0 < s < 1}. It then follows from Fubini’s theorem
and Rademacher’s theorem that the function g% is differentiable at almost all
points of o, (that is, & (¢;) + sh € D% for almost all s € [0, 1]) for almost all
h € X;. Therefore we can pick ilj € X such that, if we let Z; = &£.(¢;) + iLj,
then ||h; — h;|| < (2C)~'y; and &,.(t;) + sh; € D% for almost all s € [0, 1].
Therefore |17, — o] < (2C) 1, and g(z,t,) — 9(i5.t;) < Clle; — 5,1l < %
from which it follows (since g(z;,t;) = ;) that 9(z;,t; ) > L. Clearly,

g(-%‘ja )—g<§*( (/ o f* )+Shj7t)d> il].

Since g(&.(t;),t;) <0, and g(&;,¢;) > %, we conclude that

1 a B
</0 aiz(g*(tj) +5hjatj)d ) h] > éﬂ

We claim that we can pick s; € [0, 1] such that the three conditions

1y hhy € DY, glEu bbby, 1) >0, L6ty by t) By > D (533)

w\*%

hold. To see this, let n(s) = g(&.(t;) + sﬁj,tj) — g(&(t)),t;) for s € [0,1],
so n(0) = 0, n(1) > 0, n is Lipschitz, and 7n(s) = %(E*(tj) + shj,tj) - hj
for almost all s € [0,1]. Let 7 = sup{s € [0,1] : n(s) < 0}. Then 7 < 1,
n(r) =0, n(1) > %, and n(s) > 0 for s > 7. Therefore, there exists an s
such that 7 < s < 1, &(t;) + sh; € D%, and n(s) > % (because if such
an s did not exist it would follow that 7(s) < %4 for all s €]7,1[ such that
&.(t;) + sh; € D%, ie., that i(s) < % for almost all s € [r,1], and then
le n(s)ds < %, son(l) —n(r) < %, contradicting the fact that () = 0 and
n(1) > % ). This s is our desired s;, and the claim is proved.

Now let fzj = sjﬁj,k ;= &(t)) + }Alj, wj = %(:ﬁj,tj). Then the sequence
{w;};e, is bounded (because ||w;|| < C) so we may find an infinite subset J’

of J such that w = limj_. jej w; exists. It then follows from the definition
of A that w € A(%). Then, if j € J', we have

w - hj = (w—wj) . hj+wj . (hj—?lj)—ij‘ : ilj. (534)

It follows from (5.3.3) that w; - h; > %, while on the other hand we also have
|w; - (h; — hyj)| < &, since ||h; — hy|| < (20)~ 19, and ||w;|| < C. Then (5.3.4)
allows us to conclude that

w-hy = =[lw—=wjll - [l (5.3.5)
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Since x§°(€«(t;) + hj,t;) = [0,4+00[, and w - h; belongs to A(t) - hy, (5.3.5)
implies that the distance p; between the sets A(f) - hy and x§°(&«(;) + hy, t5)

is not greater than ||w — wj|| - [|k;||. Hence p; < |jw — wj||. Therefore
lim; .o jes pj = 0. But this contradicts the facts that J'" C J and Wi = €
for all j € J. This contradiction concludes our proof. O

6 Discontinuous Vector Fields

In this section we will study classes of discontinuous vector fields f that
have good properties, such as local existence of trajectories, local Cellina
approximability of flow maps, and differentiability of the flow maps
(t,s,z) — & (t,s,2) at points (£,%,%). (The flow map of a ppd time-varying
vector field was defined in Sect. 2.1, p. 226.)

These classes have already been studied in great detail in [24], so here we
will just limit ourselves to presenting the relevant definitions, referring the
reader to [24] for the proofs.

6.1 Co-Integrably Bounded Integrally Continuous Maps

The goal of this subsection is to define (i) the class of “co-IBIC” time-
varying maps K 3 (z,t) — f(z,t) € Y, where X,Y are FDNRLSs and K is
a compact subset of X x R, and (ii) the lower semicontinuous analogue of
the co-IBIC condition — called “co-ILBILSC,” — in the case when Y = R.
(The two abbreviations “co-IBIC” and “co-ILBILSC” stand, respectively, for
“co-integrably bounded and integrally continuous” and “co-integrably lower
bounded and integrally lower semicontinuous.”)

The co-IBIC class will be interesting when Y = X, i.e., when f is a
time-varying vector field on X. Roughly speaking the co-IBIC condition is
the minimum requirement that has to be satisfied so that local existence of
trajectories can be proved using the Schauder fixed point theorem. For a
time-varying vector field f : X x R — X, and an initial condition (¢, Z), one
would like to prove existence of a trajectory £ of f, defined on some interval
[t —e,t +¢], by finding a fixed point of the map

Sis36mT(E) €2 such that T(E)(t) =z + / " HE(s). ) ds.

where Z = C%([t—¢,t+¢], X), and =} . ; is the set of all ¢ € CO([t—¢, t+¢], X)
for which £(f) = z. To guarantee the existence of a fixed point, one needs Z
to map =% ; continuously into a compact convex subset of =7 ;.
Traditionally, this is done — if, for example, f is continuous with respect
to x for each t and measurable with respect to ¢t for each x — by assum-
ing that a bound | f(z,t)|| < k(t) is satisfied for all z,¢, where the func-
tion k: R — [0,+oc] is locally integrable. (Naturally, it suffices to assume
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that a function k; exists for every compact subset J of X.) In that case,
the functions Z(&), for £ € 5z z, are absolutely continuous with derivatives
£(t) bounded in norm by k(t), and the Ascoli-Arzeld theorem guarantees
the desired compactness, while the continuity of the map follows from the
Lebesgue dominated convergence theorem.

Here we will consider a much large class of time-varying vector fields, and
in particular we will not require that f(z,t) be continuous with respect to .
The main condition is going to be the continuity of the map Z. We will still
want to assume the existence of the integral bounds k, and the continuity
of the integral map will only be assumed on the set of absolutely continuous
arcs & whose derivatives are bounded by the same function k. That is, we
will single out, for each compact subset S of X x R, the set Arc(S) of all
arcs £ : I — X, defined on a £-dependent compact interval I, and such that
((t),t) € S for all t € I, and the subset Arc(S) of Arc(S) consisting of
all absolutely continuous £ € Arc (S) such that ||£(¢)]] < Ek(t) for almost all
t. This leads us to the concept of “co-IBIC” time-varying ppd vector fields,
that is, maps f : X x R — X such that, on a given compact subset S of
X x R, satisfy a bound ||f(x,t)]] < k(t) and also give rise to a continuous
integral map Z on Arc/(S), with the integrable functions k and k' equal to
each other.

Finally, we point out that, for the integral map to be continuous, an
obvious prerequisite is that it be well defined. If £ € Arc (S), and Do(&) = I,
then of course the map I 5t — f(£(¢),t) will be bounded by an integrable
function of ¢ as long as f satisfies a bound || f(z,t)|| < k(¢). But in addition
we have to make sure that the map is measurable, and this will require that
f be measurable with respect to (z,¢) in some appropriate sense. This is why
our discussion will begin with the definition of “essential BorelxLebesgue
measurability.”

Measurability Conditions

If X is a FDNRLS, we use Bo(X), Leb(X), BLeb(X,R), to denote, respec-
tively, the Borel and Lebesgue o-algebras of subsets of X, and the product
o-algebra Bo(X) @ Leb(R). We let N(X,R) denote the set of all subsets S
of X x R such that ITx(S) is a Lebesgue-null subset of R, where ITx is the
canonical projection X x R 3 (z,t) — t € R. Finally, we use BL?(X,R) to de-
note the o-algebra of subsets of X X R generated by BLeb(X, R)UN (X, R). It
is then clear that the relations Bo(X x R) C BLeb(X,R) C BL(X,R) hold,
and both inclusions are strict.

Definition 6.1 Let X,Y be FDNRLSS, let f be a ppd map from X xR to Y,
and let K be a compact subset of X x R:

e WWe say that f is essentially Borelx Lebesgue measurable on K, or
BL(X,R)-measurable on K, if K C Do(f) and f~*(U)N K belongs to
BL(X,R) for all open subsets U of Y.
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o We use Mpre(X xR, K,Y) to denote the set of ppd maps from X x R to
Y that are BL(X,R)-measurable on K.

Integrable Boundedness

Assume that X,Y are FDNRLSs, f is a ppd map from X xR to Y, and K is
a compact subset of X x R:

e An integrable bound for f on the set K is an integrable function
R 3t — ¢(t) € [0,+00] such that ||f(x,t)]| < @(t) for all (x,t) € K.

o IfY =R, an tntegrable lower bound for f on K is an integrable function
R >t — o(t) € [0,+00] such that f(z,t) > —(t) for all (z,1) € K.

e We call f integrably bounded (IB) — resp. integrably lower bounded
(ILB) — on K if f is BL(X,R)-measurable on K and there exists an
integrable bound — resp. an integrable lower bound — for f on K.

o WewriteIB(X xR, K,Y), TLB(X xR, K,R) to denote, respectively, the
sets of (i) all ppd maps from X x R to'Y that are IB on K, and (ii) all
ppd maps from X x R to R that are ILB on K. o

Spaces of Arcs

If S C X xR, and I is a nonempty compact interval, we write Arc (I, S) to
denote the set of all curves €€ C%(I; X ) such that (£(¢),t)€ S for all ¢t € I.
If k: R — Ry U{+o0} is a locally integrable function, then Arcy(7,S) will
denote the set of all £ € Arc (I, S) such that { is absolutely continuous and
I€()]| < k(t) for almost all ¢t € I. We then write Arc (S), Arci(S) to denote,
respectively, the union of the sets Arc (J,S) and the union of the Arc(J, S),
taken over all nonempty compact subintervals .J of R. It is then easy to show
that

Fact 6.2 If X,Y are FDNRLSs, K C X x R is compact, £ € Arc(K), and f
belongs to Mpre(X x R, K,|Y), then the function Do(§) o t — f(£(t),t) €Y
1s measurable. O

The sets Arc (S) are metric spaces, with the distance d(&, ") between two
members & : [a,b] — X, & : [a/,b'] — X of Arc(S) defined by
d(&,€') = |a—d'| + b= V| + sup{||E(t) — €' (1)] : t € R}

where, for any continuous map 7 : [a, 5] — X, ¥ denotes the extension of
to R which is identically equal to y(a) on | — oo, @] and to v(8) on [3, +o0.
Clearly, then

Fact 6.3 If X is a FDNRLS and S C X x R, then:

(1) If {&;}jen is a sequence of members of Arc (S), with domains [a;,b;], and
& € Arc(S) has domain [a,b], then {{;};jen converges to & if and only
if (a) lim;_ca; = a, (b) lim;_.cb; = b, and (c) lim;_ & (t;) = £(1)
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whenever {t;};jen is a sequence such that t; € la;,b;] for each j and
limj_,oo t]' =1tc [(l, b],

(2)If S is compact, and k:R— Ry U{+oco} is locally integrable, then
Arc (5) is compact. O

Integral Continuity

If X,Y are FDNRLSs, K C X xR is compact, and f € ZB(X x R, K,Y), then
it is convenient to define a real-valued integral map Iy i : Arc(K) — R, by
letting Z;  (§) = fDo(g) f(&(s),s)ds for every & € Arc(K). If S C Arc(K),
we call f integrally continuous (abbr. IC) on S if Z; k[ S is continuous.
If feZlB(X xR, K,R), then Z; i is still well defined as a map into R U
{+0o0}, and we call f integrally lower semicontinuous (abbr. ILSC) on
Sif Ty i [ S is lower semicontinuous.

We will be particularly interested in maps f that, for some integrable
function k, are both integrably bounded with integral bound k and integrally
continuous on Arcy(K).

Definition 6.4 If X, Y are FDNRLSs, K is a compact subset of X xR, and
f: X xR =Y, we cal f co-IBIC (“co-integrably bounded and integrally
continuous”) on K if f € IB(X xR, K,Y) and there exists an integrable
bound k : R +— [0,400] for f on K such that f is integrally continuous on
Arcp(K). If f : X xR — R, we call f co-ILBILSC (“co-integrably bounded
and integrally lower semicontinuous”) on K if f € TLB(X x R, K,R) and
there exists an integrable lower bound k : R — [0,400] for f on K such that
[ is integrally lower semicontinuous on Arc(K). O

6.2 Points of Approximate Continuity

Suppose that X and Y are FDNRLSs, f is a ppd map from X xR to Y,
and (Z.,t.) € X x R. A modulus of approzimate continuity (abbr. MAC) for
f near (Z.,t,) is a function |0, +oo [ xR 3 (3,7) — ¥(B,r) €]0,+00] such
that:

(MAC.1) The function R 5 r +— 9(8,r) €]0,400] is measurable for each
B €0, 400,
(MAC.2) lim, )00 gm0 m0 5 S0, 0(B:7) dr =0,
(MAC.3) There exist positive numbers [, p«, such that:
(MAC.3.a) f(x,t) is defined whenever ||x — T.|| < B and |t — t.| < pa,
(MAC.3.b) The inequality || f(x,t)— f(Zs, L) || <Y(B, t—1s) holds whenever
B €R, x € X, teR are such that ||[x—Z.||<B<Ps and
[t—ta|<ps.

Definition 6.5 A point of approximate continuity (abbr. PAC) for f
is a point (T.,tx) € X X R having the property that there exists a MAC for f
near (T, ts). O
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An important example of a class of maps with many points of approximate
continuity is given by the following corollary of the well-known Scorza-Dragoni
theorem.

Proposition 6.6 Suppose X, Y are FDNRLSs, (2 is open in X, a,b € R,
a<b, and f: 2 x [a,b] — Y is such that:

The partial map [a,b] 3t — f(x,t) €Y is measurable for every x € 2
The partial map 2 > x — f(x,t) €Y is continuous for every t € [a,b]
There ezists an integrable function [a,b] > t — k(t) € [0, +00] such that
the bound || f(x,t)|| < k(t) holds whenever (x,t) € 2 x [a,b]

Then there exists a subset G of [a,b] for which meas([a,b]\G) = 0, such that
every (T«,t) € 2 x G is a point of approximate continuity of f. O

Another important example of maps with many PACs is given by the
following result, proved in [24].

Proposition 6.7 Suppose that X andY are FDNRLSs, a,b € R, a < b, and
F: X x[a,b] — Y is an almost lower semicontinuous set-valued map with
closed nonempty values such that for every compact subset K of X the function
[a,b] 5 t — sup{min{||y| : y € F(x,t)} : © € K} is integrable. Then there
exists a subset G of [a,b] such that meas([a,b]\G) =0, having the property
that, whenever z, € X, t. € G, vx € F(x4,t.), and K C X is compact,
there exists a map K x [a,b] > (x,t) — f(x,t) € F(x,t) which is co-IBIC on
K X [a,b] and such that (x,ts) is a PAC of f and f(x.,t.) = v.. O

7 The Maximum Principle

We consider a fized time-interval optimal control problem with state space
constraints, of the form

minimize w(&(b)) + f: fo(§(t),m(t),¢) dt

£() € Whi([a,b], X) and  &(t) = f(E(t),n(t),1) ae.,
£(a) =7z, and £(b) €S,
subject to < g;(£(¢),t) <0 for t € [a,b], i=1,...,m,
hij(£(b)) =0 for j=1,...,m,

J
n(t) e U for all t € [a,b] and n() el,

and a reference trajectory-control pair (Ex,nx).

The Technical Hypotheses

We will make the assumption that the data 14-tuple D = (X, m,m, U, a, b, ¢,
fos [, T, 8, 0, S, U) satisfies:
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(H1) X is a normed finite-dimensional real linear space, T, € X, and m,m
are nonnegative integers

(H2) U is a set, a,b € R and a < b

(H3) fo, [ are ppd functions from X x U x R to R, X, respectively

(H4) g = (91,---,9m) is an m-tuple of ppd functions from XxRtoR

(H5) h = (hy,...,hs) is an m-tuple of ppd functions from X to R

(H6) ¢ is a ppd function from X to R

(H7) S is a subset of X

(H8) U is a set of ppd functions from R to U such that the domain of every
n € U is a nonempty compact interval

Given such a D, a controller is a ppd function 7 : R < U whose domain is a
nonempty compact interval. (Hence (H8) says that U is a set of controllers.)
An admissible controller is a member of U. If o, 3 € R and a < 3, then we
use Whi(]a, 3], X) to denote the space of all absolutely continuous maps
& [, B] — X. A trajectory for a controller n : [a, 5] +— U is a map
& € Wh([a, ], X) such that, for almost every t € [, 3], (£(¢),n(t),t) belongs
to Do(f) and £(t) = f(£(t),n(t),t). A trajectory-control pair (abbr. TCP) is a
pair (£,7n) such that 7 is a controller and £ is a trajectory for n. The domain
of a TCP (&,n) is the domain of 1, which is, by definition, the same as the
domain of £. A TCP (&,n) is admissible if n € U.
A TCP (&, n) with domain [a, §] is cost-admissible if:

(&,m) is admissible
The function [a, 8] 2t — fo(&(t),n(t),t) is a.e. defined, measurable, and
such that ff min (O, fo(ﬁ(t),n(t),t)) dt > —oco

e The terminal point £(3) belongs to the domain of ¢

It follows that if (£, 7) is cost-admissible then the number

J(,m) = /fo ), )dt

— called the cost of (£,1) — is well defined and belongs to |—o0, +00].
A TCP (&,n) with domain [a, §] is constraint-admissible if it satisfies all
our state space constraints, that is, if:

(CAL) {(a) =z,
(CA2) (&(t),t) € Do(g;) and g;(&(t),t) <0 ift € [a, 0] and i€ {1,...,m}
(CA3) £(8) € SN (my;l Do(hj)) and h(E(B)) =0 forj =1,...,m

For the data tuple D, we use ADM (D) to denote the set of all cost-admissible,
constraint-admissible TCPs (§,7), and ADMj, (D) to denote the set of all
(&,m) € ADM (D) whose domain is [a, b].

The hypothesis on the reference TCP (&, 7.) is that it is a cost-minimizer
in ADMjq ) (D), i.e., an admissible, cost admissible, constraint-admissible
TCP with domain [a, b] that minimizes the cost in the class of all admissible,
cost-admissible, constraint-admissible, TCP’s with domain [a, b]. That is:
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(H9) The pair (&«,n4) satisfies (§x,mx) € ADMiq (D), J(&x, ) < +00,
and J(&,mx) < J(€,m) for all pairs (§,n) € ADM,4)(D).

To the data D, &, 1. as above, we associate the cost-augmented dynamics
f: XxUxXxR — RxX defined by

Do(f) = Do(fo) NDo(f), and f(z) = (fo(z), f(2)) for z = (z,u,t) € Do(f).

We also define the epi-augmented dynamics f: X x U x R+ R x X, given,
for each z = (z,u,t) € X x U x R, by

£(2) = [fo(2), +oo[x{f(2)} if =z & Do(f), f(z) =0 if z¢ Do(f).

We will also use the constraint indicator maps xg?: X xR—R, fori=1,...,m,
and the epimap ¢ : X — R. (These two notions were defined in Sect. 2.1.)
For i e {1,...,m}, we let

gl () =F(&(t),ne(1). 1) and of (t)=gi(&(t),1) if t € [a,0],
Avg, ={(z,t) € X x [a,b] : gi(z,t) > 0}

(so the Avy, are the “sets to be avoided”). We then define K; to be the set
of all t € [a,b] such that (£.(¢),t) belongs to the closure of Av,,. Then K is
obviously a compact subset of [a, b].

We now make technical hypotheses on D, &, 7., and five new objects
called Af, A8 AP A® and C. To state these hypotheses, we let Ue[a,p]
denote the set of all constant U-valued functions defined on [a,b], and define
Ue ja,b),« = Ue[ap) U {n«} . The technical hypotheses are then as follows:

(H10) For each n € U (4]« there exist a positive number 0, such that
(H10.a) f(z,n(t),t) is defined for all (x,t) in the tube TX (&4, dy)
(H10.b) The time-varying vector field T (&, 6,) 3 (z,t) — f(z,n(t),t) is
co-IBIC on TX (&, 0y)
(H10.c) The time-varying function T~ (&,,8,) 2 (x,t) — fo(z,n(t),t) €R
is co-ILBILSC on TX (£, d,)

(H11) The number 6, can be chosen so that (i) each function g; is defined
on TX(&.,6,.), and (i) for each i € {1,...,m}, t € [a,b], the set
{z e X :gi(x,t) >0, ||z — &(t)|| < 0n,} is relatively open in the ball
freX:lo— &) <6,

(H12) Af is a measurable integrably bounded set-valued map from [a,b]
to XTx L(X) with compact convex values such that AY belongs to
VGE(E, (a6, &, 0f, X x R)

(H13) A8 is an m-tuple (A9, ... A9%) such that, for each i € {1,...,m},
A9 is an upper semicontinuous set-valued map from [a,b] to X1 with
compact convex values, such that A9 € VG%%gb(X;f,f*, o', Avg,)

(H14) AM is a generalized differential quotient of h at (&,(b), h(&.(D))) in the
direction of X
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(H15) A% is a generalized differential quotient of the epifunction ¢ at the
point (£.(b), p(&«(D))) in the direction of X
(H16) C is a limiting Boltyanskii approxzimating cone of S at £.(b)

Our last hypothesis will require the concept of an equal-time interval-
variational neighborhood (abbr. ETIVN) of a controller 7. We say that a set
V of controllers is an ETIVN of a controller 7 if:

o [For every n € Zy and every n-tuple u = (uy,...,u,) of members
of U, there exists a positive number ¢ = e(n,u) such that whenever
7' :Do(n) — U is a map obtained from n by first selecting an n-tuple
I=(I1,...,1I,) of pairwise disjoint subintervals of Do(n) with the property
that Z?:l meas(l;) < e, and then substituting the constant value u; for
the value n(t) for everyt € I;, j =1,...,n, it follows that ' € U.

We will then assume:
(H17) The class U is an equal-time interval-variational neighborhood of ..

We define the Hamiltonian to be the function Hy : X x U x XT xR — R
given by H, (z,u,p,t) =p- f(z,u,t) — afo(z,u,t), so H, depends on the real
parameter a.

The Main Theorem

The following is our version of the maximum principle.

Theorem 7.1 Assume that the data D, &, 0., AL, A8 AP A? C satisfy
Hypotheses (H1) to (H17). Let I be the set of those indices i € {1,...,m}
such that K; is nonempty. Then there exist:

1. A covector @ € X', a nonnegative real mnumber my, and an m-tuple
A= (A1,..., \m) of real numbers

2. A measurable selection [a,b] > t — (Lo(t), L(t)) € XTx L(X) of the set-
valued map Af

3. A family {v;}icr of nonnegative additive measures v; € bvadd([a,b],R)
such that support(v;) C |A;| for everyi e I

4. A family {vi}ier of pairs v; = (v; ,7;) such that v; : |A%| — XT and
v 1|49 — XT are measurable selections of A%, and v; (t) = ~;(t) for
all t in the complement of a finite or countable set

5. A member LM = (LM ... Lhw) € (XT)™ of AP and a member LY of A®

having the property that, if we let 7 : [a,b] — X be the unique solution of the
adjoint Cauchy problem

dr(t) = (—m(t) - L(t) +moLo(t))dt+ ¥,c dua(t)

m(b) =7 -3, ALY —moL?
(where p1; € bvadd(A%) is the finitely additive X'-valued measure such that
dp; = ;- dv;, defined in Page 230), then the following conditions are true:
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1. the Hamiltonian mazximization condition: the inequality

Hz, (&« (E)’ 7’*({)7 W({)) > Hr, (&« (E)a U, '/T(E))

holds whenever uw € U, t € [a,b] are such that (.(t),t) is a point of
approximate continuity of both augmented vector fields (z,t) — f(x,u,t)
a’nd (‘T? t) = f(I, n*(t)’ t):

II. the transversality condition: —7 c CT, )

III. The nontriviality condition: ||7| +mo + 3271, [N + > [[vill > 0.

Remark 7.2 The adjoint equation satisfied by 7w can be written in integral
form, incorporating the terminal condition at b. The result is the formula

7( ZAJLJ —WOL“’—i—/b (W(s) L(s)—m0Lo(s) ds Z/ s)dvi(s),

j=1
from which it follows, in particular, that w(b) =7 — Zgﬁzl )\jL? —moL?. O

Remark 7.3 The adjoint covector  can also be expressed using (2.3.3). This
vields w(t) = w(b) — [ My (s, )} (wOLO(s) ds + Y d(v - I/Z-)(s)> , where
w(b) = 7 — 27;1 AL} —moL#, and My, is the fundamental solution of the
equation M = L - M. a
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1 Introduction

The sliding mode control approach is recognized as one of the efficient tools
to design robust controllers for complex high-order nonlinear dynamic plant
operating under uncertainty conditions. The research in this area were ini-
tiated in the former Soviet Union about 40 years ago, and then the sliding
mode control methodology has been receiving much more attention from the
international control community within the last two decades.

The major advantage of sliding mode is low sensitivity to plant parameter
variations and disturbances which eliminates the necessity of exact modeling.
Sliding mode control enables the decoupling of the overall system motion into
independent partial components of lower dimension and, as a result, reduces
the complexity of feedback design. Sliding mode control implies that control
actions are discontinuous state functions which may easily be implemented by
conventional power converters with “on-off” as the only admissible operation
mode. Due to these properties the intensity of the research at many scientific
centers of industry and universities is maintained at high level, and sliding
mode control has been proved to be applicable to a wide range of problems
in robotics, electric drives and generators, process control, vehicle and motion
control.

2 Examples of Dynamic Systems with Sliding Modes

Sliding modes as a phenomenon may appear in a dynamic system governed
by ordinary differential equations with discontinuous right hand sides.

The term “sliding mode” first appeared in the context of relay systems.
It may happen that the control as a function of the system state switches at
high (theoretically infinite) frequency and this motion is referred to as “sliding
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Fig. 1.

mode.” This motion may be enforced in the simplest first order tracking relay
system with the state variable z(t)

= f(z)+u
with the bounded function

flz), |f(@)| < fo=const

and the control as a relay function (Fig.1) of the tracking error e = r(t) — x
and r(t) being the reference input,

{ ug if e>0 )
u = . or u=ug sign(e), ug= const.
—ug if e<O0

The values of e and % =¢é=71— f(x) —up sign(e) have different signs if
ug > fo + |7|. It means that the magnitude of the tracking error decays at a
finite rate and the error is equal to zero identically after a finite time interval
T (Fig. 2). The argument of the control function, e is equal to zero which is the
discontinuity point. For any real-life implementation due to imperfections in
switching device the control switches at high frequency or takes intermediate
values for continuous approximation of the relay function. The motion for
t > T is called “sliding mode.”

The conventional example to demonstrate sliding modes in terms of the
state space method is a second-order time-invariant relay system with relay
control input

T+ a2 + a1 = u, (2.1)
u = —Msign(s), s=cr+ 1, ai,as,M,c - const '

The system behavior may be analyzed in the state plane (x,4). The state
plane in Fig. 3 is shown for a; = as = 0. The control u undergoes disconti-
nuities at the switching line s = 0 and the state trajectories are constituted
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Fig. 2.
ki
Fig. 3.
by two families: the first family corresponds to s > 0 and u = —M (upper

semiplane), the second to s < 0 and u = M (lower semiplane). Within the
sector m — n on the switching line the state trajectories are oriented towards
the line. Having reached the sector at some time ¢, the state can not leave the
switching line. This means that the state trajectory will belong to the switch-
ing line for ¢ > t;. This motion with state trajectories in the switching line is
sliding mode as well. Since in the course of sliding mode, the state trajectory
coincides with the switching line s = 0, its equation may be interpreted as the
motion equation, i.e.

&4 cx =0. (2.2)

It is important that its solution
z(t) = x(ty)e et

depends neither on the plant parameters nor the disturbance. This so-called
“invariance” property looks promising for designing feedback control for the
dynamic plants operating under uncertainty conditions.

We have just described an ideal mathematical model. In real implementa-
tions, the trajectories are confined to some vicinity of the switching line. The
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Fig. 4.

deviation from the ideal model may be caused by imperfections of switch-
ing devices such as small delays, dead zones, hysteresis which may lead to
high frequency oscillations. The same phenomenon may appear due to small
time constants of sensors and actuators having been neglected in the ideal
model. This phenomenon referred to as “chattering” was a serious obstacle
for utilization of sliding modes in control systems and special attention will be
paid to chattering suppression methods in Chap. 8. It is worth noting that the
state trajectories are also confined to some vicinity of the switching line for
continuous approximation of a discontinuous relay function (Fig. 4) as well.

In a é-vicinity of the line s = 0, control is the linear state function with
a high gain k£ and the eigenvalues of the linear system are close to —k and
—c. This means that the motion in the vicinity consists of the fast component
decaying rapidly and the slow component coinciding with solution to the ideal
sliding mode equation.

Sliding mode became the principle operation mode in so-called variable
structures systems. A variable structure system consists of a set of continuous
subsystems with a proper switching logic and, as a result, control actions are
discontinuous functions of the system state, disturbances (if they are accessible
for measurement), and reference inputs. The term “Variable Structure Sys-
tem” (VSS) first appeared in the late fifties. Naturally at the very beginning
several specific control tasks for second-order linear and non-linear systems
were tackled and advantages of the new approach were demonstrated. Then
the main directions of further research were formulated. In the course of fur-
ther development the first expectations of such systems were modified, their
real potential has been revealed. Some research trends proved to be unpromis-
ing while the others, being enriched by new achievements of the control theory
and technology, have become milestones in VSS theory.
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Three papers were published by S. Emel’yanov in late fifties on feedback
design for the second-order linear systems ([1] was the first of them). The
novelty of the approach was that the feedback gains could take several constant
values depending on the system state. Although the term “Variable Structure
System” was not introduced in the papers, each of the systems consisted of a
set linear structures and was supplied with a switching logic and actually was
VSS. The author observed that due to altering the structure in the course of
control process the properties could be attained which were not inherent in
any of the structures. For example the system consisting of two conservative
subsystems (Fig. 5)

T = —kux,
ki x>0
k_{kQ it g0 M7 ke>0

becomes asymptotically stable due to varying its structure on coordinate axes
(Fig. 6).

Another way for stabilization is to find a trajectory in a state plane of one
of the structures with converging motion. Then the switching logic should be
found such that the state reaches this trajectory for any initial conditions and
moves along it. If in the system & = as2 — kx, as > 0, there are two structures
with ko < 0 and k1 > 0 (Fig.7a, b), then such trajectory exists in the first
structure (straight line s = cxx1+22 = 0 cx = as/2++/a3/4 — ko in Fig. Ta).
As it can be seen in Fig. 7c the variable structure system with switching logic

ki if
o 1 1' xs >0 (2.3)
ko if xs<0

is asymptotically stable with monotonous processes. It is of interest that a
similar approach was offered by A. Letov [2], but his approach implied cal-
culation of the switching time as a function of initial conditions. As a result
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Fig. 6.

Fig. 7.

any calculation error led to instability, therefore the system was called “con-
ditionally stable.”

Starting from early sixties term “Variable Structure Control” appeared in
titles of the papers by S. Emel’yanov and his colleagues. Interesting attempts
were made to stabilize second-order nonlinear plants [3]. The plants under
study were unstable with several equilibrium points and could not be stabi-
lized by any linear control. Such situation was common for many processes of
chemical technology. The universal design recipe could hardly be developed,
so for any specific case the authors tried to “cut and glue” different pieces of
available structures such that the system turned to be globally asymptotically
stable. In Fig. 8a—c the state planes (z1 = x, 25 = &) of three structures with
linear feedback are shown. Equilibrium points of each of them are unstable.
Partitioning of the state plane into six parts led to an asymptotically stable
variable structure system (Fig.9).

Note that the state trajectories are oriented towards switching line s =
2o+ cx1 = 0 in the above example (Fig.9). It means that that having reached
this line the state trajectory can not leave it and for further motion the state
vector will be on this line. This motion is called sliding mode. Sliding mode will
play the dominant role in the development of VSS theory. Sliding mode may
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Fig. 8.
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A

Fig. 10.

appear in our second example on the switching line, if 0 < ¢ < cx (Fig. 10).
Since the state trajectory coincides with the switching line in sliding mode,
similarly to the relay system, its equation may be interpreted as the sliding
mode equation

&4 cx =0. (2.4)
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Equation (2.4) is the ideal model of sliding mode. In reality due to small
imperfections in a switching device (small delay, hysteresis, time constant)
the control switches at a finite frequency and the state is not confined to the
switching line but oscillates within its small vicinity.

Three important facts may be underlined now:

1. The order of the motion equation is reduced.

2. Although the original system is governed by the non-linear second order
equation, the motion equation of sliding mode is linear and homogenous.

3. Sliding mode does not depend on the plant dynamics and is determined
by parameter c¢ selected by a designer.

The above example let us outline various design principles offered at the
initial stage of VSS theory development. The first most obvious principle im-
plies taking separate pieces of trajectories of the existing structures and com-
bining them together to get a good (in some sense) trajectory of the motion
of a feedback system. The second principle consists in seeking individual tra-
jectories in one of the structures with the desired dynamic properties and
designing the switching logic such that starting from some instant the state
moves along one of these trajectories. And finally, the design principle based
on enforcing sliding modes in the surface where the system structure is varied
or control undergoes discontinuities.

Unfortunately, the hopes associated with the first two approaches have
not been justified; their applications have been limited to the study of several
specific systems of low order. Only control design principles based on enforcing
sliding modes proved to be promising due to the properties observed in our
second-order examples. As a result sliding modes have played, and are still
playing, an exceptional role in the development of VSS theory. Therefore
the term “Sliding Mode Control” is often used in literature on VSS as more
adequate to the nature of feedback design approach.

3 VSS in Canonical Space

The examples of relay and variable structure systems demonstrated order
reduction and invariance with respect to plant uncertainties of the systems
with sliding modes. Utilization of these properties was the key idea of variable
structure theory at the first stage when only single-input-single-output sys-
tems with motion equations in canonical space were studied [4]. A control
variable = x; and its time-derivatives (=1 = z,, i = 1,...,n are compo-
nents of a state vector in the canonical space

ii:$i+1, i:l,...,n—l

b= = 3% as(t)r + 1) + blt)u 31
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where a;(t) and b;(t) are unknown parameters and f(t) is an unknown distur-
bance.
Control undergoes discontinuities on some plane s(x) = 0 in the state
space
~Jut(x,t) if s(z)>0
" u” (z,t) it s(z) <0,

where u™ (z,t) and u™ (, t) are continuous state functions, u™ (x,t) # u™ (z,t),
n
s(z) = Zcim, ¢, = land ¢;...c,_1 are constant coefficients.
i=1

The discontinuous control was selected such that the state trajectories are
oriented towards the switching plane s = 0 and as a result, sliding mode
arises in this plane (Fig.11).

After the sliding mode starts, the motion trajectories of system (3.1) are
in the switching surface

n—1
Tp = — E Ciy.
i=1

Substitution into the (n — 1) -st equation yields the sliding mode equations

jci:aciH, i:l,...,n—?
n—1 1 5
B =— > cr; or Ve, x4 e =0.
i=1

The motion equation is of reduced order and depends neither the plant
parameters nor the disturbance. The desired dynamics of the sliding mode
may be assigned by a proper choice of the parameters of switching plane c¢;.

Fig. 11.
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3.1 Control of Free Motion

The sliding mode control methodology, demonstrated for the second-order
systems, can be easily generalized for linear SISO dynamic systems of an
arbitrary order under strong assumption that their behavior is represented in
canonical space—space of output and its time derivatives:

i-CZ' = Ti+1 Z:177n—1
n
Tp = — Y a;x; +bu, a;,b are plant parameters, u is control input.
i=1
(3.2)
Similar to the second-order systems, control was designed as a piece-wise linear
function of system output
u = —kxy,
k1 if 18>0 (33)
ko if x18<0

k =
with switching plane
n
s = Zcixi =0, ¢ = const, ¢, =1.
i=1

The design method of VSS (3.2), (3.3) was developed after V. Taran joined
the research team [5].

The methodology, developed for second-order systems, was preserved:
— Sliding mode should exist at any point of switching plane, then it is called
sliding plane.
— Sliding mode should be stable.
— The state should reach the plane for any initial conditions.

Unfortunately the first and second requirements may be in conflict.
On one hand, sliding mode exists if the state trajectories in the vicinity of the
switching plane are directed to the plane, or [6]

lims <0, s—+0 lim$>0, s— —0 (3.4)

These conditions for our system are of the form [5]

%:cn_l—an, 1=2,...,n—1
bkq > —a1 —C1 (Cn—l — an) (35)
bko < —a; —ci1(cn_1 — an)

On the other hand coefficients ¢; in sliding mode equation

xﬁ”‘” + Cn—1x(1n_2) +-+cr =0 (3.6)
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should satisfy Hurwitz conditions.

The result of [5]: a sliding plane with stable motion exists if and only if
there exists kg, ko < kg < k1 such that the linear system with control
u = kozq has (n — 1) eigenvalues with negative real parts.

The result of [7]: for the state to reach a switching plane from any initial
position it is necessary and sufficient that the linear system with v = —kyx;
does not have real positive eigenvalues.

The above results mean that for asymptotical stability of VSS system each
of the structures may be unstable. For example the third-order VSS system,

1 if  xs>0 A
T =u, u = —kzx, k= ] §=c1x+ o + &
-1 if xs<0

consisting of two unstable linear structures is asymptotically stable for ¢; = ¢3
(sliding plane existence condition), ¢; > 0, ¢o > 0 (Hurwitz condition for
sliding mode). The reaching condition holds as well since the linear system
with &£ = 1 does not have real positive eigenvalues.

Again sliding mode equation (3.6) is of a reduced order, linear, homoge-
nous, does not depend on plant dynamics and is determined by coefficients
in switching plane equation. This property looks promising when controlling
plants with unknown time-varying parameters. Unfortunately control (3.3) is
not applicable for this purpose because the conditions for sliding plane to exist
(3.5) need knowledge on the parameters a;.

For the modified version of VSS control

n—1
u=— Z kiz;, (3.7)
=1

ke — k. if x,8>0
YK 25 <0

s = 0 is a sliding plane for any value of ¢; if

bkl > max(ci_1 — a; — cp_1¢i + anc;),

QA ,Qn . .
bk’;/ > ;nian<c’£71 —O«i—cn71ci+anci) Co —0, 1= 1,...,’/7,* 1. (38)
The design procedure of VSS (3.7) consisting of 2"~ linear structures im-
plies selection of switching plane or sliding mode equation (3.6) with desired
dynamics and then coefficients k. and &/’ (3.8) such that s = 0 is a sliding
plane (assuming that the ranges of parameter variations are known). Reach-
ing this plane may be provided by increasing coefficient k] [7]. Sliding mode
with the desired properties starts in the VSS after a finite time interval. The
time, preceding the sliding mode, may be decreased by increasing the gains
in control (3.7).
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Development of special methods is needed if the last equation in (3.1)
depends on time derivatives of control, since trajectories in the canonical
space become discontinuous. Two approaches were offered in the framework
of the VSS theory: first, designing a switching surface with a part of state
variables, and, second, using a pre-filter in controller [8]. For the both cases
the conventional sliding mode with the desired properties can be enforced.
Traces of the approaches may be found in modern publications.

3.2 Disturbance Rejection

The property of insensitivity of sliding modes to plant dynamics may be uti-
lized for control of plant subjected to unknown external disturbances. It is
obvious that control (3.7) does not fit for this purpose. Indeed at the desired
state (all z; are equal to zero) the control is equal to zero and unable to
keep the plant at the desired equilibrium point at presence of disturbances.
We demonstrate how the disturbance rejection problem can be solved using
dynamic actuators with variable structure. Let plant and actuator be integra-
tors in the second-order system (Fig. 12). An external disturbance f(t) is not
accessible for measurement.

The control is designed as a piece-wise linear function not only of the
output x = z1 to be reduced to zero but also of actuator output y:

$:1:y+f(t) i = T
Yy =u, or T B :
u = —kxy — kyy. iy = —ka1 — kyxs —ky f+ f.

The state semi-planes x7 > 0 and x; < 0 for the variable structure system
with

y )

b — ko if x>0 b kyo if ys>0
B —ko if z1s<0’ —kyo if  ys<O

s =cx1 + T2, ko, kyo,c are constant

Fig. 12.
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are shown in Fig. 13. For domain x5 < | f(¢)| the singular points for each semi-
plane are located in the opposite one and as a result state trajectories are
oriented toward switching line s = 0. It means that sliding mode occurs in
this line with motion equation @ + cz = 0 and solution tending to zero. The
effect of disturbance rejection may be explained easily in structural language.
Since the sign of actuator feedback is varied, the actuator output may be ei-
ther diverging or converging exponential function (Fig.14). In sliding mode
due to high frequency switching, an average value of the output is equal to
the disturbance with an opposite sign. It is clear that the disturbance, which
can be rejected, should be between the diverging and converging exponential
functions at any time. Similar approach stands behind the disturbance rejec-
tion method in VSS of an arbitrary order.

3.3 Comments for VSS in Canonical Space

In the sixties VSS studies were mainly focused on linear (time-invariant and
time-varying) systems of an arbitrary order with scalar control and scalar
variable to be controlled. These first studies utilized the space of an error
coordinate and its time derivatives, or canonical space, while the control
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was designed as a sum of state components and accessible for measurement
disturbances with piece-wise constant gains. When the plant was subjected to
unknown external disturbances, local feedback of the actuators was designed
in the similar way. As a rule, the discontinuity surface was a plane in the
canonical space or in an extended space, including the states of the filters
for deriving approximate values of derivatives. In short, most works of this
period on VSS period treated piece-wise linear systems in the canonical space
with scalar control and scalar controlled coordinate. The invariance property
of sliding modes in the canonical space to plant dynamics was the key idea of
all design methods.

The first attempts to apply the results of VSS theory demonstrated that
the invariance property of sliding modes in canonical spaces had not been
beneficial only. In a sense it decelerated development of the theory. The il-
lusion that any control problems may be easily solved, should sliding mode
be enforced, led to some exaggeration of sliding mode potential. The fact is,
that the space of derivatives is a mathematical abstraction, and in practice
any real differentiators have denominators in transfer functions; so the study
of the system behavior in the canonical space can prove to be unacceptable
idealization. Unfortunately the attempts to use filters with variable structure
for multiple differentiation have not led to any significant success.

For the just discussed reason, research of the fairly narrow class of VSS,
mainly carried out at Institute of Control Sciences, Moscow and by a group
of mathematicians headed by E. Barbashin at Institute of Mathematics and
Mechanics, Sverdlovsk, did not result in wide applications and did not pro-
duced significant echo in the scientific press. The results of this first stage of
VSS development, i.e. analysis and design of VSS in the canonical space, were
summarized in [5, 6]. In view of the limited field of practical applications in
the frame of this approach (VSS with differentiating circuits), another extreme
appeared, reflecting certain pessimism about implementation of any VSS with
sliding modes.

The second stage of development of VSS theory began roughly in the late
sixties and early seventies, when design procedures in the canonical space
ceased to be looked as obligatory and studies were focused on systems of
general form with arbitrary state components and with vector control and
output values. The first attempts to revise VSS methodology in this new
environment demonstrated that the pessimism about sliding mode control
was unjustified and refusal to utilize the potential of sliding mode was an
unreasonable extravagance [10, 11].

3.4 Preliminary Mathematical Remark

The basic design idea of the first stage of VSS theory was to enforce sliding
mode in a plane of the canonical space. An equation of a sliding plane depend-
ing on a system output and its derivatives was interpreted as a sliding mode
equation. Formally this interpretation is not legitimate. “To solve differential
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equation” means to find a time function such that substitution of the solution
into the equation makes its right- and left-hand sides equal identically.

In our second-order example with control (2.3) and 0 < ¢ < ¢x, sliding
mode existed on the switching line s = 0 and (2.4) was taken as the sliding
mode equation. Its solution Ae~¢* being substituted into function s makes
it equal to zero. Control (2.3) is not defined for s = 0 and respectively the
right-hand side of the system equation (2.1) is not defined as well. Therefore
we cannot answer the question whether the solution to (2.2) is the solution
to the original system.

One of the founders of control theory in the USSR academician A.A.
Andronov indicated that ambiguity in the system behavior is eliminated if
minor non-idealities such as time delay, hysteresis, small time constants are
recognized in the system model which results in so-called real sliding mode
in a small neighborhood of the discontinuity surface. Ideal sliding motion is
regarded as a result of limiting procedure with all non-idealities tending to
zero [9]. The examples of such limiting procedure were also given. The relay
second-order system was considered with motion equations in the canonical
space and a straight line (2.2) as a set of discontinuity points for control. The
behavior of the system was studied under the assumption that a time de-
lay was inherent in the switching device and, consequently, the discontinuity
points were isolated in time. It was shown that the solution of the second-
order equation in sliding mode always tended to the solution of the first order
equation (2.2) depending on ¢ only irrespective of the plant parameters and
disturbances, if the delay tended to zero. The validity of (3.6) as the model
of sliding mode in the canonical space of an arbitrary-order system may be
substantiated in the similar way.

4 Sliding Modes in Arbitrary State Spaces: Problem
Statements

Now we demonstrate sliding modes in non-linear affine systems of general
form
&= f(z,t) + Bz, t)u (4.1)
{u?(x,t) if  si(x)>0
U; =

uy (z,t) if  si(z) <0 (4.2)

where x € R™ is a state vector, u € R™ is a control vector, u; (z,t), u; (z,t)
and s;(x) are continuous functions of their arguments, u; (z,t) u; (z,t). The
control is designed as a discontinuous function of the state such that each
component undergoes discontinuities in some surface in the system state space.
Similar to the above example, state velocity vectors may be directed to-
wards one of the surfaces and sliding mode arises along it (arcs ab and ¢b in
Fig.15). It may arise also along the intersection of two of surfaces (arc bd).
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Fig. 15.

Fig. 16.

Fig. 17.

Figure 16 illustrates the sliding mode in the intersection even if it does
not exist at each of the surfaces taken separately.

For the general case (4.1) sliding mode may exist in the intersection of all
discontinuity surfaces s; = 0, or in the manifold

s() =0, s'(x)=[s1(2),..., 5m(2)] (4.3)
of dimension n — m. Let us discuss the benefits of sliding modes, if it would
be enforced in the control system. First, in sliding mode the input s of the

element implementing discontinuous control is close to zero, while its output
(exactly speaking its average value ug,) takes finite values (Fig. 17).
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Hence, the element implements high (theoretically infinite) gain, that is
the conventional tool to reject disturbance and other uncertainties in the
system behavior. Unlike to systems with continuous controls, this property
called invariance is attained using finite control actions. Second, since sliding
mode trajectories belong to a manifold of a dimension lower than that of the
original system, the order of the system is reduced as well. This enables a
designer to simplify and decouple the design procedure. Both order reduction
and invariance are transparent for the above two second-order systems.

In order to justify the above arguments in favor of using sliding modes in
control systems, we, first, need mathematical methods for deriving equations
of sliding modes in the intersection of discontinuity surfaces and, second, the
conditions for the sliding mode to exist should be obtained. Only having these
mathematical tools the design methods of sliding mode control for wide range
of control problems may be developed.

5 Sliding Mode Equations: Equivalent Control Method

5.1 Problem Statement

The first mathematical problem concerns differential equations of sliding
mode. For our second-order examples the equation was obtained using heuris-
tic approach: the equation of the switching line & 4 cx = 0 was interpreted as
the motion equation. But even for an arbitrary time invariant second-order
relay system

1 = a1171 + a12®2 + biu
To 2121 + ag9xs + bou, (51)
U —Msign(s), s=cx1+x2; M, a;;,b;,c  are constant

the problem of mathematical description of sliding mode is quite a challenge
and requires the design of special techniques. It arises due to discontinuities
in control, since the relevant motion equations with discontinuous right-hand
sides do not satisfy the conventional theorems on existence-uniqueness of so-
lutions (a Lipshitz constant does not exists for discontinuous functions).
Discontinuous systems are not a subject of the conventional theory of dif-
ferential equations dealing with continuous state functions.! The conventional
theory does not answer even the fundamental questions, whether the solution
exists and whether the solution is unique. Formally, even for our simple exam-
ples of second order systems in canonical form (2.1) our method of deriving the

! Strictly speaking, the conventional method require the right-hand sides of a dif-
ferential equation to consist of functions f(z) satisfying the Lipschitz condition
|| f(z1) = f(z2)|| < L||z1 — z2| with some positive number L, referred to as the
Lipschitz constant, for any x1 and x2. The condition implies that the function
does not grow faster than some linear one which is not the case for discontinuous
functions if z; and z2 are close to a discontinuity point.
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sliding mode equations was not legitimate. The solution x(t) = z(t;)e (=)
should satisfy the original differential equation (2.1) rather than heuristically
written equation (2.2). Direct substitution of z(t¢) into (2.1) leads to s(t) =0
and

(1—az+ay)a(ty)e =" L —M sign (0) + f(1).

Since the function sign (-) is not defined at zero point, we can not check
whether the solution x(t) is correct.

Uncertainty in behavior of discontinuous systems on the switching surfaces
gives freedom on choosing an adequate mathematical model and gave birth
to a number of lively discussions. For example, description of sliding mode in
system (5.1) by a linear first-order differential equation, a common practice
today, seemed unusual at first glance; this model was offered by Kornilov [12]
and Popovski [13] and the approach was generalized for linear systems of an
arbitrary order by Yu. Dolgolenko [14] in fifties.

The approach by Filippov [15], now recognized as classical, was not ac-
cepted by all experts in the area: at the first IFAC congress in 1960 Yu.
Neimark (author of one more mathematical model of sliding mode based on
convolution equation) offered an example of a system with two relay elements
with a solution different from that of Filippov’s method [16]. The discussion
at the congress proved to be fruitful from the point of stating a new prob-
lem in the theory of sliding modes. The discussion led to the conclusion that
two dynamic systems with identical equations outside a discontinuity surface
may have different sliding mode equations. Most probably the problem of
unambiguous description of sliding modes in discontinuous systems was first
brought to light.

5.2 Regularization

In situations where conventional methods are not applicable, the common ap-
proach is to employ different methods of regularization or replacing the origi-
nal problem by a closely similar one for which familiar methods are applicable.
For systems with discontinuous controls, regularization approach has a simple
physical interpretation. Uncertainty of system behavior at the discontinuity
surfaces appears because the motion equations (4.1) and (4.2) are an ideal
system model. Non-ideal factors such as small imperfections of switching de-
vices (delay, hysteresis, small time constants), unmodeled dynamics of sensors
and actuators etc. are neglected in the ideal model. Incorporating them into
the system model makes discontinuity point isolated in time and eliminates
ambiguity in the system behavior. Next, small parameters characterizing all
these factors are assumed to tend to zero. If the limit of the solutions exists
with the small parameters tending to zero, then they are taken as the solutions
to the equations describing the ideal sliding mode. Such a limit procedure is
the reqularization method for deriving sliding mode equations in the dynamic
systems with discontinuous control.
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As was discussed in Chap. 3, such regularization with time delay was em-
ployed by Andronov for substantiation of sliding mode equation (2.2). Similar
approach for nonlinear relay system with imperfections of time delay and hys-
teresis type was developed by Andre and Seibert [17]; it is interesting that
their sliding mode equations coincided with those of Filippov’s method [15]
and the result may serve as substantiation of Filippov’s method. At the same
time the question may be asked, whether the method is applicable for the
systems with different types of non-idealities. Generally speaking the answer
is negative: a continuous approximation of a discontinuous function leads to
motion equations different from those of Filippov’s method [10]. So we should
admit that for systems with a right-hand side as a nonlinear function of dis-
continuous control sliding mode equations cannot be derived unambiguously
even for the case of scalar control. The “point-to-point” technique used in the
cited papers here for scalar case is not applicable for the system with vector
control and sliding modes in the intersection of a set of discontinuity surfaces
(4.3).

To illustrate the regularization method, we consider a linear time-invariant
system with one control input, being a scalar relay function of a linear com-
bination of the state components:

T=Axr+bu, xeR", (5.2)

A and b are n x n and n X 1 constant matrices, u = M sign (s), M is a
scalar positive constant value, s = cx, ¢ = (¢1,c2,...,¢,) = const.

As in our examples of the systems in canonical space, the state trajectories
may be oriented in a direction towards the switching plane s(z) = 0 in the
state space #7 = (21, T,...,2,). Hence the sliding mode occurs in the plane
(Fig. 18) and the motion equation should be found. A similar problem was left
unanswered for system 5.1.

Following the regularization procedure, small imperfections of a switching
device should be taken into account. If a relay device is implemented with a
hysteresis loop with the width 2A (Fig. 19), then the state trajectories oscillate
in a A-vicinity of the switching plane (Fig.20). The value of A is assumed

Fig. 18.
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Fig. 19.

Fig. 20.

to be small such that the state trajectories may be approximated by straight
lines with constant state velocity vectors Ax+bM and Az —bM in the vicinity
of some point x on the plane s(xz) = 0 (Fig. 20). Calculate times At; and At
intervals and increments Az; and Az, in the state vector for transitions from
point 1 to point 2 and from point 2 to point 3, respectively:

2A —2A

At —_ =
V7 %F T cAx £ oM’
—2A
Similarly for the second interval
2A 2A
Aty = — = ————
27 % T cAx — oM’
Az 9 = (Axz — bM)AL —(Am—bM)i
2 = 2 cAxr — cbM~

Note that by our assumption, sliding mode exists in the ideal system there-
fore the values s and $ have opposite signs, i.e. §7 = cAz + ¢cbM < 0 and
§~ = cAx — cbM > 0. This implies that both time intervals At; and Aty are
positive. Note that the inequalities may hold if ¢b < 0.



Sliding Mode Control: Mathematical Tools, Design and Applications 309

The average state velocity within the time interval At = Aty + Aty may

be found as
Az + Axy

$(l1} At
The next step of the regularization procedure implies that the width of
the hysteresis loop A should tend to zero. However we do not need to
calculateiiino(iav): the limit procedure was performed implicitly when we as-

= Az — (cb) " 'bcAx.

sumed that state trajectories are straight lines and the state velocities are
constant. This is the reason why &, does not depend on A. As it follows
from the more accurate model the sliding mode in the plane s(z) = 0 is
governed by

&= (I, — (cb)"'bc) Ax (5.3)

with initial state s[2:(0)] = 0 and I,, being an identity matrix. It follows from
(5.2) and (5.3) that
§=c(I, — (cb)"'bc) Az = 0

hence the state trajectories of the sliding mode are oriented along the switch-
ing plane. The condition s[z(0)] = 0 enables one to reduce the system order
by one. To obtain the sliding mode equation of (n — 1)th order, one of the
components of the state vector, let it be x,, may be found as a function of
the other n — 1 components and substituted into the system (5.3). Finally the
last equation for z,, can be disregarded.

Applying the above procedure to the second order system (5.1) results in a
first order sliding mode equation along the switching lines = c;z1 +coxe =0 :

i’l = [0‘,11 — CL1202_1C1 — (cb)flbl(cal — cazcglcl)]zl + [dl — bl(cb)fl(cd)]f,

where ¢ = (c1,¢), bT = (by,b2), (a1)T = (a11,a21), (a®)T = (a12,a22), d¥ =
(d1,ds), and ¢b and ¢y are assumed to be different from zero. As we can see for
this general case of a linear second order system, the sliding mode equation
is of reduced order and depends on the plant parameters, disturbances and
coefficients of switching line equations, but does not depend on control.

For the systems in canonical form (2.1) and (3.1), the above regularization
method may serve as validation that the reduced order sliding mode equations
(2.2) and (3.6) depend neither on plant parameters nor disturbances.

Exactly the same equations for our examples result from regularization
based on an imperfection of “delay” type [17]. It is interesting to note that
nonlinear systems of an arbitrary order with one discontinuity surface were
studied in this paper and the motion equations proved to be the same for
both types of imperfections — hysteresis and delay. This result may be easily
interpreted in terms of relative time intervals for control input to take each
of two extreme values. For a system of an arbitrary order with scalar control

= f(z,u), x, f€R", wu(z)eR,
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)

() = {u*(x) if s(z)>0
u (x) it s(z)>0

the components of vector f, scalar functions u™ (z),u™ (z) and s(x) are contin-
uous and smooth, and u™(z) # u~ (x). We assume that sliding mode occurs
on the surface s(x) = 0 and try to derive the motion equations using the
regularization method. Again, let the discontinuous control be implemented
with some imperfections of unspecified nature, control is known to take one
of the two extreme values, u*(z) or u™ (z), and the discontinuity points are
isolated in time. As a result, the solution exists in the conventional sense and
it does not matter whether we deal with small hysteresis, time delay or time
constants neglected in the ideal model.

Like for the system (5.2) with hysteresis imperfection, the state velocity
vectors fT = f(z,u™) and f~ = f(z,u”) are assumed to be constant for
some point = on the surface s(x) = 0 within a short time intervallt, ¢ + At].
Let the time interval At consists of two sets of intervals At; and Aty such
that At = Aty + Ato,u = u™ for the time from the set At; and u = u~ for
the time from the set Ate. Then the increment of the state vector after time
interval At is found as

Az = fYAt + [~ Aty

and the average state velocity as

: Az _
Gy = — = pf "+ (=)
where p = AAttl is relative time for control to take value u* and (1 — pu) — to

take value u=, 0 < p < 1. To get the vector & the time At should be tended
to zero. However we do not need to perform this limit procedure, it is hidden
in our assumption that the state velocity vectors are constant within time
interval At, therefore the equation

b= puft (- w)f (5.4)

represents the motion during sliding mode. Since the state trajectories during
sliding mode are in the surface s(z) = 0, the parameter p should be selected
such that the state velocity vector of the system (5.4) is in the tangential
plane to this surface, or

$= grad [s(z)] - & = grad [s(x)][pfT + (1 —p)f7] =0, with
(5.5)

grad [s(z)] = [ 2— 2= ].

The solution to (5.5) is given by
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_ grad (s) - f~
M e () (1) >0

Substitution of (5.6) into (5.4) results in the sliding mode equation

. (grad s) - f~ n (grad s) - fT _
T = fsm7 fsm = f - f )
(grad s) - (f~ = f7) (grad s) - (f= = f*)
(5.7)
representing the motion in sliding mode with initial condition s[z(0)] = 0.

Note that sliding mode occurs in the surface s(z) = 0, therefore the functions
s and $ have different signs in the vicinity of the surface (Fig.18) and §* =
(grads) - f* < 0,5~ = (grad s) - f~ > 0. As follows from (5.6), the condition
0 < p <1 for parameter p holds. It easy to check the condition $ = (grad s)-
fsm = 0 for the trajectories of system (5.7) and to show that they are confined
to the switching surface s(z) = 0. As it could be expected, direct substitution
of grad s = ¢, fT = Az +but and f~ = Az + bu~ into (5.7) results in
the sliding mode equation (5.2) derived for the linear system (5.2) with the
discontinuity plane s(z) = cx = 0 via hysteresis regularization.

5.3 Boundary Layer Regularization

The universal approach to regularization consists in introducing a boundary
layer ||s|]| < A, A — const around manifold s = 0, where an ideal discontinu-
ous control is replaced by a real one such that the state trajectories are not
confined to this manifold but run arbitrarily inside the layer (Fig.21). The
nonidealities, resulting in motion in the boundary layer, are not specified. The
only assumption for this motion is that the solution exists in the conventional
sense. If, with the width of the boundary layer A tending to zero, the limit of
the solution exists, it is taken as a solution to the system with ideal sliding
mode. Otherwise we have to recognize that the equations beyond discontinu-
ity surfaces do not derive unambiguously equations in their intersection, or
equations of the sliding mode.

Fig. 21.
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The boundary layer regularization enables substantiation of so-called
Equivalent Control Method intended for deriving sliding mode equations in
manifold s = 0 in affine systems

&= f(x,t) + Bz, t)u (5.8)

with B(z,t) being n x m full rank matrix and det(GB) # 0, G(z) = {9s/dz}.
Following this method, the sliding mode equation with a unique solution may
be derived.

First, the equivalent control should be found as the solution to the equation
$ =0 on the system trajectories (G and (GB)™ " are assumed to exist):

§=Gf+GBu=0, u,=—(GB) 'Gf.
Then the solution should be substituted into (5.8) for the control
i=f—B(GB) 'Gf (5.9)

Equation (5.9) is the sliding mode equation with initial conditions
s(z(0),0) = 0.

Since s(x) = 0 in sliding mode, m components of the state vector may
be found as a function of the rest (n — m) ones: zo = so(x1), 2,50 € R™;
z1 € R M and, correspondingly, the order of sliding mode equation may be
reduced by m:

T, = f1 [.Z‘l,t, 80(1‘1)]7 f1 e R ™, (510)

The idea of the equivalent control method may be easily explained with
the help of geometric consideration. Sliding mode trajectories lie in the man-
ifold s = 0 and the equivalent control u., being a solution to the equation
$ = 0 implies replacing discontinuous control by such continuous one that the
state velocity vector lies in the tangential manifold and as a result the state
trajectories are in this manifold. It will be important for control design that
sliding mode equation (5.10)

— Is of reduced order
— Does not depend on control
— Depends on the equation of switching surfaces

It is interesting that the above regularization method of deriving the sliding
mode equation may be considered as physical interpretation of the famous
Filippov’s method [18]. The method is intended for solution continuation at a
discontinuity surface for differential equations with discontinuous right-hand
sides. According to the method the ends of all state velocity vectors in the
vicinity of a point in a discontinuity surface should be complemented by a
minimal convex set and state velocity vector for the sliding motion should
belong to this set. For systems with scalar control (Fig.22)

&= fo(z) +b(x)u, =z f,beR", wu(z)eR,
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Fig. 22.

() = {u+(:1c) if s(z)>0
u” () if s(z)>0’

we have two points, ends of vectors fT = f, +bu™, f~ = fy + bu~, and the
minimal convex set is the straight line connecting the end. The intersection
of the line with the tangential plane defines the state velocity vector fs,, in
the sliding mode, or the right-hand side of the sliding mode equation.

(grad s)- f~ (grad s)- fT
(grad s)-(f~ = f7) (grad s)-(f~ = f*)

It is easy to check that the result of Filippov’s method coincides with the
equation derived by the equivalent control method.

-

=

jj:fsma fsm:

6 Sliding Mode Existence Conditions

The second mathematical problem in the analysis of sliding mode as a phe-
nomenon is deriving the conditions for sliding mode to exist. As to the second-
order systems with scalar control studied in Sect.2 the conditions may be
obtained from geometrical considerations: the deviation from the switching
surface s and its time derivative should have opposite signs in the vicinity of
a discontinuity surface s = 0, or
lim $<0, and lim $ > 0. (6.1)
s—+0 s——0
Inequalities (6.1) are referred to as reaching conditions — the condition for
the state to reach the surface s = 0 after a finite time for arbitrary initial
conditions.
For the second-order relay system (2.1) the domain of sliding mode on
s =0 or for & = —cax (sector mn on the switching line, Fig.3 may be found
analytically from these conditions:
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5= (—=c® + agc — ay)x — Msign(s)

and
M

< —
] |—c2 + agc — aq|

As it was demonstrated in the example in Fig. 16, for existence of sliding
mode in an intersection of a set of discontinuity surfaces s;(z) = 0, (i =
1,...,m) it is not necessary to fulfill inequalities (6.1) for each of them. The
trajectories should converge to the manifold s = (s, ..., ,,) = 0 and reach
it after a finite time interval similarly to the systems with scalar control. The
term “converge” means that we deal with the problem of stability of the origin
in m-dimensional subspace (s1, ..., $, ), therefore the existence conditions may
be formulated in terms of the stability theory. The non-traditional condition:
finite time convergence should take place. This last condition is important to
distinguish the systems with sliding modes and the continuous system with
state trajectories converging to some manifold asymptotically. For example the
state trajectories of the system &—x = 0 converge to the manifold s = t—x =0
asymptotically since § = —s, however it would hardly be reasonable to call
the motion in s = 0 “sliding mode.”

As to the systems with scalar control the conditions may be obtained from
geometrical considerations: inequalities (6.1). However for vector cases it is
not necessary to fulfill these inequalities for each discontinuity surfaces. As
an illustration consider the motion projection on a two-dimensional subspace
(s1, $2) governed by equations

§1 = —sign  s1 + 2sign S
So = —2sign  §1 — Sign. Sa.

The state trajectories are straight lines on the state plane (s1, s2) (Fig. 23).
It is clear from the picture that for any point on s; = 0 or s5 = 0 the state
trajectories are not oriented towards the line therefore sliding mode does not
exist at any of the switching lines taken separately. At the same time the

Fig. 23.
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trajectories converge to the intersection of them — the origin in the subspace

(s1,82). Let us calculate the time needed for the state to reach it. For initial
conditions

and
1
s9(T") =0, T’ ==s(0), s(T)= 352 (0) (point 2).

For the further motion

S1=3 for T <t <T +1T7,
S9 = -1
and
s1(T" +T7) =0, T” = 155(0), s2(T'+T7) = —552(0) or
s2(T1) = —452(0), Ty =T +T = 2s2(0) (point 3).

It means that
|52(T)| = (5)" [s2(0)] . s1(T3) =0,
AT; =T, — Ty = gs2(Ti—1) = 3(5)'s2(0), i=1,2,..., Tp=0.
Since

111’1’174*)00[82(1-;)} = 07 sl(Ti) = 07

lim; o 15 = lim; oo Doy ATy = 5352 (0) 1_15 = 152 (0)

the state will reach the manifold (s1,s2) = 0 after a finite time interval and
then sliding mode will arise in this manifold as in all above systems with
discontinuous scalar and vector controls. The example illustrates that the
conditions for the two-dimensional sliding mode to exist can not be derived
from analysis of scalar cases. Even more sliding mode may exist in the inter-
section of discontinuity surfaces although it does not exist on each of them
taken separately.

Further we will deal with the conditions for sliding mode to exist for affine
systems (5.8). To derive the existence conditions, the stability of the motion

projection on subspace s
$=Gf+ GBu (6.2)
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should be analyzed. The control (4.2) may be represented as
u(z,t) = uo(z,t) + Uz, t)sign(s),

ut(z u (z
ug(x) = ( 7t)—; ( 7t),

diagonal matrix U with elements

U = u;"(x,t) ;ui_(zn,t)7

1=1,....m

and
[sign(s)]T = [sign(s1), ..., sign(sm)]

Then the motion projection on subspace s is governed by

$=d(x) — D(x)sign(s) with d = Gf+ GBuy, D = -GBU.
(6.3)
To find the stability conditions of the origin s = 0 for nonlinear system (6.3), or
the conditions for sliding mode to exist, we will follow the standard method-
ology for stability analysis of nonlinear systems — try to find a Lyapunov
function.

Definition 6.1 The set S(x) in the manifold s(xz) = 0 is the domain of slid-
ing mode if for the motion governed by (6.2) the origin in the subspace s is
asymptotically stable with finite convergence time for each x from S(z).

Definition 6.2 Manifold s(x) = 0 is referred to as sliding manifold if sliding
mode exists at its each point, or S(z) = {z : s(x) = 0}.

Theorem 6.3 S(z) is a sliding manifold for the system with motion projec-
tion on subspace s governed by $ = —Dsign(s), if matriv D + DT > 0 is
positive definite.

Theorem 6.4 S(z) is a sliding manifold for system (6.2) if
D(z)+D"(x) >0,  Xo>dovm, Amin(z) >Xo>0, |[ld(z)| < do,

. L . . T
Amin 1S the minimal eigenvalue of matrix DgD » Amin > 0.

The statements of the both theorems may be proven using sum of absolute
values of 5,V = s”sign(s) > 0 as a Lyapunov function.

7 Design Principles

7.1 Decoupling and Invariance

The above mathematical results constitute the background of the design meth-
ods for sliding mode control involving two independent subproblems of lower
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dimensions:

— Design of the desired dynamics for a system of the (n — m)th order by a
proper choice of a sliding manifold s = 0.

— Enforcing sliding motion in this manifold which is equivalent to stability
problem of the mth order system.

All the design methods will be discussed for affine systems (5.8). Affine
systems are linear with respect to control but not necessary with the respect to
state. Since the principle operating mode is in the vicinity of the discontinuity
points, the effects inherent in the systems with infinite feedback gains may
be obtained with finite control actions. As a result sliding mode control is an
efficient tool to control dynamic high-order nonlinear plants operating under
uncertainty conditions (e.g., unknown parameter variations and disturbances).

Formally the sliding mode is insensitive, or invariant to “uncertainties” in
the systems satisfying the matching conditions h(x,t) € range(B) [18]. Vector
h(z,t) characterizes all factors in a motion equation

&= f(z,t) + Bz, t)u + h(x,t),

whose influence on the control process should be rejected. The matching con-
dition means that disturbance vector h(x,t) may be represented as a linear
combination of columns of matrix B.

In the sequel, we will deal with affine systems

z = f(z,t)+ B(z,t)u, =z, feR", Bz)eR™", ulx)eR™, (7.1)

ut(z if s(x
u(x){ (@.t) if s(z) >0

u(z,t) if s(z)>0 (component—wise), s(x)T = [s1(x)...sm (x)].

To obtain the equation of sliding mode in manifold s(x) = 0 under the as-
sumption that matrix GB (matrix G = {Js/0x} with rows as gradients of the
components of vector s) is nonsingular, the equivalent control

Ueg(w,t) = —[G(2)B(w, )] 7 G(x) f(x,1)
should be substituted into (7.1) for the control u(z) to yield

T = fem(x,t),
Fam(@:1) = f(2.t) - Bz, 0[G@) B, )] G@) f(,1). )

Since s(z) = 0 in sliding mode, this system of m algebraic equations may be
solved with respect to m component of the state vector constituting subvec-
tor ws:

Ty =s0(x1), x€RN™, x € R, 2l = [2f 2l

and s(z) = 0.
Replacing x5 by so(z1) in the first n—m equations of (7.2) yields a reduced
order sliding mode equation
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&1 = fisml[T1, So(21), 1] where
T (l‘ t) T ($1,$27 ): [flj;m(l‘l,xg,t) f27;m(x1>x2=t)]' (7'3)

The motion equation (7.3) depends on function so(z1), i.e. on the equation of
the discontinuity manifold. Function so(x1) may be handled as m-dimensional
control for the reduced order system. It should be noted that the design prob-
lem is not a conventional one since right-hand sides in (7.2) and (7.3) depend
not only on the discontinuity manifold equation but on the gradient matrix
G as well. If a class of functions s(z) is pre-selected, for instance linear func-
tions or in the form of finite series, then both s(z), G and, as a result, the
right-hand sides in (7.3) depend on the set of parameters to be selected when
designing the desired dynamics of sliding motion.
The second-order system (5.1) with a scalar control

&1 = anz1 + arexe + biu + di f(t)
&9 = 1221 + a22x2 + bou + da f ()

u=—M sign (s), s=c121+ caxa.

may serve as an example. It was shown in Sect. 5 that sliding mode along the
switching line
S = 1o + o9 = 0

is governed by the first-order equation
&1 = [a11 — a1a¢y ter — (eb) by (cat — caPeyter)]wy + [dy — by(ch) T (cd)| f(t),

where ¢ = [c1  c], b7 = [b1 bo], (aV)? =[an1 a2, [a®]" = [a12 a9,
dr = [d1 ds] and ¢b and ¢y are assumed to be different from zero. The
equation may be rewritten in the form

&1 = [a11 — ar2¢] — (¢"b)™ 1bl(c a —c azc’{)]xl + [dy — bl(c*b)*l(c*d)}f(t)

with ¢* = [¢i 1], and ¢ = ¢; ' ¢;. Hence only one parameter ¢ should be
selected to provide the desired motion of the first-order dynamics in our second
order example.

7.2 Regular Form

The design procedure may be illustrated easily for the systems represented in
the Regular Form

:tl :fl(.’L'l,iCQﬂf)’ T eRn—m

ig = f2($1,$27t) + BQ($17$2,t)U7 To € Rm7 det(Bg) 7é 0. (74)

The state subvector x5 is handled as a fictitious control in the first equation
of (7.4) and selected as a function of z; to provide the desired dynamics in
the first subsystem (the design problem in the system of the (n — m)th order
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with m-dimensional control): 29 = —sg(21). Then the discontinuous control
should be designed to enforce sliding mode in the manifold

s(z1,z2) = 22+ so(x1) =0 (7.5)

(the design problem of the mth order with m-dimensional control).
After a finite time interval sliding mode in the manifold (7.5) starts and
the system will exhibit the desired behavior governed by

&y = fi[r1, —so(z1),t].

Note that the motion is of a reduced order and depends neither function
fa(z1, z2,t) nor function Ba(x1,x2,t) in the second equation of the original
system (7.4).

Since the design procedures for the systems in Regular Form (7.4) are
simpler than those for (7.1), it is of interest to find the class of systems (7.1)
for which a nonlinear coordinate transformation exists such that it reduces
the original system (7.1) to the form (7.4). By the assumption rank(B) = m,
therefore (7.1) may be represented as

i1 = fi(w1,22,t) + Bi(w1, 22, t)u, 1 € R*™™
To = fg($1,$27t) + BQ(.’I}]_,ZL'Q,t)U7 To € Rm, det(Bg) 75 0.

For coordinate transformation

y1 = @(%t)v Y2 = xz? Y1, 2 € %n—7rL7
the equation for ¥,
9y
ot

does not depend on control u, if vector function ¢ is a solution to matrix
partial differential equation

.0y Op
= 6xf+ 8xBu+

do
%B =0. (7.6)

Then the motion equations with respect to y; and y» are in the regular
form. Necessary and sufficient conditions of solution existence and uniqueness
for (7.6) may be found in terms of Pfaff ‘s forms theory and Frobenius theorem
which constitute a well developed branch of mathematical analysis [19].

We illustrate now the method of reducing an affine system to the regular
form for the case of scalar control

&= f(z,t) + b(z, t)u, reR", wueR, (7.7)

b(x,t) is an n-dimensional vector with components b;(x,t) and by, (z,t) # 0.
Let a solution to an auxiliary system of (n — 1) order

da;/dx, =bi/b, i=1,.,n—1 (7.8)
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be set of functions

;i = @i(Xp,t,c1,¢0,ycn_1), i =1,..,n—1 with integration constants c;s.

Solve these algebraic system of equations for ¢; )
¢ = pi(z),
and introduce the nonsingular coordinate transformation
yi = i), i=1,..,n—1 (7.10)

Since % = (gradp;)Tb/b, = 0 or (gradp;)Tb = 0 the motion equation with
respect to new state vector (Y1, ...,Yn—1,Zn) is of form

Ui = (gradp;)” fi, i1=1,..,n—1
an = fn + bnu7

Replacing z; by the solution of (7.10) as functions of(y1, ..., Yn—1, Zn) leads
to motion equations

y = f*(yw/'r’nmt);

Fn = £ (s ) + 5 (4, T D), (7.11)

y, [* are (n — 1)-dimensional vectors, f, b% are scalar functions.
The system with respect to y and z,, is in the regular form (7.4) with
(n — 1) and first order blocks.

Note the following characteristics for the design in the regular form:

1. In contrast to (7.2) and (7.3), the sliding mode equation does not de-
pend on gradient matrix G, which makes the design problem at the first
stage a conventional one-design of m-dimensional control x5 in (n — m)-
dimensional system with state vector x.

2. Calculation of the equivalent control to find the sliding mode equation is
not needed.

3. The condition det(GB) = det(Bz) # 0 holds (Recall that this condition
is needed to enforce sliding mode in the pre-selected manifold s(z) = 0).

4. Sliding mode is invariant with respect to functions fs and By in the second
block.

7.3 Block Control Principle

Due to the higher complexity of the modern plants and processes, the need
of decomposition of the original system into independent subsystems of lower
complexity is highly stressed and has been intensively studied. The objective of
this section is to propose a sliding mode control design method based on block
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control principle [20, 21] reducing the design procedure to a set of simplest
subproblems of low dimensions.
For a linear controllable system

&= Ax+ Bu (7.12)

where x € R", u € R™, the sliding mode control design principle may be
demonstrated after reducing the system (7.12) to Regular Form

1 = Anxy + Apo

&9 = Ag1x1 + Agaxa + Bau (7.13)

where z; € R"™™, 253 € R™, u € R™ , det(By) # 0, rank(Bz) = dim(u). The
fictitious control of second subsystem, x5, can be designed as

Ty = AB(_AII-TI + A).’L’l, (714)

where A, is the psudoinverse of A5 and A is the desired spectrum. To im-
plement the control design (7.14), a sliding control can be designed as

u=—M - sign(s). (7.15)
where
S =T — Ai"Q(fAuxl + A)xl (716)

When sliding mode is enforced, s is equal to zero, condition (7.14) holds, and
the system behavior depends only on the upper subsystem with the desired
dynamics

Cb1 = Al‘l. (717)

A further development of the Regular Form is the so-called Block Control
Form

T, = Ar Ty + Bray_

Tp_y = Apy |: o :| + Br17r 2
LTr—1
C T
. 7.18
Ty = Ao + Boxy (7.18)
_‘r2_
F
T = A : + Biu
_‘rl_

where dim(u) = rank(By), rank(B;) = dim(x;), i = 2,--- ,r.
The fictitious control could be designed in following procedure such that
every subsystem in the block control form has a desired spectrum. Let A;,
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i = 2,---,r be the desired spectra. The fictitious control z,_; of the first
subsystem should be designed as

.1 =—-Bf (A, +A)z,

to have the desired motion in the first block.
The fictitious control of the next block z,_o can be selected to reduce

Sp—1 = Tp—1 + B:_ (Ar + Ar) Ty

to zero with the desired rate of convergence, determined by A,_1. It can be
found from the equation

Sp_1 = Arfl |:$r :| + By 12,2

LTr—1
bt X
Lr—2 = *B:;l(Ar—l |:xr 1:| - Ar—lsr—l)
r—

(A,—1 depends on matrices of the first two blocks and A4,.).
Follow the procedure step by step, the fictitious control, x; can be found

T,
xr1 = —B; (AQ — AQ)

T2
The final step is to select discontinuous control u = —M - sign(s;) enforcing
sliding mode in the manifold

T,

S1 =T —|‘B;r (A2+/12) =0.
T2

After sliding mode is enforced, s; will be equal to zero which leads to con-
vergence of all functions s; to zero with the desired spectrum. It is important
that the design task at each step is simple: it is of a reduced order with equal
dimensions of the state and control.

7.4 Enforcing Sliding Modes

At the second stage of feedback design, discontinuous control should be se-
lected such that sliding mode is enforced in manifold s = 0. As shown in
Chap. 6, sliding mode will start at manifold s = 0 if the matrix GB + (GB)T
is positive-definite and the control is of the form

u=—M(z,t) sign(s) (component-wise).
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A positive scalar function M (z,t) is chosen to satisfy the inequality
M(z,t) > ATH|GS,

where ) is the lower bound of the eigenvalues of the matrix GB + (GB)T.

Now we demonstrate a method of enforcing sliding mode in manifold s = 0
for an arbitrary nonsingular matrix G B. The motion projection equation on
subspace s can be written in the form

$=GB(u — Ueg).

Remind that the equivalent control u., is the value of control such that time
derivative of vector s is equal to zero.

Let V = %sTs be a Lyapunov function candidate and the control be of the
form

u=—M(z,t)sign(sx), s* = (GB)Ts.
Then V = —M (z,t)[s +* sign(s%) + s " Mﬁq)t)] and V is negative-definite for
M(x,t) > ||teql - It means that sliding mode is enforced in manifold sx = 0
that is equivalent to its existence in manifold s = 0 selected on the first step of
the design procedure. It is important that the conditions for sliding mode to
exist are inequalities. Therefore upper estimate of the disturbances is needed
rather than precise information on their values.

Example

To demonstrate the sliding mode control design methodology consider the
conventional problem of linear control theory: eigenvalue placement in a linear
time invariant multidimensional system

& = Ax + Bu,

where x and u are n— and m-dimensional state and control vectors, respec-
tively, A and B are constant matrices, rank (B) = m. The system is assumed
to be controllable.

For any controllable system there exists a linear feedback u = Fx (F being
a constant matrix) such that the eigenvalues of the feedback system, i.e. of
matrix A + BF, take the desired values and, as a result, the system exhibits
desired dynamic properties.

Now we will show that the eigenvalue placement task may be solved in
the framework of the sliding mode control technique dealing with a reduced
order system. The core idea is to utilize the methods of linear control theory
for reduced order equations and to employ one of the methods of enforcing
sliding modes with desired dynamics.

As it was demonstrated in this section, the design becomes simpler for
systems represented in the regular form. Reducing system equations to the
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regular form will be performed as a preliminary step in the design procedures.
Since rank (B) = m, matrix B may be partitioned (after reordering the state
vector components) as

B

where B; € RO»=m)xm B, € RM™X™ with det By # 0. The nonsingular
coordinate transformation

| (I —B1B3?
[u]_m T_[ P

reduces the system equations to the regular form

1 = Az + Apo
o = Ao1x1 + Agoxa + u,

where 21 € R 25 € R™ and A;; are constant matrices for i,j =1, 2.

It follows from controllability of (A, B) that the pair (A11, A12) is control-
lable as well. Otherwise an uncontrollable subspace exists in the first block
which is an uncontrollable subspace in the original system as well. Handling x-
as an m-dimensional fictitious control in the controllable ( n-m )—dimensional
first subsystem all (n—m) eigenvalues may be assigned arbitrarily by a proper
choice of matrix C in x5 = —C'zy. To provide the desired dependence between
components x1 and xy of the state vector, sliding mode should be enforced
in the manifold s = 2o + Cz; = 0, where sT = (s1, ..., 8,,) is the difference
between the real values of x5 and its desired value —Cx;.

After sliding mode starts, the motion is governed by a reduced order system
with the desired eigenvalues

21 = (Aj1z1 — A12C) .
For a piece-wise linear discontinuous control
u=—(alz[+ ) sign (s),
with

n
ol = ol sign (s)" = [sign (s1)-.. sign (sm));
i=1
« and J being constant positive values,
calculate the time derivative of positive definite function

V=37
V =S [(OAH + Agl)l‘l + (CA12 + A22)ZIJ2] ( |JU‘ + 5) |S|
< |s[[(CAn + Ag1)ay + (CArz + Azg)aa| — (afz| + 0) [s].

It is evident that there exists such value of a that for any ¢ the time
derivative V is negative which validates convergence of the state vector to
manifold s = 0 and existence of sliding mode with the desired dynamics. The
time interval preceding the sliding motion may be decreased by increasing
parameters « and ¢ in the control.
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7.5 Unit Control

The objective of this section is to demonstrate a design method for discon-
tinuous control enforcing sliding mode in some manifold without individual
selection of each component of control as a discontinuous state function. The
approach implies design of control based on a Lyapunov function selected for a
nominal (feedback or open loop) system. The control is to be found such that
the time-derivative of the Lyapunov function is negative along the trajectories
of the system with perturbations caused by uncertainties in the plant model
and environment conditions.

The roots of the above approach may be found in papers by G. Leitmann
and S. Gutman published in the 1970s [22, 23]. The design idea may be ex-
plained for an affine system

&= f(t,x)+ B(t,x)u+h(t,x) (7.19)

with state and control vectors x € R"™, u € R, state-dependent vectors
f(t,x), h(t,2) and control input matrix B (t,x) x € R"*™ . The vector h (¢, x)
represents the system uncertainties and its influence on the control process
should be rejected.

The equation

= f(t,x)

represents an open loop nominal system which is assumed to be asymptotically
stable with a known Lyapunov function

V (z) >0,

W, = dV/dt |h—o,u—0 = grad (V)" f <0,

oV oV
T _
(grad(V)*" = [81‘1 8In]

The perturbation vector h (¢, z) is assumed to satisfy the matching conditions,
hence there exists vector v (¢, ) € SR such that

h(t,x) =B (t,x)vy(t,x). (7.20)
v (t, ) may be an unknown vector with known upper scalar estimate o (¢, x)
Iy @& )| <0 (£,2) .

Calulate the time derivative of Lyapunov function V' (z) along the trajectories
of the perturbed system as

W = dV/dt = Wy + grad (V)" B (u+ )

For control u depending on the upper estimate of the unknown disturbance,
chosen as
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BTgrad (V)
w=—p(t,z) 2 I ) 7.21
) BT grad (V)] e
with a scalar function p (¢,2) > vo(z,t) and
HBTgrad (V)H2 = [BTgrad(V)] [BTgrad (V)] .

The time derivative of the Lyapunov function V (x)

W =Wy —p(tx HBTgrad H —|—grad( )" By (t,z)
< Wy — HBTgrad )| [o (t,x)] <0.

is negative. This implies that the perturbed system with control (7.21) is
asymptotically stable as well.

Two important features should be underlined for the system with control
(7.21):

1. Control (7.21) undergoes discontinuities in (n — m)-dimensional manifold
s(x) = BTgrad (V) = 0 and is a continuous state function beyond this
manifold. This is the principle difference between control (7.1) and all the
control inputs in the previous sections with individual switching functions
for each control component.

2. The disturbance h (t,z) is rejected due to enforcing sliding mode in the
manifold s(x) = 0. Indeed, if the disturbance (7.20) is rejected, then
control u should be equal to —v (¢, 2) which is not generally the case for the
control (7.21) beyond the discontinuity manifold s (x) = BT grad (V') #0 .
It means that sliding mode occurs in the manifold s = 0 and the equivalent
value of control u., is equal to —A (¢, x).

Note that the norm of control (7.21) with the gain p (¢t,z) =1

BT grad (V)
1B grad (V)]|

is equal to 1 for any value of the state vector. It explains the term “unit
control” for the control (7.21).

Now we demonstrate how this approach can be applied to enforce sliding
mode in manifold s = 0 for the system (7.19) with unknown disturbance
vector h(x,t) [24]. Function s is selected in compliance with some performance
criterion at the first stage of feedback design. The control is designed as a
discontinuous function of s

DTs (x)

u=—p(t,x) TD%s (@] (7.22)

with D = (0s/0x) B and D being a nonsingular matrix.
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The equation of a motion projection of the system (7.19) on subspace s is
of the form
$=(0s/0z) (f +h) + Du .

The conditions for the trajectories to converge to the manifolds (x) = 0 and
sliding mode to exist in this manifold may be derived based on Lyapunov
function

1
V= 5sTs >0 (7.23)

with time derivative
V = 57 (9/02) (f +h) — p(t.2) | DTs (2)

(7.24)
< ||DTs ()] [|| D~ (9s/0x) (f + h)|| — p (L, 2)]

For p(t,z) > ||D~*(9s/0x)(f + h)|| the value of V is negative therefore

the state will reach the manifold s (x) = 0 after a finite time interval for any

initial conditions and then the sliding mode with the desired dynamics occurs.

Finiteness of the interval preceding the sliding motion follows from inequality

resulting from (7.23), (7.24)

V < —yV1/2 v = const > 0
with the solution
2
v < (-2t+vW) Vo=V (0).

Since the solution vanishes after some t; < 2./V; , the vector s vanishes as
well and the sliding mode starts after a finite time interval.

It is of interest to note the principle difference in motions preceding the
sliding mode in s (x) = 0 for the conventional component-wise control and unit
control design methods. For the conventional method the control undergoes
discontinuities, should any of the components of vector s changes sign, while
the unit control is a continuous state function until the manifold s (z) = 0
is reached. Due to this reason unit control systems with sliding modes would
hardly be recognized as VSS.

8 The Chattering Problem

The subject of this section is of great importance whenever we intend to estab-
lish the bridge between the recommendations of the theory and applications.
Bearing in mind that the control has a high-frequency component, we should
analyze the robustness or the problem of correspondence between an ideal
sliding mode and real-life processes at the presence of unmodeled dynamics.
Neglected small time constants (u1 and pe in Fig. 24 with a linear plant) in
plant models, sensors, and actuators lead to dynamics discrepancy (z; and
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Fig. 24.

Fig. 25.

z9 are the unmodeled-dynamics state vectors). In accordance with singular
perturbation theory [25], in systems with continuous control a fast component
of the motion decays rapidly and a slow one depends on the small time con-
stants continuously. In discontinuous control systems the solution depends on
the small parameters continuously as well. But unlike continuous systems, the
switchings in control excite the unmodeled dynamics, which leads to oscilla-
tions in the state vector at a high frequency. The oscillations, usually referred
to as chattering, are known to result in low control accuracy, high heat losses
in electrical power circuits, and high wear of moving mechanical parts. These
phenomena have been considered as a serious obstacle for applications of slid-
ing mode control in many papers and discussions.

To qualitatively illustrate the influence of unmodeled dynamics on the
system behavior, consider the simplest case shown in Fig. 25.

The motion equations may be written in the form

T =w

W= (8.1)
ho— 2, L 1
V= Hv “2w+#2u.
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Fig. 26.
For the control u = —M sign(z), the sign-varying Lyapunov function
V = zv — 0.5w?
has a negative time-derivative
. 2 1 1 2 1 1
V=x(-—v—- 5w+ —u)=—z(-v+ —Fw) - —M|z|
T 0 pooop I

for small magnitudes of v and w. This means that the motion is unstable in an
€(p)-order vicinity of the manifold s(z) = = = 0. Alternatively to Fig. 25, the
block-diagram of the system (8.1) may be represented in the form depicted in
Fig. 26.

The motion equations may now be written as

* = —M sign(x)
Wi+ 2ud 4+ x = x*

Sliding mode can not occur in the systems since the time derivative & is a
continuous time function and can not have sign opposite to x in the vicinity
of the point © = 0 where the control undergoes discontinuities.

The value of * is bounded and, as follows from the singular perturbation
theory [25], the difference between x and z* is of €(u)-order. The signs of z and
z* coincide beyond the e(u)-vicinity of s(z) = z = 0, hence the magnitudes
of x* and x decrease, i.e. the state trajectories converge to this vicinity and
after a finite time interval ¢; the state remains in the vicinity. According to
the analysis of (8.1), the motion in the vicinity = 0 is unstable.

The fact of instability explains why chattering may appear in the systems
with discontinuous controls at the presence of unmodeled dynamics. The high
frequency oscillations in the discontinuous control system may be analyzed in
time domain as well. The brief periods of divergence occur after switches of
the control input variable u (t) when the output w (¢) of the actuator is unable
to follow the abrupt change of the control command.

The proposed solutions to the chattering problem thus focus on either
avoiding control discontinuities in general or move the switching action to a
controller loop without any unmodeled dynamics. A recent study and practical
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experience showed that the chattering caused by unmodeled dynamics may be
eliminated in systems with asymptotic observers, also known as Luenberger
observers (Fig.24). In spite of the presence of unmodeled dynamics, ideal
sliding arises, it is described by a singularly perturbed differential equation
with solutions free of a high-frequency component and close to those of the
ideal system.

As shown in Fig.24 an asymptotic observer serves as a bypass for the
high-frequency component, therefore the unmodeled dynamics are not ex-
cited. Preservation of sliding modes in systems with asymptotic observers
predetermined successful application of the of sliding mode control.

Another way to reduce chattering implies replacing the discontinuous con-
trol by its continuous approximation in a boundary layer. This may result in
chattering as well at the presence of unmodeled fast dynamics if the gain in the
boundary layer is too high. Since the values of the time constants, neglected
in the ideal model, are unknown, the designer should be oriented towards the
worst case and reduce the gain such that the unmodeled dynamics are not
excited. As a results the disturbance rejection properties of discontinuous (or
high gain) control are not utilized to full extent.

9 Discrete-Time Systems

Most sliding mode approaches are based on finite-dimensional continuous-
time models and lead to a discontinuous controller. Once such a dynamic
system is “in sliding mode,” its motion trajectory is confined to a manifold
in the state space, i.e. to the sliding manifold. For continuous-time systems,
this reduction of the system order may only be achieved by a discontinuous
controller, switching at theoretically infinite frequency.

When challenged with the task of implementing a sliding mode controller
in a practical system, the control engineer has two options:

e Direct, analog implementation of discontinuous controller with a very fast
switching device, e.g. with power transistors.

e Discrete implementation of the sliding mode controller, e.qg. with a digital
micro-controller.

The first method is only suitable for systems with a voltage input allowing
the use of analog switching devices. Most other systems are usually based on
a discrete micro-controller based implementation. However, a discontinuous
controller designed for a continuous-time system model would lead to chat-
tering when implemented without modifications in discrete time with a finite
sampling rate. This discretization chattering is different from the chattering
problem caused by unmodeled dynamics as discussed in Chap. 8. Discretiza-
tion chattering is due to the fact that the switching frequency is limited to
the sampling rate, but correct implementation of a sliding mode controller
requires infinite switching frequency. The following example will illustrate the



Sliding Mode Control: Mathematical Tools, Design and Applications 331

difference between ideal continuous time sliding mode and direct discrete im-
plementation with discretization chattering. The subsequent sections of this
chapter are dedicated to the development of a discrete-time sliding mode con-
cept to eliminate the chattering.

9.1 Discrete-Time Sliding Mode Concept

Before developing the concept of discrete-time sliding mode, let us revisit
the principle of sliding mode in continuous time systems with an ideal
discontinuous controller from an engineering point of view. Assume that in a
general continuous-time system

&= f(z,u,t) (9.1)

with a discontinuous scalar controller

u it s(z)>0
v= {—30 it s(z)<0 (9:2)

sliding mode exists in some manifold s(z) = 0 (Fig. 27).
Note the following observations characterizing the nature of sliding mode
systems:

e The time interval between the initial point ¢ = 0 and the reaching of the
sliding manifold s(z) = 0 at tg,, is finite, in contrast to systems with a
continuous controller, which exhibit asymptotic convergence.

e Once the system is “in sliding mode” for all ¢ > t,,, its trajectory motion
is confined to the manifold s(z) = 0 and the order of the closed-loop
system dynamics is less than the order of the original system.

e After sliding mode has started at tg,, the system trajectory cannot be
back-tracked beyond the manifold s(x) = 0 like in systems without dis-
continuities. In other words, at any point tg > tg,, it is not possible to
determine the time instance tg,, or to reverse calculate the trajectory for
t < tsm based on information of the system state at tg.

Fig. 27.
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However, during both time intervals before and after reaching the sliding
manifold, the state trajectories are continuous time functions and the relation
between two values of the state at the ends of a finite time interval ¢ =
[to, to + At] may be found by solving (9.1) as

(to + At) = F (z(to)) (9.3)

where F'(z(t)) is a continuous function as well. When derived for each sam-
pling point t, = kAt,k = 1,2, ..., this equation is nothing but the discrete
time representation of for the continuous time prototype (9.1), i.e

Tpy1 = F(zg), x = z(kAt).

Starting from time instance tg,,, the state trajectory belongs to the sliding
manifold with

s(x(t)) =0, or for some ksm > Z—ng, s(xy) =0, Yk > ks
It seems reasonable to call this motion “sliding mode in discrete time,” or
“discrete-time sliding mode.” Note that the right-hand side of the motion
equation of the system with discrete time sliding mode is a continuous state
function.

So far, we have generated a discrete time description of a continuous-
time sliding mode system. Next, we need to derive a discrete-time control law
which may generate sliding mode in a discrete-time system. Let us return to
the system (9.1) and suppose that for any constant control input w for any
initial condition z(0), the solution to (9.1) may be found in closed form, i.e.

x(t) = F (z(0),u) .

Asume that control u may be chosen arbitrarily and follow the procedure
below:

1. Select constant u (z(t = 0), At) for a given time interval At such that
s(x(t=At) =0

2. Next, find constant w (x(t

3. In general, for each k =

s(xp41) =0.

= ) t) such that s (z(t = 2At)) =
1,2,..., choose constant u (zj, At) such that

In other words, at each sampling point k, select uj such that this con-
trol input, to be constant during the next sampling interval At, will achieve
s(xg+1) = 0 at sampling point (k 4 1). During the sampling interval, state
x (At <t < (k+ 1)At) may not belong to the manifold, i.e. s(z(t)) # 0 is
possible for kAt < t < (k+1)At. However, any trajectory of the discrete-time
system

T4+l = F (xk,uk)
up = u(zk)
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hits the sliding manifold at each sampling point, i.e. s (xg) =0Vk = 1,2, ...,
is fulfilled.

Since F (x(0),u) for any constant v tends to z(0) as At — 0, the function
u(z(0), At) may exceed the available control resources ug. As a result, the
control steers state x to zero only after a finite number of steps ks,,. Thus the
manifold is reached after a finite time interval t,, = kg, At and thereafter the
state xj remains on the manifold. In analogy to continuous-time systems, this
motion may be referred to as “discrete-time sliding mode.” Note that sliding
mode is generated in the discrete-time system with control —ug < u < ug as a
continuous function of the state x; and being piece-wise constant during the
sampling interval.

The above example clarifies the definition of the term “discrete-time slid-
ing mode” introduced [26] for an arbitrary finite-dimensional discrete-time
system.

Definition 9.1 (Discrete-time sliding mode) In the discrete-time dy-
namic system

Tpp1 = F (vp,up), €N, ueR™, m<n (9.4)

discrete-time sliding mode takes place on a subset X of the manifold o =
{z:s(x) =0},s € R™, if there exists an open neighborhood X of this subset
such that for each x € W it follows that s (F(xk4+1)) € X.

In contrast to continuous-time systems, sliding mode may arise in discrete-
time systems with a continuous function in the right-hand side of the closed
loop system equation. Nevertheless, the aforementioned characteristics of
continuous-time sliding mode have been transferred to discrete-time sliding
mode. Practical issues will be discussed in the subsequent section using linear
systems as an example.

9.2 Linear Discrete-Time Systems with Known Parameters

This section deals with discrete-time sliding mode controllers for linear time-
invariant continuous-time plants. Let us assume that a sliding mode manifold
is linear for an nth-order discrete-time system xp1 = F(z), i.e. s = Cuay,
C € R™*™ with m control inputs. According to definition the sliding mode
existence condition is of the form

spi1 = C (F(ar)) =0 (9.5)

to design a discrete-time sliding mode controller based on condition (9.5),
consider the discrete-time representation of the linear time-invariant system

#(t) = Ax(t) + Bu(t) + Dr(t) (9.6)
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with state vector x(t) € R", control u(t) € R™, reference input r(t), and
constant system matrices A, B, and D. Transformation to discrete time with
sampling interval At yields

Tp1 = Axp + B up + Dy, (9.7)
where
At At
A* = A4t B = /eAmH)BdT, D* = /eA“‘H)DdT (9.8)
0 0

and the reference input r(t) is assumed to be constant during the sampling
interval At. In accordance with (9.5), discrete-time sliding mode exists if the
matrix C'B* has an inverse and the control uy is designed as the solution of

Sk+1 = CA*z), +CD*ry, + CB*up, =0 (9.9)
In other words, control u; should be chosen as
up = — (CB*) ™" (CA*zy, + CD*ry,). (9.10)

By analogy with continuous-time systems, the control law (9.10) yielding mo-
tion in the manifold s = 0 will be referred to as “equivalent control.” To reveal
the structure of wy,,, let us represent it as the sum of two linear functions

up, = —(CB*) ' s, — (CB*) "' ((CA* = C) i + CD*ry) (9.11)

€q

and

Spy1 = Sp + (CA* = C) x, + CD*ry, + CB uy,. (9.12)
As it was mentioned in the previous section, ug,, can exceed the available
control resources with At — 0 for initial s, # 0, since (CB*)~' (CA* — C)
and (CB*)”" CD* take finite values. Hence the real-life bounds for control

uy should be taken into account. Suppose that the control can vary within
luk| < up and the available control resources are such that

H(CB*)—1H ACA* = C) zy, + CD* 1y < uo. (9.13)

The controller

Uk, for Hukeq ’ < uyg
Ul = (9.14)

Tactm for [Juk, |
uo”"’%q” for ||ug,, || > uo

complies with the bounds of the control resources. As shown above, u; =
uy,  for Huqu < wg yields motion in the sliding manifold s = 0. To proof

eq
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convergence to this domain, consider the case Hukeq ‘ > g, but in compliance
with condition (9.13). From (9.11)-(9.14) it follows that

sk = (85 + (CA” = C) g + CDry,) <1 - Huuo|> with ug < ||u,, |
keq
(9.15)
Thus
k41l = l(sx + (CA* = C) zp, + CD*ry) | <1 - Huzoql>
< llskll + 1(CA" = C) e+ CD*rel| = =y (9.16)

< lswll

Hence ||sk|| decreases monotonously and, after a finite number of steps,
Uk, H < ug is achieved. Discrete-time sliding mode will take place from the
next sampling point onwards.

Controller (9.14) provides chattering-free motion in the manifold s = 0 in
contrast to the direct implementation of a discontinuous controller resulting
in discretization chattering in the vicinity of the sliding manifold. Similarly
to the case of continuous-time systems, the equation s = Cx = 0 enables the
reduction of system order, and the desired system dynamics “in sliding mode”
can be designed by appropriate choice of matrix C.

9.3 Linear Discrete-Time Systems with Unknown Parameters

Complete information of the plant parameters is required for implementa-
tion of controller (9.14), which may not be available in practice. To extend
the discrete-time sliding mode concept to systems with unknown parameters,
suppose that system (9.7) operates under uncertainty conditions: the matrices
A and D, and the reference input r; are assumed unknown and may vary in
some ranges. Similarly to (9.14) the controller

—(CB*) s, for ‘(C’B*)_1 skH < ug

CB*) " 's O\ —
_uom for H(CB) 1skH > ug

respects the bounds of the control resources. Furthermore, controller (9.17)
does not depends on the plant parameters A and D and the reference input
ri. Substitution of (9.17) into the system equations of the previous section
leads to

Uo

T +(CA*—C).’L‘]€+CD*7‘;€
fewrma

Spr1 =8k | 1—
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for wo < H(C’B*)f1 skH and similarly to (9.16)

skl < el (1 = iy ) + 1CA° =)+ OO
< [lsill - W 4 [(CA* = C) ax + CD*ry
<|lskll = H(ag#l” +[[(CA* — C) zy, + CD*ry|

Hence, as for the case with complete knowledge of system parameters dis-
cussed in Sect. 9.2, the value of ||sg|| decreases monotonously and after a finite
number of steps, control||ug|| < up will be within the available resources. Sub-
stituting this value from (9.17) into (9.13) results in

Sp+1 = Sk + (CA* — C)xp + CD*ry.

Since the matrices(CA* — C') and CD* are of At-order, the system motion
will be in a At-order vicinity of the sliding manifold s = 0. Convergence to the
vicinity of the sliding manifold is achieved in finite time; thereafter, the mo-
tion trajectory does not follow the sliding manifold exactly, but rather remains
within a At-order vicinity. This result should be expected from systems op-
erating under uncertainty conditions, since we are dealing with an open-loop
system during each sampling interval. In contrast to discrete-time systems
with direct implementation of the discontinuous controller, this motion is free
of discretization chattering as well.

10 Infinite-Dimensional Systems

All design methods discussed in the previous sections are oriented towards
dynamic processes governed by ordinary differential equations or finite-
dimensional discrete time equations. Many processes of modern technology
are beyond these classes and their models should be treated as infinite-
dimensional:

— Partial differential equations
— Integro-differential equations
— Systems with delays.

In particular the systems with state @ depending on time ¢ and spatial
variable z are governed by partial differential equation

9Q(x,1)/0t = AQ(x)

with an unbounded operator A (Examples: 0% /022, 0*/0x%).

Theoretical generalizations to infinite-dimensional cases involve principle
difficulties since the both mathematical and design methods should be revised.
The table illustrates why new developments are needed for sliding mode con-
trol applications for infinite-dimensional systems.
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Finite dimensional systems:

&= f(x)+ B(x)u, zeRN", uweR”,

u:{u+(x) if s(x) >0
u (z) if s(x) <0

$={0s/0x} f + {0s/0x} Bu

component-wise

Infinite-dimensional systems:
OQ(w,1) /0t = AQ(x) + bu(x),
$ = grad(s)AQ + grad(s)bu

@ and u are infinite-dimensional vectors, s(Q) = cQ(xz) = 0 is a sliding
manifold, b and ¢ are bounded operators.

Finite-dimensional Infinite-dimensional

Motion equations |Lipshitz condition be-| A is unbounded

yond s(z) =0
Ezistence Conditions| “u should suppress A is unbounded
grad(s)f(x)” and “should suppress”
does not work
Control design Component-wise No components

The basic concepts of sliding mode control analysis and design methods
can be found in [27, 28]. The two examples will be given in this section as
illustration of sliding mode control applications for heat and mechanical sys-
tems.

10.1 Distributed Control of Heat Process

Consider control of one-dimensional heat process Q(z,t) with heat isolated
ends described by the second order nonlinear parabolic equation

p(2)Q = (k(z,Q)Q") — a(z, Q)Q + u(z,t) + f(x,1)
0<x<1, t>0, Q('T70) :QO(J”)’ QI(Ovt) :Q/(xvt) =0
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With distributed control u(z,t) and bounded unknown disturbance |f(z,?)]
< C. p,k and ¢ are unknown positive heat characteristics. The control task is
to create temperature field Qx*(x,t). Without loss of generality one can confine
oneself to the case @ * (x,t) = 0. The norm of deviation of the temperature
field from the desired distribution will be used as the Lyapunov functional

1
1
/ z)Q*(z,t)dx
0

N}

Compute the time derivative of functional v(¢) on the system trajectories
with the given boundary conditions

/QkQ /qudx+/Qu+f
1

1

O/k: dzf/qQ2d:z:+/Q + f)d

1
Taking u = —MsignQ(z,t), M > C, obtain o(t) < 0 for [ Q*(x,t)dz # 0,

0

therefore v(t) — 0 with ¢ — oo. Hence the discontinuous control v =
—MsignQ(x,t) provides convergence of the heat field distribution to zero
in metrics Lo. It is shown in [29], that point wise convergence stems from
convergence in metrics Lo.

10.2 Flexible Mechanical System
This section discusses a flexible shaft as an example for a distributed system.

Consider a flexible shaft with length [ and inertial load J acting as a torsion
bar as depicted in Fig. 28. Let e(t) be the absolute coordinate of the left end of

Fig. 28.
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the bar with input torque M and let d(z, t) be the relative deviation at location
0 <z < at time t. Hence the absolute deviation of a point 0 < z < [ at time
t is described by ¢(z,t) = e(t) + d(x, t) and governed by

82(](557 t) 2 82q(xv t)
o " o2
where a is the flexibility constant depending on the geometry and the material
of the bar. The boundary conditions corresponding to the input torque M and
the load inertia J are

09q(0,t)

82Q(l7t) _ 282q(lat)
ox '

_ 9
M =a a2 VT ox2

, —J

Consider the input torque M as the control input (%) and the load position
q(l,t) as the system output. To find the transfer function W (p) via Laplace
transformation, assume zero initial conditions

dq(x,0)
ot

q(z,0) =0, =0 (10.1)
to yield
a*Q(0,p) = —=U(p),
p*Q(z,p) = a*Q" (x,p), (10.2)
a*Q'(l,p) = =Jp*Q(l,p)

where Q(x, p) denotes the Laplace transform of ¢(x,t) with spatial derivatives
2 .
Q' (z,p) = aQéx’p) and Q" (x,p) = TQ@p) and U(p) represents the Laplace

[ Ox?
transform of input variable u(¢). The solution to the boundary value problem

(10.2) is given by

x

(1= dp)e” TP+ (1+ gpe =

Q(z,p) = _ap (_(1 . %p)e—ép +(1+ %p)eép)

U(p)

from which W(p) may be found by setting 2 = to yield

2e77P

ap (L+ p) + (1= gp)e®’

Wi(p) =

where 7 = é describes the “delay” between the right end and the left end of
the bar. The corresponding differential-difference equation may be written in
the form

JG(t) + Ji(t — 1) + aq(t) — ag(t — 27) = 2u(t — 7).

Denoting z1(t) = q(t), z2(t) = ¢(t), and z(t) = J§(t) + aq(t), we obtain
the motion equations as
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i1 (t) = z2(t)
o (t) = — (axa(t) + 2(1)) /J

z(t) = 2awo(t — 27) — 2(t — 27) 4+ 2u(t — 1) (10.4)

(10.3)

which corresponds to the block-control structure in Chap. 7. In the first design
step, assign a desired control z4(t) for the first block

z4(t) = —Msign (kw1 (1) + 22(t)) -

In order to achieve z(t) = z4(t) in the second design step, choose control
input u(t) in compliance with the methodology developed for discrete-time
systems in Chap. 9

u(t) = ueq(t) = % (—2axo(t—7) + z(t—7) — M sign (ka1 (t + 7)+a2(t+7))) .

The manifold s(t) = z4(t) — 2(t) = 0 is reached within finite time ¢ < 7
and sliding mode exists thereafter.
If control u(t) is bounded by |u(t)| < ug, choose

[t for  ueg(®) < uo
U Sign ey (t)  for  |ueq(t)| > ug

and there exists an open domain containing the origin of the state space
of system ((10.3)—(10.4)) such that for all initial conditions in this domain,
sliding mode occurs along the manifold s(¢) = 0. The values of x1(t 4+ 7) and
22(t+7) have to be calculated as the solution of (10.3) with known input z(¢)
from (10.4)
z(t 4 7) = eMa(t) —|—/eAtBu(t —-¢)d¢
0

(L) (5)

If only output y(t) = x1(¢) can be measured, but not its time derivative
§(t) = x2(t), an asymptotic observer should be used to estimate the state

Z‘Q(t).

with

11 Control of Induction Motor

Control of electric drives is one of the most challenging applications of sliding
modes due to wide use of motors and low efficiency of the conventional linear
control methodology for such essentially non-linear high-order plants as a.c.
motors. Implementation of sliding mode control by means of the most com-
mon electric converters has turned out to be simple enough since “on-off” is
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the only operation mode for them and discontinuities in control actions are
dictated by the very nature of power converters.

The most simple, reliable and economic of all motors, maintenance-free in-
duction motors supersede DC motors in today’s technology, although, in terms
of controllability, induction motors seem the most complicated. Application
of sliding mode control methodology to induction motors is demonstrated in
this section [30].

The behavior of an induction motor is described by a nonlinear high-order
system of differential equations:

dn 1 TH
—=—=-(M-M M = — (in0g — igda
=2 (M=), 1 (i — o)
d¢a TR TH .
4 _ TR, _ T, 11.1
dt SER(Z) n¢ﬂ+rR$Rz ( )
dég TR TH .
i xR¢g+n¢a+rRsz[3
dia . 7r _(_zrdba _ .
dt xR — 1% xp dt et e
diﬁ - TR TH d¢5
dt xsxRx%,< rr dt Tstg + Up

Uq 2 €Re €Sa €Ta r

[uﬂ} -2 Lm o em] < | us (11.2)
ur

where n is a rotor angle velocity, and two-dimensional vectors ¢7 = (¢a, ¢3);
il = (ia,ig), uT = (uq,up) are rotor flux, stator current, and voltage in the
fixed coordinate system («, [3), respectively; M and My, are a torque developed
by a motor and a load torque, for an induction motor controlled by modern
power converters ugr, ug, ur are phase voltages, which may take only two
values either ug or —ug; eg, eg, er are unit vectors of phase windings, R, S,
T;and J, xy, vs, TR TR, rs are motor parameters.

The control goal is to make one of the mechanical coordinates, for example,
an angle speed n (t), be equal to a reference input ng (t) and the magnitude
of the rotor flux||¢ (¢)|| be equal to its scalar reference input ¢q (). The devi-
ations from the desired motions are described by the functions

s1=c1|no—n(t)]+ % [ng — n (t)]
s2 = 2 [do — [|o (D] + £ [P0 — lo (B

and ¢y, co are const positive values.

The static inverter forms three independent controls ug, ug, ur So one
degree of freedom can be used to satisfy some additional criterion. Let the
voltages upr, ug, up constitute a three-phase balanced system, which means
that the equality

(11.3)
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t
53:/ (up + us +up)dt =0 (11.4)
0

should hold for any t.

If all three functions sy, so, s3 are equal to zero then, in addition to
balanced system condition, the speed and flux mismatches decay exponentially
since s; = 0, so = 0 with ¢;, ¢ > 0 are first-order differential equations.
This means that the design task is reduced to enforcing the sliding mode
in the manifold s = 0, sT = (s, s9,53) in the system (11.1) with control

u? = (ugr,us,ur). Projection of the system motion on subspace s can be
written as J
S
— =F+Du
dt

where vector FT = (f1, f2,0) and matrix D are calculated on the trajectories
of ((11.1)—~(11.4)). They do not depend on control and are continuous functions
of motor state and inputs. Matrix D is of the form

b-[2]

Dy = - hn 2 {8 rp ] X [zi _;;a} X {eRE C5a eTO‘}

€Ra €SB €T

and
d=(1,1,1), k— const, det D # 0.

Discontinuous control will be designed using the Lyapunov function
1
V=-sTs>0.
3 >

Find its time derivative on the system state trajectories:

% = s (F + Du)
Substitution of control
U = —ugsgns” s*=DTs (s*)T = (s7,55,53)
yields
= (")~ wols”
where

* — T * * *
FT:(D 1F) :(f17f27f3)
|57 = IsTl + [s5] + |s3] -

The conditions
u0>|fi*|7 Z:17273
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provide negativeness of dV/dt and hence the origin in the space s* (and by
virtue of det D # 0 in the space s as well) is asymptotically stable. Hence
sliding mode arises in the manifold s* = 0, which enables one to steer the
variables under control to the desired values. Note that the existence condition
are inequalities, therefore the only range of parameter variations and a load
torque should be known for the choice of necessary values of phase voltages.

The equations of discontinuity surface s* = 0 depend on an angle accel-
eration, rotor flux, and its time derivative. These values may be found using
asymptotic observers under the assumption that an angle speed n and stator
currents ip, tg, ¢7 are measured directly. Bearing in mind that

) IR
lo| _ 2| €Re €Sa €Ta | | ;o
i3 3 | €Ra €53 €T3 i

design an observer with the state vector (cﬁa, (ﬁg) as an estimate of rotor flux

components ¢, and ¢g and with i, and ig as inputs:

déa TR 1 In TH .
—— = —¢,—n rrR—i

dt de)a d)ﬁ + Rl‘R e
d‘fga "R 7 I Ty .
@ de)g + noa +TRleﬁ.

To obtain the equations for the estimation error¢, = éa—qba, (;35 = ég—(bg
the equations for ¢, and ¢z in (11.1) should be subtracted from the observer
equations:

dgpo TR -
dt - xR()ba n¢ﬁ
d(]gg _ TR - -
dt o TR d)ﬁ + n¢a

The time derivative of Lyapunov function

Lo 2
on the solutions of the estimate equation

Z—V = (¢2 +¢3) = —2—V <0

t

is negative, which testifies to exponential convergence of V' to zero and the
estimates d)a and ¢,6 to the real values of ¢, and ¢,. The known values ¢, @3,
i and ig enable one to find the time derivatives d¢, /dt and d¢g/dt from the
estimator equations and then d||¢|| /dt needed for designing the discontinuity
surface so = 0.
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Curve | - Real speed
Curve 2 - Speed estimate
Curve 3 - Speed reference input 150sin[(7/2)t] r/min

Fig. 29.

The equation of the discontinuity surface s; depends on acceleration dn/dt.
Since the values of ¢, and ¢ have been found and the currents ¢, and ig are
measured directly, the motor torque may be calculated:

M = (?) (ia¢5 - ig(ba) .
R

Under the assumption that the load torque M varies slowly the value of
dn/dt may be found using the conventional linear state observer.

In the further studies the sliding mode observer was developed for
so-called sensorless systems to estimate the motor flux and speed simul-
taneously. Figure 29 shows the results of experiments for Westinghaus 5-hp
220V Y-connected four-pole induction motor. Real speed is measured by an
optical encoder for speed estimation verification only and it is not used for
the feedback control.
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